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“It is astonishing how soon and unexpectedly flowers appear, when the fields are 

scarcely tinged with green. Yesterday, for instance, you observed only the radical 

leaves of some plants; today you pluck a flower.” 

 Henry David Thoreau (Thoreau 1962) 

 

"The art of life lies in a constant readjustment to our surroundings." 

Kakuzō Okakura 
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Summary 

Phenology, the timing of recurring life cycle events, is widely observed to shift in response to 

climate change, serving as a “fingerprint of climate warming”. In plants, earlier spring phases 

(e.g. leaf out or flowering) and delayed autumn phenology (e.g. leaf senescence) are common 

but strongly vary across species and contexts, limiting broader generalizations. Thus, a key 

goal of phenological research is to deepen our understanding of species- and context-specific 

phenological patterns and their responses to a changing climate. Functional traits help explain 

these patterns, yet research has primarily focused on vegetative traits, overlooking floral traits 

despite their key role in pollination and reproduction. Additionally, floral traits related to nectar 

or pollen determine pollinator resource availability, making them crucial for both plant and 

pollinator fitness. 

This thesis explores phenology-trait relationships across species and under climate change 

conditions to understand interspecific phenological variation and shifts, while also exploring 

the potential impacts of climate change on pollinators through alterations in floral resources.  

In Chapter II, I linked year-round phenological observations with measurements of floral and 

vegetative traits in 68 herbaceous plant species across three German botanical gardens to 

assess the relative importance of floral compared to vegetative traits in explaining interspecific 

phenological variation. Vegetative traits were stronger predictors of phenological patterns than 

floral traits that had only minor influence. Plant height was a key trait, showing a strong positive 

relationship with both flowering and fruiting phenology while leaf senescence was more 

strongly explained by leaf dry matter content, highlighting plant growth and resource-use 

strategies as key determinants of phenological timing.  

In Chapter III, I investigated interacting effects of climate change and land-use type (mowing 

or grazing) on the flowering phenology of 17 herbaceous plant species within the Global 

Change Experimental Facility and explored the role of functional traits in mediating 

phenological responses. Climate and land-use type influenced flowering phenology in a 

species-specific way, but not in interaction with each other, although microclimatic conditions 

in meadows and pastures were differentially modified by climatic changes. Phenological shifts 

under future climate were explained by traits related to an acquisitive growth strategy and the 

phenological niche. Acquisitive (e.g. with high specific leaf area, SLA), late, and long-flowering 

species showed reductions in flowering duration, suggesting a strategy of phenological 

drought escape.  

To better understand direct and indirect effects of climate change on plant-pollinator 

interactions, in Chapter IV, I studied the impact of temperature and solar radiation on floral 

rewards and pollinator visitation rates in four herbaceous species with distinct floral traits in 
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the botanical garden in Halle. Nectar volume decreased with increasing temperature or solar 

radiation across all four species, whereas other nectar properties responded more species-

specifically to abiotic conditions. Although both nectar traits and flower visitation rates varied 

species-specifically with changes in temperature and solar radiation, pollinator visitation was 

largely unaffected by nectar properties and primarily driven by flower abundance.  

This thesis contributes to our understanding of how climate change reshapes phenology and 

floral resource availability, which is crucial for predicting future ecosystem dynamics and 

potential disruptions in plant-pollinator networks. It highlights the dominant role of vegetative 

traits over floral traits in shaping phenological variation, with plant height emerging as a key 

predictor of interspecific differences in phenology. Phenological responses to climate change 

were mainly driven by growth strategy traits (e.g., the leaf economic spectrum) and the 

phenological niche, highlighting the role of resource-use strategies and intrinsic phenological 

traits in driving phenological shifts. Additionally, the findings suggest that future climatic 

conditions, depending on the context (e.g., land-use type), may result in declines in floral 

resources across multiple scales, including shifts in species-level phenology, species- and 

community-level flower abundances (Box 1, 2, 3 in Chapter V), and species-level nectar 

properties. While floral traits played a minor role in explaining phenological variation, they 

contribute to our understanding of the plant economic spectrum and highlight key aspects of 

floral rewards, which are essential for assessing the potential impacts of climate change on 

plant-pollinator interactions. 
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Zusammenfassung 

Phänologie, der zeitliche Ablauf wiederkehrender Lebenszyklusereignisse, verschiebt sich 

aufgrund des Klimawandels bei vielen Organismen nachweislich. Diese klimabedingten 

phänologischen Verschiebungen werden daher auch als „Fingerabdruck der 

Klimaerwärmung“ bezeichnet. Bei Pflanzen tritt meist eine frühere Frühjahrs- (z.B. 

Blattaustrieb und Blüte) und verzögerte Herbstphänologie (z.B. Seneszenz) auf, deren 

Verschiebungen jedoch artspezifisch und kontextabhängig stark variieren, sodass es 

schwierig ist, verallgemeinernde Aussagen zu treffen. Ein zentrales Ziel der phänologischen 

Forschung ist es, diese art- und kontextspezifischen phänologischen Verschiebungen in 

Reaktion auf ein sich veränderndes Klima besser zu verstehen. Funktionelle Merkmale 

können zur Erklärung dieser Muster beitragen. Jedoch hat sich die bisherige Forschung in 

erster Linie auf vegetative Merkmale konzentriert und Blütenmerkmale, trotz ihrer 

Schlüsselrolle für die Bestäubung, Fortpflanzung und Bestäuberressourcen nicht 

berücksichtigt. 

In dieser Arbeit werden Zusammenhänge zwischen Phänologie und funktionellen Merkmalen 

über verschiedene Pflanzenarten hinweg und unter Klimawandelbedingungen untersucht, um 

interspezifische phänologische Variation und Verschiebungen zu verstehen. Zudem werden 

die potenziellen Auswirkungen des Klimawandels auf Bestäuber im Kontext veränderter 

Bestäuberressourcen untersucht. 

In Kapitel II habe ich ganzjährige phänologische Beobachtungen mit Messungen von Blüten- 

und vegetativen Merkmalen bei 68 krautigen Pflanzenarten in drei deutschen botanischen 

Gärten verknüpft, um die relative Bedeutung von Blütenmerkmalen im Vergleich zu 

vegetativen Merkmalen für die Erklärung interspezifischer phänologischer Variation zu 

untersuchen. Vegetative Merkmale waren stärkere Prädiktoren für interspezifische 

phänologische Muster als Blütenmerkmale, die nur einen geringen Einfluss hatten. Dabei war 

Wuchshöhe ein zentrales Merkmal, das einen ausgeprägten positiven Zusammenhang 

sowohl mit der Blüh- als auch der Fruchtphänologie aufwies, während die Blattseneszenz 

stärker durch den Trockenmasse-Gehalt der Blätter (LDMC) erklärt wurde, was zeigt, dass 

Wachstums- und Ressourcennutzungsstrategien die phänologischen Zeitpunkte wesentlich 

mitbestimmen. 

In Kapitel III habe ich die interaktiven Effekte von Klimawandel und Landnutzungstyp (Mahd 

oder Beweidung) auf die Blühphänologie von 17 krautigen Pflanzenarten sowie die Rolle 

funktioneller Merkmale bei der Vermittlung phänologischer Reaktionen in der Global Change 

Experimental Facility untersucht. Klima und Landnutzungstyp beeinflussten die 

Blühphänologie artspezifisch, aber nicht in Interaktion miteinander, obwohl die 
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mikroklimatischen Bedingungen auf Wiesen und Weiden durch Klimaveränderung in 

verschiedener Weise modifiziert wurden. Phänologische Verschiebungen unter zukünftigen 

Klimabedingungen wurden durch Merkmale erklärt, die mit einer akquisitiven 

Wachstumsstrategie und der phänologischen Nische in Zusammenhang stehen. Arten mit 

einer akquisitiven Strategie (z.B. mit hoher spezifischer Blattfläche, SLA), spätem Blühbeginn 

und langer Blühdauer zeigten eine verkürzte Blühperiode, was auf eine Strategie zur 

phänologischen Trockenheitsvermeidung hindeutet. 

Um die direkten und indirekten Auswirkungen des Klimawandels auf Pflanze-Bestäuber-

Interaktionen besser zu verstehen, habe ich in Kapitel IV den Einfluss von Temperatur und 

Sonneneinstrahlung auf Blütenressourcen und Blütenbesuchsraten von vier krautigen Arten 

mit unterschiedlichen Blütenmerkmalen im Botanischen Garten in Halle untersucht. Das 

Nektarvolumen nahm bei allen vier Arten mit steigender Temperatur oder Sonneneinstrahlung 

ab, während andere Nektareigenschaften eher artspezifisch auf Veränderungen abiotischer 

Bedingungen reagierten. Obwohl sowohl Nektareigenschaften als auch Blütenbesuchsraten 

artspezifisch auf Veränderungen der Temperatur und Sonneneinstrahlung reagierten, war die 

Bestäuberbesuchsrate kaum von den Nektareigenschaften beeinflusst, sondern wurde 

hauptsächlich durch die Blütenanzahl bestimmt. 

Diese Arbeit leistet einen Beitrag zu unserem Verständnis darüber, wie der Klimawandel die 

Phänologie von Pflanzen sowie die Verfügbarkeit von Bestäuberressourcen verändert, und 

beleuchtet damit wichtige Aspekte, die zum Verständnis zukünftiger Ökosystemdynamiken 

und potenzieller Störungen in Pflanze-Bestäuber-Netzwerken beitragen. Sie hebt die 

übergeordnete Rolle vegetativer Merkmale gegenüber Blütenmerkmalen bei der Erklärung 

phänologischer Variation hervor, wobei die Wuchshöhe als zentraler Prädiktor für 

interspezifische Unterschiede in der Phänologie identifiziert wurde. Phänologische 

Verschiebungen als Reaktion auf Klimaveränderungen wurden vor allem durch 

Wachstumsstrategie-Merkmale (z.B. das blattökonomische Spektrum) und die phänologische 

Nische bestimmt, was die Rolle von Ressourcennutzung und intrinsischen phänologischen 

Merkmalen betont. Darüber hinaus deuten die Ergebnisse darauf hin, dass zukünftige 

klimatische Bedingungen, abhängig vom Kontext (z.B. Landnutzungstyp), auf verschiedenen 

Ebenen zu einem Rückgang der bestäuberrelevanten Blütenressourcen führen können. Dazu 

gehören artspezifische phänologische Verschiebungen, Veränderungen der Blütenhäufigkeit 

auf Art- und Gemeinschaftsebene (Box 1, 2, 3 in Kapitel V), sowie Veränderungen der 

Nektareigenschaften auf Art-Ebene. Während Blütenmerkmale eine untergeordnete Rolle bei 

der Erklärung phänologischer Variation spielten, tragen sie zu unserem Verständnis des 

pflanzenökonomischen Spektrums bei und beschreiben wichtige Aspekte im Zusammenhang 

mit Bestäuberressourcen, die für die Einschätzung potenzieller Auswirkungen des 

Klimawandels auf Pflanze-Bestäuber-Interaktionen von Bedeutung sind.  
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Chapter I  

General Introduction 

Phenology and impacts of global change 

Phenology refers to the timing of recurring life cycle events such as flowering of plants or 

emergence of bees in spring and plays a crucial role in shaping ecosystems, influencing 

biodiversity, and determining species interactions (Forrest and Miller-Rushing, 2010). 

Phenological events like leaf emergence, flowering or fruiting strongly relate to the species 

resource acquisition, reproductive success and mediate biotic interactions like herbivory or 

pollination (Elzinga et al., 2007; Heberling et al., 2019; Kudo and Cooper, 2019; Nord and 

Lynch, 2009). Plant phenology is primarily determined by daylength, precipitation and 

temperature making it sensitive to climate change, which is associated with increasing 

temperatures, increased variability of precipitation and a higher frequency of weather 

extremes (Calvin et al., 2023; Forrest and Miller-Rushing, 2010). 

Research on phenology and how it is influenced by seasonal and interannual variations in 

climate has a long tradition (e.g., Miller-Rushing and Primack, 2008). Observations of the 

cherry blossom related to the cherry blossom festival in Japan, for example, dating back to 

the 9th century, revealing advanced flowering of cherry trees in association with increasing 

spring temperatures in recent years (Aono and Omoto, 1994; Primack et al., 2009). According 

to progressing climate change phenological shifts have been documented across a wide range 

of organisms and can be considered as “fingerprints of climate warming” (Hassan et al., 2023; 

Menzel et al., 2020; Menzel and Fabian, 1999; Parmesan and Yohe, 2003; Root et al., 2003). 

Shifts in plant phenology are usually associated with advanced spring phenology (e.g., earlier 

leaf out and flowering), delayed senescence and thus longer growing seasons (Ahas et al., 

2002; Bock et al., 2014; Büntgen et al., 2022; Ge et al., 2015; Hassan et al., 2023; Menzel 

and Fabian, 1999; Parmesan and Yohe, 2003; Piao et al., 2019). However, across studies 

phenological shifts are reported to be highly species-specific, showing advances, delays and 

no shifts in response to changing climate, not allowing broad generalizations (Bock et al., 

2014; Cook et al., 2012; Fitter and Fitter, 2002; Jentsch et al., 2009; König et al., 2018; Piao 

et al., 2019; Root et al., 2003). 

Phenological shifts can influence biotic interactions critical to ecosystem functioning, such as 

herbivory (Meineke et al., 2021), pollination (Gérard et al., 2020; Kudo and Cooper, 2019; 

Kudo and Ida, 2013), and interspecific competition (Carter and Rudolf, 2019; Rudolf, 2019; 

Vitasse, 2013), potentially leading to cascading effects on populations, communities (Fabina 
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et al., 2010; Nakazawa and Doi, 2012; Post et al., 2008; Wolkovich and Cleland, 2011), and 

ecosystems (Forrest and Miller-Rushing, 2010) (see also paragraph on Plant-pollinator 

Mismatches below).  

While phenological research traditionally focused on woody or crop plants (Estrella et al., 

2007; Panchen et al., 2014; Rauschkolb et al., 2024; Vitasse et al., 2011), phenological 

research on herbaceous species is still underrepresented, although they represent more than 

85 percent of the species found in temperate ecosystems (Ellenberg and Leuschner, 2010; 

Hassan et al., 2023). A growing body of literature in recent years, however, revealed distinct 

phenological climate change responses of herbaceous compared to woody plant species that 

remain to be understood better (Büntgen et al., 2022; Ge et al., 2015; König et al., 2018). 

Interacting effects of global change drivers on phenology 

Interacting global environmental change factors such as warming, precipitation changes, 

elevated CO2 and nitrogen deposition cause diverse and interactive phenological responses 

(Cleland et al., 2006; Zhou et al., 2023) indicating that a comprehensive understanding of 

phenological shifts in response to climate change requires consideration of multiple factors. 

The intensity and direction of phenological responses to climate further strongly depends on 

the overall context such as community composition, location of the study or habitat type 

(Bucher et al., 2018; Jentsch et al., 2009; König et al., 2018), indicating that biotic interactions 

are further shaping phenological shifts. Biotic interactions such as herbivory (Lemoine et al., 

2017; Ulrich et al., 2020), pollination (Rafferty and Ives, 2011) and competition (Dumandan et 

al., 2023) have been shown to alter phenological patterns directly or modulate responses to 

climatic factors. Land-use practices such as mowing, grazing, and fertilization can further 

affect phenological patterns of plant communities by altering the availability of resources (e.g., 

light and nutrients), modifying microclimates, and shifting competitive dynamics (Reisch and 

Poschlod, 2009; Tadey, 2020; Völler et al., 2013). 

Thus, global changes, beyond climate change, such as land-use changes and biodiversity 

loss, can influence plant phenology (Buyantuyev and Wu, 2012; Romo-Leon et al., 2016; 

Ulrich et al., 2020; Wolf et al., 2017; Zhang et al., 2019), potentially interacting with climate 

change in shaping phenological shifts. Despite their importance, research examining how 

several global change drivers interact to shape phenological shifts remains scarce (but see 

Cleland et al., 2006; Zhou et al., 2023). This gap emphasizes the necessity of integrating 

multiple interacting drivers into phenological studies to better understand the complex 

mechanisms underlying plant responses to global environmental change. 
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Given that phenological shifts in response to global change drivers are highly species- and 

context-specific, predictions on future phenological shifts and their consequences for 

ecosystems remain challenging (Cleland et al., 2006; Jentsch et al., 2009; Zhou et al., 2023). 

However, understanding why some species respond to climate change while others showing 

different or no responses is crucial to evaluate ecological consequences and can help to 

inform conservation and restoration strategies. 

Understanding phenological patterns through functional traits 

One major aim of phenological research is to better understand species- and context-specific 

phenological patterns and responses to changing climate. On the one hand, plant phenology 

as well as phenological climate responses can be partly explained by shared phylogenetic 

history, meaning that closely related species show a more synchronized phenology and tend 

to similarly respond to changing environmental conditions (Davies et al., 2013; Davis et al., 

2010). This is likely a consequence of evolutionarily conserved responses to environmental 

cues (Davies et al., 2013). Phylogeny, while crucial to consider, nevertheless does not fully 

explain phenological patterns suggesting that other aspects are likewise involved (König et 

al., 2018).  

Over the last two decades, research on functional traits has become a cornerstone of 

ecological studies, integrating across ecosystems to better understand biodiversity-ecosystem 

function relationships (Dı́az and Cabido, 2001; Nock et al., 2016; Violle et al., 2007). 

Functional traits are defined as morphological, physiological or phenological features 

measurable at the individual level, which impact fitness indirectly via their effects on individual 

performance, i.e. growth, reproduction and survival (Violle et al., 2007). In contrast to 

phylogenetic relatedness, traits can be similar across phylogenetically unrelated species or 

different across closely related species, thus better covering the functional space of species 

(Díaz et al., 2016). 

Plant functional traits have been shown to be promising tools for understanding phenological 

patterns and shifts (Bucher et al., 2018; Bucher and Römermann, 2021; Horbach et al., 2023; 

König et al., 2018; Liu et al., 2021; Sporbert et al., 2022; Wang et al., 2021). Across studies 

plant height seems to be a key trait mediating plant phenology and phenological responses, 

with taller species being associated to generally later flowering and stronger phenological 

advances in response to warming (Bolmgren and D. Cowan, 2008; Huang et al., 2018; König 

et al., 2018; Liu et al., 2021; Sporbert et al., 2022). Leaf traits associated to the plant economic 

spectrum (Díaz et al., 2016; Wright et al., 2004) showed further explanatory power in 

explaining phenological patterns. Specific leaf area (SLA), related to growth rate and 

competitive ability (Pérez-Harguindeguy et al., 2016; Wright et al., 2004), is positively related 
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to later flowering (Sun and Frelich, 2011), earlier leaf senescence (Bucher and Römermann, 

2021) and stronger shifts in flowering phenology (König et al., 2018). Leaf dry matter content 

(LDMC) related to resistance to physical hazards (Pérez-Harguindeguy et al., 2016) is 

positively associated to later leaf senescence (Bucher and Römermann, 2021), while leaf 

area, associated to productivity, light interception, leaf energy and water balance (Díaz et al., 

2016), is positively related to later leaf out (Sun et al., 2006) and shorter flowering (Sporbert 

et al., 2022). Furthermore, plants appear to exhibit varying levels of phenological sensitivity to 

climate change, depending on their phenological niche. A commonly observed pattern is that 

early-flowering species experience more pronounced phenological advancements in 

response to climate warming compared to species that flower later (Dunne et al., 2003; Fitter 

and Fitter, 2002; Lesica and Kittelson, 2010; Menzel et al., 2006; Pareja-Bonilla et al., 2023).  

Compared to whole-plant or leaf traits, reproductive especially floral traits are mostly neglected 

in functional ecology research (E‐Vojtkó et al., 2020) and their role in mediating plant 

phenology is largely unclear (but see E-Vojtkó et al., 2022). This is surprising as reproductive 

traits directly influence plant fitness, by mediating plant-pollinator interactions and thus 

influence pollination. A recent study first revealed associations between flowering phenology 

and floral traits and has begun to advance our understanding of the role of reproductive traits 

within the plant economic spectrum: E-Vojtkó et al. (2022) showed that floral traits are an 

independent dimension within the plant economic spectrum being largely independent from 

vegetative traits. However, comprehensive knowledge on the role of floral traits for explaining 

the year-round phenology of plants (from initial growth, over flowering, to senescence) 

considering also rarely measured pollen and nectar traits is still lacking and will be one focus 

of this thesis. 

There are mainly two reason why floral traits being neglected in functional ecology studies 

and studies on phenology-trait relationships in particular: 1) To date there are no standardized 

and widely accepted protocols on how to comprehensively measure floral traits and which 

traits should be focused on (E‐Vojtkó et al., 2020), as it exists for vegetative traits (and few 

seed traits) (Pérez-Harguindeguy et al., 2016). However, there are recent attempts for a 

standardized way of measuring floral traits, at least for those traits related to the newly 

proposed flower economic spectrum (Roddy et al., 2021). 2) The measurement of floral traits, 

including nectar and pollen characteristics, is often time-consuming and laborious and 

measurement or sampling techniques need to be adjusted for different plant species 

depending on the flower morphology. Despite extensive efforts by databases such as BiolFlor 

(Klotz et al., 2002) to compile categorical reproductive traits from ‘grey’ literature, quantitative 

floral trait data remain scarce in global trait databases like TRY or LEDA (Kattge et al., 2020; 

Kleyer et al., 2008). This limitation hinders a more comprehensive understanding of floral traits 



Chapter I  
General Introduction 

9 
 

in mediating ecological processes such as phenology or community assembly (E‐Vojtkó et al., 

2020). 

Significance of floral traits in mediating plant and pollinator fitness 

Floral traits are central to plant-pollinator interactions, directly influencing reproductive 

success in animal-pollinated plants. Key traits such as flower size, floral display (i.e., flower 

size x number of flowers), color, and scent enhance pollinator attraction and recognition while 

mediating competition for pollinators (Willmer, 2011a, 2011b). Morphological traits, including 

flower shape and corolla tube depth, determine pollinator specificity by restricting access to 

floral resources to particular pollinator groups (Kugler, 1970; Willmer, 2011c). For instance, 

flowers with deep, narrow corollas can only be accessed by pollinators with sufficiently long 

proboscises (Inouye, 1980). 

Beyond attraction, floral rewards such as nectar and pollen provide essential nutrients, 

including sugars, amino acids, and proteins, which directly influence pollinator survival and 

reproductive success (Pacini and Nicolson, 2007; Taha et al., 2019; Willmer, 2011d, 2011e, 

p. 2). While nectar primarily serves as a reward, pollen plays a dual role in plant reproduction 

and pollinator nutrition. Effective pollen transport requires traits that enhance attachment to 

pollinators while also protecting the male gamete until fertilization (Edlund et al., 2004). 

Additionally, pollen fluorescence has been suggested to contribute to pollinator attraction 

(Mori et al., 2018). Despite the vast diversity in pollen morphology and surface structures, their 

functional significance remains poorly understood, particularly in the context of the plant 

economic spectrum (Williams and Mazer, 2016; Willmer, 2011d). Advanced analytical 

techniques, such as multispectral imaging flow cytometry, now enable detailed pollen trait 

measurements, offering new opportunities to explore their ecological and evolutionary roles 

(Dunker et al., 2021; Hornick et al., 2022).  

Given the critical role of floral traits in plant reproduction and pollinator fitness, a deeper 

understanding of phenology-trait relationships—particularly the contribution of floral traits—

will enhance our ability to predict how climate change may disrupt plant-pollinator interactions, 

with implications for biodiversity and ecosystem stability.  

Plant-pollinator mismatches  

A main concern regarding climate induced phenological changes are potential mismatches 

among interacting species, which occur when phenological shifts are not synchronized across 

organism groups (Visser and Gienapp, 2019). In plants, the disruption of plant–pollinator 

interactions (i.e. plant-pollinator mismatches) is discussed (Gérard et al., 2020; Memmott et 



Chapter I  
General Introduction 

10 
 

al., 2007; Miller-Struttmann et al., 2015; Petanidou et al., 2014; Stemkovski et al., 2020). Such 

temporal mismatches can occur when plants flower earlier in the season before their 

pollinators emerge, or when pollinators become active before floral resources are available. 

Changes in plant phenology alter the temporal availability of floral resources, such as nectar 

and pollen, which can reduce pollination success and reproductive output in plants while also 

limiting food availability for pollinators, ultimately impacting their fitness (Memmott et al., 

2007). Studies to date suggest that generalist species might be better able to compensate for 

temporal mismatches by shifting to alternative interaction partners (Bartomeus et al., 2011; 

Gérard et al., 2020; Hegland et al., 2009), whereas more specialized species are more 

vulnerable to these disruptions (Kudo and Cooper, 2019; Kudo and Ida, 2013). 

Plant-pollinator mismatches can occur not only on the temporal scale outlined above but also 

on the morphological and recognition scale (Gérard et al., 2020). Floral traits are directly 

affected by changing environmental conditions (e.g., temperature and precipitation) and are 

thus sensitive to climate change. Increased temperatures and decreased water-availability, 

for instance, can result in reduced nectar production, smaller or fewer flowers (Descamps et 

al., 2021, 2018; Rering et al., 2020; Scaven and Rafferty, 2013; Takkis et al., 2018), leading 

to reduced pollinator attractiveness and pollination success (i.e. seed set) and decreased 

pollinator resources (Phillips et al., 2018; Rering et al., 2020). Thus, not only the shift in 

flowering timing but also the altered amounts of resources like nectar and pollen or changes 

in the flower morphology, will potentially negatively influence plant-pollinator interactions 

under climate change.  

Phenological shifts in plants and pollinators are highly species-specific and it is largely unclear 

how climate change affects the resource availability for pollinators (i.e., the quantity and quality 

of nectar and pollen) across different plant species throughout the flowering season (but see 

Baude et al. (2016) for data from Great Britain). Therefore, investigating the interplay between 

floral traits, phenology, and the influence of abiotic conditions on floral resources will enhance 

our understanding of plant-pollinator mismatches and associated risks to ecosystem 

functioning. To better understand the consequences of climate change for pollinators and 

pollination it is essential to simultaneously investigate the direct effects of environmental 

conditions on both floral rewards and pollinator behavior.   

Thesis objectives 

This thesis aimed to advance our understanding of the relationship between plant phenology 

and functional traits in the context of climate change. By incorporating floral rewards, it further 

seeks to elucidate how shifting climatic conditions may impact pollinators and their interactions 

with flowering plants. Figure I.1 provides an overview of the drivers (climate, abiotic conditions, 
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and land use) and variables (phenology, traits, and pollinators) investigated in this thesis, 

along with the proposed and tested relationships examined in each chapter. 

 

Figure I.1: Overview of drivers and variables investigated in this thesis. Arrows indicate 

influences of drivers on variables and relationships among variables as outlined above. 

Roman numerals refer to the chapters in which the respective effect or relationship was 

investigated. 

Research on phenology-trait relationships has largely focused on vegetative traits, which are 

well-documented in global trait databases (e.g., TRY; Kattge et al., 2020), while the role of 

floral traits remains understudied as outlined above. Given their distinct functions—pollinator 

attraction and reproduction versus growth and competition—floral traits may influence 

phenology in ways that differ from vegetative traits. However, their interrelationships remain 

insufficiently understood (but see E-Vojtkó et al., 2022) and are the primary subject of Chapter 

II. 

Global change drivers interactively shape plant phenology (Cleland et al., 2006), yet it is 

unclear how climate influences phenology across different land-use types (e.g., mowing, 

grazing) and how functional traits mediate these responses. Chapter III explores these 

interactions, focusing on the role of traits in phenological shifts under climate change in 

different land uses. 
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Temperature fluctuations influence both floral rewards and pollinator activity, with nectar 

availability and quality playing a key role in shaping pollinator behavior. To better understand 

the effects of climate warming on plant-pollinator interactions, Chapter IV investigates the 

impact of abiotic conditions on floral rewards and pollinator visitation patterns. 

The specific objectives of this thesis can be grouped in three research topics aiming at 

understanding phenology-trait relationships in the face of climate change (Figure I.2): 

Chapter II: Relationship between functional traits and phenological variation 

(“Patterns”) 

This chapter investigates how floral and vegetative traits relate to plant phenology, with a 

particular focus on the role of floral traits in mediating year-round phenological variation. The 

study monitored the vegetative (e.g., leaf-out and senescence) and reproductive phenology 

(e.g., flowering and fruiting) of 68 herbaceous plant species in three German botanical 

gardens (Halle, Jena, Berlin) as part of the PhenObs network (Nordt et al., 2021). Floral 

traits—including flower dimensions, flower number, and rarely studied pollen (size, shape, 

surface structure, and fluorescence) and nectar traits (volume, sucrose concentration, total 

sucrose mass)—were measured in parallel with commonly used vegetative traits (e.g., plant 

height, leaf area, SLA, and LDMC). The three gardens, while representing different 

microclimates and maintenance regimes, share comparable macroclimatic conditions, 

allowing for an assessment of the consistency of phenology-trait relationships. 

Principal component analysis (PCA) and Pearson’s correlation analysis were used to identify 

trait correlation structures and potential trade-offs among floral and vegetative traits. Boosted 

regression tree analysis assessed the relative importance of these traits in explaining 

phenological stages across the year. To account for phylogenetic relatedness, phylogenetic 

eigenvectors were included in the analysis. 

Chapter III: Interactive effects of climate change and land-use type on phenology and 

the role of functional traits (“Trends”) 

This chapter explores how climate change and land-use type (mowing vs. grazing) 

interactively influence the flowering phenology of herbaceous plants in extensively managed 

grasslands. The study was conducted in the Global Change Experimental Facility (GCEF) in 

Bad Lauchstädt, Germany, in 2020. Phenological observations (including flowering start, 

peak, end, and duration) were conducted under experimental climate treatments simulating 

future conditions, with a mean temperature increase of 0.55 °C and altered precipitation 

patterns (Schädler et al., 2019). These were compared to control plots under ambient climate 
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conditions. The experiment also compared two extensive grassland management regimes: 

mowing (once per year) and sheep grazing (twice per year) in a split-plot design with five 

repetitions of each treatment combination.  

Seventeen species that were evenly distributed across all treatments were selected for further 

analysis. Generalized linear mixed-effects models assessed the effects of climate, land use, 

species identity, and their interactions on flowering phenology. To understand species- and 

land-use specific phenological responses, functional traits—retrieved from the TRY database 

(Kattge et al., 2020), BiolFlor (Klotz et al., 2002), and in situ observations—were linked to 

species-specific phenological climate responses (log response ratios) within each land-use 

type to identify potential trait-mediated shifts in phenology.  

Chapter IV: Environmental influences on floral rewards and pollinator behavior 

(“Pollinators”) 

This chapter investigates how abiotic environmental factors, specifically temperature and solar 

radiation, influence nectar quantity and quality as well as flower visitation rates, to better 

understand the potential impacts of climate warming on plant-pollinator interactions. A case 

study was conducted in the botanical garden in Halle, selecting four herbaceous plant species 

with distinct floral morphologies and colors. Pollinator observations and nectar measurements 

were performed simultaneously and linked to environmental data on temperature and solar 

radiation. Nectar traits—including nectar volume, sucrose concentration, and total sucrose 

mass—and flower visitation rates were assessed throughout the flowering period and across 

different times of the day. 

To analyze these relationships, linear mixed-effects models were applied to assess the 

influence of abiotic factors on nectar characteristics, while generalized linear mixed-effects 

models evaluated the effects of temperature and solar radiation on flower visitation rates. 

Additionally, Pearson’s correlation analysis explored associations between nectar traits and 

pollinator visitation rates. 

Chapter V: Synthesis and Outlook 

The final chapter synthesizes the findings from Chapters II–IV, discussing their implications 

for our understanding of phenology-trait relationships, plant responses to climate and land-

use change, and the broader ecological consequences for plant-pollinator interactions, while 

also offering recommendations for future research. 
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Figure I.2: Overview of the three objectives investigated in Chapters II to IV in this thesis (top), 

along with an overview of the functional traits that were investigated in each of the chapters 

(bottom). Abbreviations: LDMC – Leaf dry matter content, SLA – specific leaf area. 
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Abstract 

1. Understanding the role of functional traits in constraining interspecific variation of plant 

phenology can shed light on an organism's ability to adapt to changing environmental 

conditions. As climate change alters the seasonal timing affecting ecological interactions, 

knowledge on phenology-trait relationships is crucial for predicting species' responses and 

potential mismatches between interacting species. 

2. While vegetative traits (e.g., plant height, leaf area) are often associated to patterns of 

phenological variation, floral traits (e.g., floral morphology, flower number, nectar, and pollen 

traits), which are closely linked to reproductive success, have so received little attention, 

although they may play a distinct role in shaping phenology.  

3. This study aims at understanding the relative influence of floral and vegetative traits on 

patterns of  species-specific phenological variation. As a basis for the inclusion of floral traits 

in studies on phenology-trait relationships, we further investigated underlying trait correlations 

and trade-offs between floral and vegetative traits including rarely measured pollen and nectar 

traits. 

4. We monitored the year-round phenology (initial growth, leaf out, flowering, fruiting, 

senescence) of 68 herbaceous plant species in three German botanical gardens (Halle, Jena, 

Berlin). In addition to the four vegetative traits, plant height, leaf area, specific leaf area (SLA), 

and leaf dry matter content (LDMC), 12 floral traits related to flower morphology, flower 

number, nectar and pollen traits were measured. 

5. Analysis of boosted regression trees that accounted for phylogenetic dependence of the 

species showed that vegetative traits, especially vegetative height, were most important in 

explaining the patterns in reproductive and vegetative phenology. Taller plants showed initial 

growth, flowering and fruiting later compared to smaller plants and a higher LDMC was 

associated to later senescence. Floral traits had additional relative influence on phenological 

patterns but were of overall minor importance.  

6. Synthesis: Our study confirms that vegetative traits offer a robust explanatory framework 

for phenology, while also emphasizing the value of considering both vegetative and floral traits 

in understanding these patterns. Our findings offer a basis for exploring the functional 

relevance of rarely measured floral traits, such as pollen traits, within the plant economic 

spectrum and in plant–pollinator interaction studies. 
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Introduction 

Plant phenology – the timing of life cycle events such as leaf emergence, flowering, fruiting 

and senescence - relates to resource acquisition, reproductive success, and mediates biotic 

interactions such as herbivory and pollination (Elzinga et al., 2007; Heberling et al., 2019; 

Kudo and Cooper, 2019; Nord and Lynch, 2009). Global warming shifts plant phenological 

events like leaf emergence and flowering, though these responses are complex and exhibit 

strong species-specific variation (Menzel et al., 2020; Root et al., 2003). Understanding 

interspecific variation in phenological patterns, especially if plants share the same 

environment, is an important aim of phenological research and may provide insights into the 

adaptability of plants to changing climatic conditions (Rauschkolb et al., 2024; Sporbert et al., 

2022). 

Plant species with a shared phylogenetic history show a more synchronized phenology and 

tend to show similar responses to changing climate due to evolutionary conserved responses 

to environmental cures (Davies et al., 2013; Davis et al., 2010). Yet, phylogenetic relatedness 

doesn’t fully explain phenological patterns, suggesting that additional aspects constrain 

phenological variation (König et al., 2018). 

Plant functional traits reflect ecological strategies of plant growth, resource-use efficiency and 

related trade-offs (Díaz et al., 2016; Westoby et al., 2002). Recent studies have suggested 

that functional traits such as plant height, leaf traits, leaf nutrient content or seed traits are 

associated to patterns of interspecific phenological variation (Bucher et al., 2018; Horbach et 

al., 2023; Liu et al., 2021; Sporbert et al., 2022; Wang et al., 2021) or climate-related 

phenological shifts in plants (Bucher et al., 2018; König et al., 2018; Plos et al., 2024). Taller 

plants, for example, are observed to flower later than smaller plants what is attributed to longer 

developmental times according to plant size (Bolmgren and D. Cowan, 2008; Segrestin et al., 

2020; Sporbert et al., 2022; Sun and Frelich, 2011). So far, these studies have mainly linked 

vegetative traits to the onset of flowering, while floral traits and other phenological stages were 

largely neglected. One reason for this could be that the measurement of floral traits is very 

time-consuming and there is not yet a comprehensive protocol for measuring floral traits (E‐

Vojtkó et al., 2020; Roddy et al., 2021), as is largely available for vegetative traits (Pérez-

Harguindeguy et al., 2016). Details on phenology-trait relationships already found and the 

ecological relevance of the traits investigated can be found in Table II.1. 
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Floral traits such as flower dimensions, number of flowers, and pollen and nectar 

characteristics play a key role in plant reproduction and ecosystem functioning, particularly 

through pollination (Table II.1). Since floral morphology relates to resource allocation and 

influences development time and flower longevity, it can be linked to differences in the timing 

and duration of flowering (E-Vojtkó et al., 2022; Roddy et al., 2021). Nectar and pollen traits 

influence plant-pollinator interactions, reproductive success, and resource allocation, but are 

rarely included in trait-based studies due to the complex nature of their measurement (but 

see: Dunker et al., 2021; Filipiak et al., 2022; Fornoff et al., 2017). However, due to their 

influence on both plant and pollinator fitness, nectar and pollen traits should be included to 

fully understand phenological patterns and the implications of phenological shifts under 

climate change. Despite their relevance for pollination and reproduction, floral traits have been 

largely overlooked in studies of phenology–trait relationships— with only recent work 

beginning to address this gap (Ahmad et al., 2025; Deilmann et al., 2024; E-Vojtkó et al., 

2022). Deilmann et al. (2024) showed that floral traits were strongly associated to interspecific 

phenological variation. In contrast, Ahmad et al. (2025) found only weak relationships between 

floral traits and the flowering phenology along elevational gradients. Furthermore, there is a 

strong focus on flowering phenology while other stages such as leaf out or senescence are 

rarely considered in studies on phenology-trait relationships (but see (Bucher and 

Römermann, 2021; Sporbert et al., 2022).  

Understanding the potential constraints of vegetative and floral traits on phenological variation 

requires insights into the coordination of floral traits within the broader plant economic 

spectrum and the identification of trade-offs with vegetative traits. It has recently been shown 

that floral and reproductive traits, as well as reproductive phenology, represent distinct 

dimensions within the plant economic spectrum that are largely independent of leaf economics 

(E-Vojtkó et al., 2022; Segrestin et al., 2020). These studies suggest that floral traits and 

phenology uniquely contribute to variation in plant form and function, highlighting their 

independent ecological role within the wider economic spectrum of plants. Our understanding 

of phenology-trait relationships is still in its infancy, and especially the role of floral traits in 

influencing interspecific variation of plant phenology remains largely unexplored. The 

ecological relevance of the traits investigated in this study and reported links to phenology are 

summarized in Table II.1. 

 

 

 



Chapter II  
Interspecific phenological variation in herbaceous species is more strongly reflected in vegetative traits 
than in floral traits 

32 
 

 
Table II.1: Investigated floral traits and vegetative traits, their ecological relevance and 

reported links to phenology. 

 Ecological relevance Link to phenology 

Floral traits   

Number of flowers Resource allocation (trade-off with growth), 

reproductive success, pollination probability 

(Arroyo-Correa et al., 2021; E-Vojtkó et al., 

2022; Harder and Barrett, 2007; Ohashi and 

Yahara, 1999) 

Flower number positively associated with 

flowering duration (Schmitt, 1983) 

Flower dimensions  

(size of single flower, 

size of flower unit, 

corolla length, petal 

length) 

Flower recognition, pollinator attractiveness 

(Dafni et al., 1997); investment in reproductive 

organs (Fabbro and Körner, 2004; Roddy et al., 

2021) 

Smaller flowers associated with later flowering 

(Bosch et al., 1997; Shmida and Dukas, 1990) 

Nectar characteristics 

(nectar amount, sucrose 

concentration, total 

sucrose mass) 

Pollinator attraction and reward, reproductive 

success (Willmer, 2011a; Zimmerman, 1988); 

correlations to optical flower signals (Mues, 

2020; Parachnowitsch et al., 2019); trade-off 

with vegetative investment and resistance 

(Obeso, 2002; Willmer, 2011b) 

Nectar amount and phenology not correlated  

(Bosch et al., 1997) 

Pollen characteristics  

 

Size 

  

Shape 

Fluorescence 

 

 

Surface structure 

(entropy) 

Overall: Pollinator attraction and reward, 

reproductive success (Willmer, 2011c) 

- Pollinator specificity and pollinator feeding 
strategy (Davis, 1997; Hao et al., 2020) 
 
 
- Pollinator specificity (Davis, 1997) 

- Pollinator attraction and UV protection of pollen 

(Dunker et al., 2021; Mori et al., 2018; Stanley 

and Linskens, 1974) 

- Resistance against environmental stressors, 

pollination mechanism and pollinator specificity 

(Davis, 1997; Edlund et al., 2004; Osborn et al., 

1991) 

 unknown 

Vegetative traits   

Plant height Competitive ability, productivity (Gaudet and 
Keddy, 1988; Moles et al., 2009) 

Taller plants associated with later flowering 

(Bolmgren and D. Cowan, 2008; Liu et al., 

2021; Segrestin et al., 2020) and fruiting 

(Sporbert et al., 2022) 

Leaf area Competitive ability (Diaz et al., 2004), 
productivity, light interception, leaf energy and 
water balance (Díaz et al., 2016) 

Large-leafed species associated with later leaf 

out (Sun et al., 2006) and shorter flowering 

(Sporbert et al., 2022) 

Specific leaf area 

(SLA) 

Productivity, competitive ability, growth rate 

(Pérez-Harguindeguy et al., 2016; Wright et al., 

2004) 

Higher SLA associated with later flowering (Sun 

and Frelich, 2011), stronger shifts in flowering 

phenology (König et al., 2018; Plos et al., 2024) 

and earlier senescence (Bucher and 

Römermann, 2021) 

Leaf dry matter 

content (LDMC) 

Resistance to physical hazard, competitive 

ability, productivity (Pérez-Harguindeguy et al., 

2016) 

Higher LDMC associated with later leaf 

senescence (Bucher and Römermann, 2021) 
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In the present study, we link detailed phenological information on 68 herbaceous species with 

in-situ measured floral and vegetative plant traits, especially considering rarely studied traits 

such as floral morphology, pollen and nectar traits. We used a newly developed analytical 

method based on multispectral imaging flow cytometry for pollen analysis that enables the 

measurement of morphological pollen traits (Dunker et al., 2022, 2021; Hornick et al., 2022). 

We first aim to identify correlations and trade-offs between vegetative and floral traits as a 

basis for understanding how functional trait space may constrain interspecific phenological 

variation. Second, our main aim is to assess the relative importance of floral traits compared 

to the more commonly used vegetative traits in explaining interspecific variation in year-round 

phenology. We expect that floral traits might be of more importance for flowering phenology 

while vegetative traits might show stronger associations to vegetative phenology such as leaf 

out or senescence. As closely related species are assumed to show similarities in 

phenological patterns (Davies et al., 2013) we included phylogenetic information and 

assessed the importance of traits compared to phylogenetic relatedness for explaining 

phenological patterns. Third, we tested whether these relationships are consistent across 

different sites (i.e. three botanical gardens), representing different environmental 

backgrounds.This study contributes to a better understanding of the relationships between 

phenology and traits by incorporating rarely measured floral traits. 

Materials and Methods 

Replication statement 

Scale of interest 
Scale at which the factor of 
interest is applied 

Number of replicates at the 
appropriate scale 

Species Species 
68 species (5 repetitions per 
species and garden) 

 

Phenological monitoring 

This study was conducted in three different botanical gardens of the PhenObs network (Nordt 

et al., 2021), as they offer the possibility of studying the phenology, reproductive, and 

vegetative traits of a large variety of plant species from different habitats and biomes (Primack 

et al., 2021), while also considering variations in the environment. We monitored the 

phenology throughout the year (that is, initial growth, leaf unfolding, onset, peak, end and 

duration of flowering, fruiting, and senescence, Table S II.1) of 68 perennial herbaceous plant 

species growing in the three botanical gardens of Halle, Jena, and Berlin in Germany (see  
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Fig. S II.1 for locations, Table S II.2 for climatic characterization, Table S II.3 for the plant 

species studied) weekly from 2019 to 2021, following the PhenObs Protocol (Nordt et al., 

2021). Monitoring was carried out in a 1m² patch per species that was considered a 

‘population’, as described in the PhenObs protocol (Nordt et al., 2021). Species selection was 

based on the PhenObs species list and aimed at maximal coverage across gardens. The 

species were widely distributed across the three gardens: 45 species (66%) occurred in all 

three gardens, 10 species (13%) in two gardens, and 13 species (21 %) in one garden. The 

phylogenetic information for all species was provided by the megatree of the package 

V.PHYLOMAKER2 (Jin and Qian, 2022; see Figure S II.2 for a phylogenetic tree of all species 

studied). 

Plant functional traits 

Functional traits were measured in the same populations in which phenological monitoring 

was performed (see Table II.3 for an overview of the functional traits measured and their 

ranges of value). Functional traits were measured once per species and garden on five 

randomly selected shoots when the respective species was in full flowering. The mean trait 

value was calculated from the five values measured per species and garden. Four vegetative 

traits were considered: Per shoot, vegetative and generative height were measured, and two 

leaves were sampled to measure leaf area (LA), specific leaf area (SLA) and leaf dry matter 

content (LDMC) strictly following the PhenObs protocol (Nordt et al., 2021). The two sun 

leaves were randomly collected per shoot and weighed fresh and dried to calculate LDMC. 

Leaf area (mm²) was determined from scans of fresh leaves (300 dpi resolution) and the R 

package Leaftraits (M. Bernhardt-Römermann, unpublished) was used to calculate specific 

leaf area (SLA). 

Twelve floral traits were measured on the same shoots from which leaf samples were taken. 

To assess the number of flowers, individual flowers were counted per shoot/individual. For 

Asteraceae and Apiaceae, the number of inflorescences (flower heads or umbels) was 

considered as the number of flowers (applies to 5/68 species). To determine the flower size 

of a single flower (SF), the diameter of the flower was measured for radial flowers and the 

length and width of the flower for zygomorphic flowers. From this, the flower size (that is, 

flower area) was calculated using the circular formula A = π × d²/4 for radial flowers and using 

the oval formula A = (length/2) × (width/2) × π for zygomorphic flowers assuming an oval 

shape. To account for both the size of the single flower (SF) and the size of the inflorescence 

or floral unit (FU), the diameter of the floral unit was also measured. The definition of 'floral  

 



Chapter II  
Interspecific phenological variation in herbaceous species is more strongly reflected in vegetative traits 

than in floral traits 

35 
 

 
unit' followed Fornoff et al. (2017), referring to an '(...) aggregation of flowers that a pollinator 

can access without flying' and was applied to composite flowers (Asteraceae) or flower umbels 

(Apiaceae) (5/68 species in total). For the other types of inflorescences, the flower unit 

corresponded to the size of the individual flower.  

To measure nectar traits, nectar samples were taken with 1 µl micro capillaries (minicaps®, 

Hirschmann®) from five flowers of each of the five sampled shoots/individuals. To avoid nectar 

consumption by flower visitors prior to sampling, at least five flowers per population were 

covered with fine mesh bags for at least two hours (Corbet, 2003). Nectar sampling was 

always conducted in the morning between 8 and 11am. All nectar was collected from each 

sampled flower. The volume of nectar in the capillary was measured in mm using a ruler and 

then converted to µl. The sucrose concentration (g/100g) of the nectar samples was measured 

using a handheld refractometer modified for small volumes (Eclipse, Bellingham & Stanley). 

The sucrose mass per flower (mg/flower) was calculated using the calibration table of (Kearns 

and Inouye, 1993). The mean values for nectar amount, sucrose concentration, and sucrose 

mass were calculated for the five flowers sampled. 

To measure pollen traits, flower samples were taken from the same individuals/shoots, placed 

in paper bags, and frozen at -20°C until further analysis. A sufficient amount of pollen was 

required for the analyses. Thus, depending on the amount of pollen per flower, a different 

number of flowers was sampled (range of the number of flowers sampled: min. 1, max. 84, 

mean 7.3, median 3). Pollen was extracted from the flowers and analyzed using multispectral 

imaging flow cytometry following the protocols by Dunker et al. (2021) and Walther et al. 

(under review). This method enables high-throughput assessments of pollen traits. Pollen 

samples of many species can be analyzed in a short time, and morphological pollen traits 

related to size, shape, texture, and fluorescence can be easily extracted for thousands of 

pollen grains per sample (Dunker et al., 2021; Hornick et al., in resubmission; Walther et al., 

under review). The selection of qualitatively good pollen images for the respective trait 

extraction followed the protocol of Hornick et al. (in resubmission). Four pollen traits were 

extracted from the pollen images: 1) pollen size (measured as pollen diameter), 2) pollen 

shape, measured as the ratio between the height and width of a bounding box surrounding 

the pollen, referred to as ‘elongatedness’, 3) pollen fluorescence (green fluorescence 

intensity, Exc. 488 nm/ Em. 528/65 nm), 4) Pollen surface structure measured as ‘entropy’ 

(randomness of intensities in the image). All pollen trait values were averaged per sample. 
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Table II.2: Measured floral and vegetative traits with the respective units, range of values, and 

number of species sampled for each trait (n spec). Depending on flower shape and nectar 

availability, not all targeted traits were measurable for each species, resulting in different 

species numbers (n spec). 

 Unit Min. Median Mean Max. n spec. 

Floral traits       

Number of flowers - 0.40 6.00 60.46 1462.00 65 

Flower size (floral unit) cm² 0.22 4.48 17.49 254.51 66 

Flower size (single flower) cm² 0.01 3.24 14.36 254.51 65 

Corolla length cm 0.10 1.25 1.43 8.38 37 

Petal length cm 0.29 1.54 2.26 11.60 53 

Nectar amount µl 0.04 0.63 2.57 21.33 26 

Nectar sucrose concentration g/100g 5.53 43.52 42.45 75.67 26 

Nectar total sucrose mass mg 0.02 0.79 0.90 5.95 26 

Pollen size (diameter) µm 11.46 26.73 29.87 87.23 64 

Pollen shape (elongatedness) ratio 1.02 1.06 1.08 1.51 64 

Pollen fluorescence a.u. 13435 214569 317989 3901065 64 

Pollen structure (entropy) a.u. 0.04 0.12 0.13 0.25 64 

Vegetative traits       

Vegetative height cm 1.44 36.90 48.12 217.00 65 

Leaf area mm² 26.38 2183.59 4782.92 50161.78 67 

Specific leaf area (SLA) mm²/mg 4.87 19.08 20.61 62.06 68 

Leaf dry matter content (LDMC) mg/g 73.78 206.00 207.35 363.64 68 

 

Statistical analysis 

All statistical analyzes were performed in R version 4.3.2 (R Core Team, 2023). 

We used Pearson's correlations to test whether and to what degree floral and vegetative traits 

were correlated with each other. All trait variables were ln-transformed prior to analyses. To 

obtain a general overview of the data, we also tested for correlations between phenological 

stages using Pearson's correlations. All correlation matrices were calculated using the rcorr 

function from the Hmisc package (Harell and Dupont, 2024). 

Principal component analyzes (PCA) were conducted to identify relationships between a) 

floral and vegetative traits and b) observed phenological stages. Due to the limited data set 

on nectar traits (n = 38 vs. n = 117), two PCAs were calculated for functional traits, one with 

and one without nectar traits. For phenological data, two PCAs were calculated, with (n=92) 

and without ‘Initial growth’ (n=112), as this stage had the most missing values (41 NAs out of 

168 values). The prcomp function was used to compute the PCAs, and the fviz_pca_biplot  
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function from the package factoextra was used to visualize the PCA biplots (Kassambara and 

Mundt, 2020). 

Following the LCVP taxonomy (Leipzig catalogue of vascular plants, Freiberg et al., 2020), 

we created a phylogenetic tree of the 68 investigated species using the phylo.maker function 

from the package V.Phylomaker2 (Jin and Qian, 2022). To test for a phylogenetic signal within 

functional traits and phenological stages, we used Pagel’s Lambda statistic (Pagel, 1999) and 

the phylosig function of the package phytools (Revell, 2024). This was used to quantify the 

strength of the phylogenetic signal for each functional trait and phenological variable among 

the 68 investigated species. 

To assess the relative importance of floral and vegetative traits for explaining phenological 

variation, we used boosted regression trees (BRTs) (Elith et al., 2008). This method is well 

suited for analysing datasets with many predictor variables because it is relatively unaffected 

by collinearity and efficiently handles missing predictor values by using surrogates to minimize 

information loss (Bianchini and Morrissey, 2020; Elith et al., 2008). Each phenological stage 

(Table S II.1) was used as a dependent variable in a separate model (12 overall BRT models). 

The garden-specific ln-transformed mean values of all functional traits (Table II.2) and 26 

phylogenetic eigenvectors (see below) served as explanatory variables. As maintenance by 

the gardeners (weeding, spacing, irrigation, etc.) and local management regimes can 

potentially influence plant phenology, we additionally included 'garden' (Halle, Jena, Berlin) as 

an explanatory variable in our models to investigate whether the relationships between 

phenology and functional traits are consistent across gardens, as has also been done in 

Sporbert et al. (2022). We utilized the phylogenetic eigenvector regression method proposed 

by Diniz‐Filho et al. (1998) for our phylogenetic analysis, a technique that has been used in 

various studies (Bianchini and Morrissey, 2020; Pistón et al., 2019; Rauschkolb et al., 2024; 

Sporbert et al., 2022). A pairwise distance matrix was calculated from the phylogenetic tree. 

Subsequently, we conducted a principal coordinate analysis for extracting eigenvectors (i.e. 

eigenvector loadings on the axes) from this distance matrix. Provided that a sufficient number 

of eigenvectors are considered, phylogenetic eigenvectors reflect the phylogenetic 

relationship among species and control for phylogenetic autocorrelation (Bianchini and 

Morrissey, 2020). Of the 67 phylogenetic eigenvectors, the first 26 eigenvectors represented 

90% of the phylogenetic structure in the distance matrix and were included as covariates in 

the BRT models.  

The package gbm (Ridgeway et al., 2024) was used to fit BRT models with a Gaussian error 

distribution and a fraction of training data (bag fraction) of 0.5, a tree complexity of 1, a learning  
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rate of 0.001, and a tolerance of 0.01. The performance of the models was evaluated using 

cross-validation. To visualize the relationship between each predictor variable and the 

corresponding phenological response variable, partial dependency plots were created to 

isolate the effect of each predictor from the others included in the model. The relative 

importance of functional traits and garden for each phenological stage was extracted and 

visualized for the five most important traits. In addition, pie charts were created to assess and 

compare the relative importance of a) functional traits, b) garden, and c) phylogenetic 

eigenvectors for the phenological stages.  

Results 

Relationship between floral and vegetative traits and between phenological stages 

Vegetative height was positively correlated with the number of flowers, flower size of the floral 

unit (FU), the concentration and mass of nectar sucrose, and the size and fluorescence of the 

pollen (Figure II.1). Species with larger leaves had larger flowers (SF and FU, petal length), 

more nectar and sucrose, and more elongated pollen. Species with high SLA had smaller 

flowers (SF, FU, petal length). In contrast, plants with a high LDMC had larger flowers (SF, 

FU), shorter corolla tubes, higher concentrations and mass of nectar sucrose, and rounder 

pollen. Plants with many flowers were taller (generative and vegetative height), had smaller 

flowers (SF, FU, tube length, petal length), less nectar per flower (nectar volume), and rounder 

pollen. Larger flowers had more nectar per flower and larger pollen than smaller flowers. 

Larger pollen grains showed stronger fluorescence and a less pronounced surface structure 

(entropy). Furthermore, pollen surface structure was positively correlated with pollen shape 

(elongatedness) and negatively correlated with pollen fluorescence.  

The PCA of the functional traits excluding nectar traits (n=117, 46.5% explained variation, 

Figure II.2a) revealed that the first axes (25.5%) corresponded to generative and vegetative 

height, pollen size and the fluorescence of the pollen. The second component (21%) 

corresponded to flower size (SF), number of flowers, SLA, and LDMC (see Table S II.5 for the 

trait contributions (loadings) to all 12 PCs). The PCA of the functional trait variables including 

nectar traits (n=38, 52.2% explained variation, Figure II.2b) revealed a picture very similar to 

the one described in the previous PCA analysis. Here, in addition to generative and vegetative 

height, pollen size and pollen fluorescence, also nectar sucrose mass and nectar volume 

corresponded to the first component, explaining 33.1% of overall variation. The second 

component (19.1%) corresponded to nectar sucrose concentration, in addition to flower size 

(SF, FU) and number of flowers (see Table S II.6 for the contribution of traits (loadings) to the  
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15 PCs). When including nectar traits, leaf traits (leaf area, SLA, LDMC) corresponded to 

dimensions other than the first two (see also Table S II.6 with loadings to all PCs). The 

correlation coefficients and PCAs of the phenological stages can be found in the supplements 

(Figures S II.3, S II.4, Tables S II.7, S II.8). The trait and phenology patterns did not differ 

between the three botanical gardens (Figure S II.5). 

 

Figure II.1: Correlation matrix (Pearson correlation) of all pairwise combinations of functional 

traits, with correlation coefficients r and significance levels (p<0.05 *, p<0.01 **, p<0.001 ***). 

Positive correlations are highlighted in blue, negative correlations are highlighted in red, and 

the color gradient indicates correlation strength. Abbreviations: SLA – specific leaf area, 

LDMC – leaf dry matter content, SF – single flower, FU – flower unit.  
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Figure II.2: Principal component analysis of a) functional traits (excluding nectar traits, n=117) 

and b) functional traits including nectar traits (n=38). The dots represent species for which 

information on all traits was available. The colors of the vectors indicate floral traits (yellow) 

and vegetative traits (green).  

Relationship between phenology and functional traits, considering the phylogenetic 

relatedness 

The most parsimonious BRT models for the effects of floral and vegetative traits on 

reproductive phenological stages revealed moderate to good cross-validation (cv = 0.42–0.74; 

Figures S II.10–S II.16). For the reproductive phenological stages (flowering, fruiting), 

functional traits were more important than phylogeny in explaining phenological variation (pie 

charts in Figure II.3a-c, Figure S II.6). The most parsimonious BRT models for vegetative 

phenological stages revealed poor to moderate cross-validation (cv = 0.15–0.28; Figures S 

II.8, S II.9). Phylogenetic relatedness had a strong influence on vegetative phenology (initial 

growth, senescence) and flowering duration, but functional traits were almost equally 

important for these stages (pie charts in Figure II.3d, f, Figure S II.6). The different locations 

of the botanical gardens only played a role in the phenological stage of leaf unfolding (relative 

importancegarden = 10.7%), which was observed earlier in Jena than in Berlin and Halle. 

Vegetative traits (plant height, LDMC, leaf area, SLA) were the most important traits in 

explaining the variation in reproductive and most vegetative phenological stages (mean 

relative importance = 17.7%), while floral traits were generally less important (mean relative  
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importance = 6.3%) (Figure II.3, Figure S II.6). Vegetative plant height was the most important 

trait in most stages. Taller species started initial growth later (relative importance = 35.4%), 

flowered (onset, 49.9%; peak, 52.7%; end, 19.7%) and fruited (onset, 33.9%; end, 37.6%; 

duration, 38.6%) later and showed later senescence (onset, 10.9%; peak, 5.9%). Species with 

high SLA flowered earlier (onset, 10.8%; peak, 2.37%). Large-leaved species flowered for a 

shorter period (11.5%) and fruited for a longer period (10.2%) than small-leaved species. 

Plants with a high LDMC were related to later flowering (onset, 4.1%; peak, 5.4%; end, 

11.8%), later fruiting (onset, 13.9%; end, 13.7%), and later senescence (onset, 12.1%; peak, 

22.1%; end, 18.4%). 

Floral traits also helped to explain the phenological variation across the phenological stages 

but played a minor role overall (Figure II.3, Figure S II.6). Species with larger flowers leafed 

out later (SF, 7.6%; FU, 15.3%) and long corolla tubes were associated with earlier 

senescence (onset, 5.7%; peak, 10.5%; end, 14.3%). Nectar and pollen traits played a minor 

role overall in explaining the phenological variation (mean relative importance of nectar traits 

3.6%; pollen traits 6.9%). Plants with high nectar sucrose concentrations flowered earlier 

(5.6%). Pollen shape, measured as the elongatedness of the pollen grains, was associated 

with earlier leaf unfolding (14.3%), earlier senescence end (21.4%) and shorter flowering 

(8.7%). Species with stronger fluorescent pollen flowered later (onset, 5.6%).  
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Figure II.3: Relative importance (%) of floral (yellow) and vegetative (green) traits on 

phenological stages, deduced from boosted regression trees (BRTs) including phylogeny. The 

direction of the influence of the predictor variable on the phenological stage is represented by 

‘+’ positive and ‘-’ negative influence. Pie charts represent the overall contributions of the 

variables grouped by ‘functional traits’ (light grey), ‘phylogeny’ (dark grey) and ‘garden’ (black). 

Cross-validation correlation (cv) is given for each phenological stage. 
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Discussion 

Our study showed that vegetative traits were more important than floral traits for explaining 

interspecific phenological variation, regardless of whether reproductive or vegetative 

phenology was considered. In particular, plant height and traits related to leaf economics were 

of importance for phenology. These traits coordinate along the two main dimensions of the 

global spectrum of plant form and function, reflect plant ecological strategies, and mediate 

plant growth and survival (Díaz et al., 2016). In contrast, floral traits mediate reproduction and 

are less involved in growth and survival but require substantial carbon investment (Roddy et 

al., 2021). Vegetative assimilation tissues such as leaves play a crucial role in providing the 

energy and carbon required for floral development. This process is only triggered when 

sufficient energy and metabolites are available. Consequently, traits which define the plant's 

ability to acquire and maintain resources are central to determining the timing and progression 

of phenological events. This relationship underscores the functional link between vegetative 

and reproductive processes and highlights the primary role of vegetative traits in shaping plant 

phenology. 

Correlations among and between floral and vegetative traits 

Our findings on trait correlations expand the spectrum of plant form and function, which 

highlights plant size and leaf economics (SLA, LDMC) as key axes (Díaz et al., 2016), by 

incorporating rarely studied floral traits. Overall, the significant correlations among vegetative 

and floral traits were mainly positive. Larger leaves were associated with larger flowers, also 

found by E-Vojtkó et al. (2022), and taller plants had more flowers, larger pollen and a higher 

nectar sucrose mass, which could be explained by allometric relationships (E-Vojtkó et al., 

2022; Lauri, 2019; Weiner et al., 2009; Willmer, 2011c). In our study, SLA—linked to 

competitive ability and resource acquisition (Pérez-Harguindeguy et al., 2016; Wright et al., 

2004)—was negatively associated with flower size, which influences pollinator attraction 

(Dafni et al., 1997). Species with high SLA tended to have smaller flowers, suggesting a trade-

off between competition for resources (e.g., light and space) and investment in pollinator 

attraction. Supporting the well-established concept of a number–size trade-off, our findings 

revealed a strong negative correlation between flower number and size, suggesting that 

species balance investment between producing many small flowers and fewer large ones 

(Burd, 1999; E-Vojtkó et al., 2022; Sargent et al., 2007; Worley et al., 2000).  

When including nectar traits, a slight change in trait coordination was found, whereby the leaf 

traits were no longer coordinated along the second but to other dimensions. This is in line with 

the findings of E-Vojtkó et al. (2022), which indicate that floral traits are an independent  
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dimension within the plant economic spectrum and largely independent of leaf traits. Overall, 

our results on trait correlations are consistent with E-Vojtkó et al. (2022), who were the first to 

include floral traits in a comprehensive assessment of plant form and function. However, our 

study goes beyond this by considering also nectar and pollen traits. 

Relative importance of floral and vegetative traits to explain plant phenology 

Our results on the relative importance of functional traits, phylogeny, and garden in explaining 

the year-round phenology of 68 plant species show that functional traits are largely related to 

phenological patterns across species and are overall more important than phylogenetic 

relatedness. Our findings confirm the close association between functional traits and 

phenology presented across studies on the local scale (Deilmann et al., 2024; Liu et al., 2021), 

global scale (König et al., 2018), along elevational gradients (Bucher et al., 2018) or across 

botanical gardens (Rauschkolb et al., 2024; Sporbert et al., 2022).  

Vegetative traits showed stronger associations with phenological variation than floral traits, 

with plant height and LDMC—traits linked to competitive ability—most closely reflecting 

interspecific differences. Plant height, a trait linked to competitive ability and productivity 

(Gaudet and Keddy, 1988; Moles et al., 2009), emerged as a key trait across multiple 

phenological stages: taller species started initial growth, flowering, and fruiting later and had 

longer flowering durations. This may be due to taller plants requiring more time to reach 

maximum height (Sun and Frelich, 2011), which delays subsequent phenological stages. 

These findings align with research that highlights the importance of plant height for 

phenological variation, especially with regard to flowering phenology (Bolmgren and D. 

Cowan, 2008; Du and Qi, 2010; E-Vojtkó et al., 2022; Huang et al., 2018; Segrestin et al., 

2020; Sporbert et al., 2022; Sun and Frelich, 2011). LDMC, negatively correlated with relative 

growth rate but positively with leaf lifespan and physical resistance (Pérez-Harguindeguy et 

al., 2016), was associated with later leaf senescence, as also found by (Bucher and 

Römermann, 2021). Large leaf area, which enhances competitive ability, productivity, and 

light interception (Diaz et al., 2004; Díaz et al., 2016), was related to shorter flowering periods, 

indicating a growth-reproduction trade-off (Aragón et al., 2009; Sporbert et al., 2022). Our 

results highlight that traits associated with the plant economic spectrum, which influence 

growth and survival (Díaz et al., 2016), are closely associated to year-round phenological 

patterns.  

Overall, floral traits played a secondary role for explaining interspecific phenological variation. 

This is in line with recent findings along elevational gradients and might reflect an independent 

selection of floral traits and phenology (Ahmad et al., 2025). Among floral traits, flower size  
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and pollen characteristics were more closely associated with phenological variation than 

flower number or nectar traits. Species with larger flowers showed later leaf unfolding and 

earlier senescence, suggesting a trade-off between growth and reproductive investment 

(Reekie and Avila-Sakar, 2005). Pareja-Bonilla et al. (2025) found that species with larger 

flowers stronger advanced flowering in response to climate warming compared to species with 

small flowers, likely due to the high costs of constructing larger flowers. Despite a strong 

negative correlation between flower size and number, flower quantity played only a limited 

role in explaining phenological patterns. However, species with many flowers showed a longer 

flowering period and shorter fruiting, which was also shown by Deilmann et al. (2024).   

Of the floral traits investigated, pollen traits are the least studied in relation to both the plant 

economic spectrum and phenology-trait relationships. Pollen shape, associated with pollinator 

specificity (Davis, 1997), is known to be partially phylogenetically conserved (Dunker et al., 

2021) (see also Table S II.4, Pagel’s Lambdapollen shape = 1, p<0.001), and appeared to be 

more relevant in stages influenced by phylogeny such as initial growth, flowering duration, and 

senescence, likely reflecting phylogenetic rather than purely phenological patterns. The 

species with elongated pollen in our study had a short flowering duration and early 

senescence end and belonged primarily to monocotyledons (except for one species of 

Apiaceae). These were primarily spring geophytes (Figures S II.6, S II.7), indicating a potential 

relationship between phenology and belowground characteristics such as storage organs (Ye 

et al., 2024). Pollen fluorescence, potentially related to UV protection and pollinator attraction 

(Dunker et al., 2021; Mori et al., 2018; Willmer, 2011c), was associated with later flowering 

start and end. Late-flowering plants usually flower in summer when solar radiation is more 

intense, and days are longer, which requires better UV protection for pollen grains carrying 

the male gamete. Since UV exposure of pollen also relates to flower shape, we recommend 

considering flower shape in future studies. Historically, pollen traits are mainly studied with 

regard to pollination or species identification purposes (Dunker et al., 2021) rather than as 

part of the plant’s functional spectrum across species. Our findings provide a foundation for 

investigating the functional roles of pollen traits in the plant economic spectrum, as well as for 

plant-pollinator interaction studies. 

Nectar traits played a minor role in explaining the phenological patterns. Nectar production 

represents a considerable resource investment with uncertain benefits for pollination and seed 

production, suggesting potential trade-offs with other functional traits. However, we found only 

a trade-off between flower number and nectar volume per flower, with plants producing either 

many flowers with less nectar or fewer flowers with more nectar, suggesting a balance 

between these investments. Nectar data was available for only 38% of the species, as small  
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amounts of nectar were often unmeasurable with refractometers, potentially underestimating 

the role of nectar traits in our study. With new potentially upcoming technologies, plant species 

with smaller flowers might also be included in these analyses (see, for example: Aronne and 

Malara, 2019). 

The relative importance of phylogenetic relatedness compared to traits differed between 

phenological stages and was more important for vegetative phenology (initial growth, 

senescence) and flowering duration than for reproductive phenology (flowering onset, end; 

fruiting onset, end, duration), emphasizing the relevance of including phylogenetic relatedness 

in phenological studies (Bolmgren and D. Cowan, 2008; Davies et al., 2013; Rauschkolb et 

al., 2024; Sporbert et al., 2022). The pattern found could be explained by a clustering between 

monocotyledonous species (n=10), which in our set of species are mainly spring geophytes 

that start their growth and senescence early in the year and have a short flowering duration 

(see Figure S II.7). On the contrary, dicotyledons (n=58) showed a greater variation in 

vegetative phenology and flowering duration. Thus, our finding could be a consequence of 

species selection and the pattern should be tested for a larger species set over a larger 

phylogenetic gradient. 

Consistency of phenology-trait relationships across gardens 

The functional traits and phenological patterns observed did not differ between the three 

botanical gardens (Figure S II.5), and we found consistent phenology-trait relationships 

between the gardens. ‘Garden’ only played a role in the timing of leaf unfolding, with leaf 

unfolding observed earlier in Jena than in Berlin and Halle. As the climatic conditions in the 

three gardens were largely comparable (Table S II.2), we assume that garden specific 

phenological differences may be related to different microsite conditions (microclimate, soil 

conditions) and different maintenance by the gardeners, e.g., coverage of beds (Sporbert et 

al., 2022). Our study demonstrates that botanical gardens are suitable locations to study 

phenology-trait relationships of many species that usually occur in different habitats and would 

otherwise be much more challenging to investigate. Deilmann et al. (2024) found that while 

traits were more important than environment in explaining phenological patterns, habitat 

conditions influenced the specific trait-phenology relationships, suggesting that multispecies 

analyses from botanical gardens can provide information about natural habitats when habitat 

conditions are also considered. 
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Outlook 

Future studies should examine whether the traits driving the phenological patterns identified 

in this and previous studies (Deilmann et al., 2024; Sporbert et al., 2022) are consistent with 

those influencing phenological responses to climate change (König et al., 2018; Pareja-Bonilla 

et al., 2025; Plos et al., 2024). Floral traits though barely considered in previous studies (but 

see Pareja-Bonilla et al., 2025), can reveal distinct relationships with climate-driven 

phenological changes and should therefore be included in future studies. Understanding 

phenological and trait changes is vital for assessing impacts on plant and pollinator fitness, as 

altered timing of resources such as pollen and nectar could lead to mismatches in seasonal 

availability, morphology, or species recognition (Gérard et al., 2020). Furthermore, future 

research should focus on elucidating how belowground traits, such as root morphology and 

nutrient acquisition strategies, influence aboveground phenological patterns, as these traits 

are likely interconnected through resource acquisition and allocation dynamics. 
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Figure S II.1: Location of the three Botanical Gardens in Germany. 

  



Chapter II  
Interspecific phenological variation in herbaceous species is more strongly reflected in vegetative traits 

than in floral traits 

55 
 

  

 

Figure S II.2: Phylogenetic tree of the 68 plant species studied. The number of gardens in 

which each species was investigated is represented by the colors of the tip labels.  
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Table S II.1: Investigated phenological stages with the respective units and range of values. 

A list of all species and their occurrence in the respective gardens can be found in Table S 

II.2. In case of a missing observation the number of species (n species) may deviate from the 

total 68 species. (doy = Day of the year) 

 
Phenological stage Abbrev. Unit Min. Median Mean Max. n species 

Initial growth InitGr doy 2 56 59.15 358 61 

Leaf unfolding LeafUnf doy 2 72 72.7 184 66 

First flowering day FFD doy 2 128 129.7 247 68 

Peak of flowering FlPeak doy 38 156 152.4 268 66 

End of flowering FlEnd doy 36 193 199.8 364 68 

Flowering duration FlDur days 4 48.5 70.09 356 68 

Fruiting onset FrOn doy 2 184 187.1 338 61 

End of fruiting FrEnd doy 120 268 251.2 364 60 

Fruiting duration FrDur days 3 48 65.12 356 60 

Senescence onset SenOn doy 2 191 193.2 296 68 

Peak of senescence SenPeak doy 2 293 274.5 358 66 

End of senescence SenEnd doy 2 324 304.1 364 68 

 

 

 

Table S II.2: Bioclimatic variables on long term observations (1979-2013) of the locations of 

the three Botanical Gardens derived from the CHELSA database (Karger et al., 2018, 2017).  

  Halle (Saale) Jena Berlin 

 
Latitude/ 

Longitude 
51.4888/ 
11.9611 

50.9313/ 
11.5852 

52.4545/ 
13.3050 

Bio1 Annual Mean Temperature 9.75 9.45 9.45 

Bio5 Max Temperature of Warmest Month 23.65 23.25 23.35 

Bio6 Min Temperature of Coldest Month -1.65 -2.25 -1.95 

Bio8 Mean Temperature of Wettest Quarter 18.45 18.15 18.75 

Bio9 Mean Temperature of Driest Quarter 1.45 0.95 7.55 

Bio10 Mean Temperature of Warmest Quarter 18.95 18.75 18.75 

Bio11 Mean Temperature of Coldest Quarter 1.15 0.75 0.65 

Bio12 Annual Precipitation 531.9 601.4 603.7 

Bio13 Precipitation of Wettest Month 64.7 74.5 62.3 

Bio14 Precipitation of Driest Month 28.8 31.5 33.6 

Bio16 Precipitation of Wettest Quarter 182.2 209.5 184.6 

Bio17 Precipitation of Driest Quarter 90.4 95.0 114.3 

Bio18 Precipitation of Warmest Quarter 171.5 206.5 184.6 

Bio19 Precipitation of Coldest Quarter 108.9 109.2 152.4 
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Table S II.3:  List of species included in this study and their occurrence across the three 

botanical gardens. 

species genus family Halle Berlin Jena 

Allium ursinum Allium Amaryllidaceae x x x 

Galanthus nivalis Galanthus Amaryllidaceae x x x 

Narcissus pseudonarcissus Narcissus Amaryllidaceae x 
  

Aegopodium podagraria Aegopodium Apiaceae x x x 

Vincetoxicum hirundinaria Vincetoxicum Apocynaceae x x x 

Eupatorium cannabinum Eupatorium Asteraceae x x x 

Silphium integrifolium Silphium Asteraceae x x x 

Solidago virgaurea Solidago Asteraceae x x x 

Tanacetum vulgare Tanacetum Asteraceae x x x 

Podophyllum peltatum Podophyllum Berberidaceae x x 
 

Brunnera macrophylla Brunnera Boraginaceae x x x 

Aurinia saxatilis Aurinia Brassicaceae x 
  

Bunias orientalis Bunias Brassicaceae x x x 

Iberis sempervirens Iberis Brassicaceae x x x 

Campanula rotundifolia Campanula Campanulaceae x x x 

Saponaria officinalis Saponaria Caryophyllaceae x x x 

Silene vulgaris Silene Caryophyllaceae x 
  

Helianthemum nummularium Helianthemum Cistaceae x x x 

Colchicum autumnale Colchicum Colchicaceae x x x 

Galega officinalis Galega Fabaceae x x x 

Genista tinctoria Genista Fabaceae x x x 

Lathyrus vernus Lathyrus Fabaceae x x x 

Corydalis solida Corydalis Fumariaceae x 
  

Hemerocallis fulva Hemerocallis Hemerocallidaceae x x x 

Puschkinia scilloides Puschkinia Hyacinthaceae x 
  

Hypericum olympicum Hypericum Hypericaceae x x x 

Lamium album Lamium Lamiaceae x x x 

Lavandula angustifolia Lavandula Lamiaceae x x x 

Prunella grandiflora Prunella Lamiaceae x x x 

Salvia officinalis Salvia Lamiaceae x x x 

Salvia pratensis Salvia Lamiaceae 
  

x 

Tulipa sylvestris Tulipa Liliaceae x x x 

Althaea officinalis Althaea Malvaceae x x x 

Hibiscus moscheutos Hibiscus Malvaceae x x x 

Veratrum nigrum Veratrum Melanthiaceae x x x 

Epilobium angustifolium Epilobium Onagraceae x x x 

Oxalis acetosella Oxalis Oxalidaceae x 
  

Paeonia officinalis Paeonia Paeoniaceae x x x 

Gratiola officinalis Gratiola Plantaginaceae x 
  

Plantago lanceolata Plantago Plantaginaceae x x x 

Primula denticulata Primula Primulaceae x x x 

Primula veris Primula Primulaceae x 
 

x 

Primula vulgaris Primula Primulaceae x x x 
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species genus family Halle Berlin Jena 

Aconitum lycoctonum Aconitum Ranunculaceae x x 
 

Adonis vernalis Adonis Ranunculaceae x x x 

Anemone hupehensis Anemone Ranunculaceae x x 
 

Anemone nemorosa Anemone Ranunculaceae x x x 

Anemone sylvestris Anemone Ranunculaceae x x 
 

Aquilegia vulgaris Aquilegia Ranunculaceae x x x 

Clematis integrifolia Clematis Ranunculaceae x x 
 

Clematis recta Clematis Ranunculaceae x x x 

Eranthis hyemalis Eranthis Ranunculaceae x 
 

x 

Helleborus orientalis Helleborus Ranunculaceae x x x 

Ranunculus acris Ranunculus Ranunculaceae 
  

x 

Trollius europaeus Trollius Ranunculaceae x x 
 

Dryas octopetala Dryas Rosaceae x x x 

Fragaria vesca Fragaria Rosaceae x x x 

Geum rivale Geum Rosaceae x x x 

Geum urbanum Geum Rosaceae 
  

x 

Convallaria majalis Convallaria Ruscaceae x x x 

Polygonatum multiflorum Polygonatum Ruscaceae x x x 

Dictamnus albus Dictamnus Rutaceae x x x 

Saxifraga paniculata Saxifraga Saxifragaceae x x x 

Scopolia carniolica Scopolia Solanaceae x x 
 

Solanum dulcamara Solanum Solanaceae x 
  

Daphne laureola Daphne Thymelaeaceae x 
  

Centranthus ruber Centranthus Valerianaceae x 
 

x 

Viola odorata Viola Violaceae x 
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Table S II.4: Pagel’s Lambda statistic (Pagel, 1999) was applied to quantify the strength of a 

phylogenetic signal. It ranges between 0 for traits being phylogenetically unrelated to 1 for 

traits following trait evolution according to a Brownian motion (BM) model. Traits showing a 

phylogenetic signal are highlighted in bold print. 

Trait Pagels Lambda p-value 

Number of flowers 0.737 0.012 

Vegetative height 0.734 0.011 

Generative height 0.458 0.154 

Corolla length 0.932 0.288 

Petal length 0.494 0.035 

Flower size (SF) 0.775 <0.001 

Flower size (FU) 0.460 0.023 

Leaf area 0.353 0.084 

SLA 0.265 0.431 

LDMC 0.697 <0.001 

Nectar volume 0.083 0.800 

Nectar sucrose conc. 0.00004 1.000 

Nectar sucrose mass 0.00004 1.000 

Pollen size 0.451 0.124 

Pollen shape 1.003 <0.001 

Pollen fluorescence 0.741 0.010 

Pollen structure 0.180 0.293 

   

Phenological stage Pagels Lambda p-value 

Initial growth 0.519 0.820 

Leaf unfolding 0.0001 1.000 

First flowering day 0.363 0.108 

Peak flowering 0.406 0.065 

Last flowering day 0.378 0.013 

Flowering duration 0.425 0.003 

Fruiting onset 0.995 0.028 

Fruiting end 0.191 0.362 

Senescence onset 0.050 0.686 

Peak senescence 0.171 0.491 

Senescence end 0.265 0.213 
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Table S II.5: Contributions (loadings) of traits (without nectar traits) to the first (Dim.1) to 

twelfth (Dim.12) PCA axes. 

 Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 Dim.6 Dim.7 Dim.8 Dim.9 Dim.10 Dim.11 Dim.12 

Number of flowers 5.02 18.61 3.87 4.65 2.85 5.00 6.06 26.38 7.38 6.44 11.27 2.47 

Veg. height 21.28 6.49 2.09 1.31 0.07 6.48 4.69 1.50 13.84 0.10 0.52 41.63 

Gen. height 21.21 6.98 2.33 3.24 1.42 0.69 3.42 1.43 5.52 0.24 1.30 52.22 

Flower size (SF) 0.05 20.73 12.57 0.00 10.66 0.49 16.46 5.28 3.37 3.93 26.48 0.00 

Flower size (FU) 1.80 6.16 25.05 0.95 0.01 15.76 25.70 16.76 1.78 0.48 5.33 0.22 

Leaf area 5.58 3.33 18.94 1.64 19.17 10.68 4.83 29.90 5.40 0.02 0.12 0.38 

SLA 1.60 9.42 1.53 17.30 6.73 46.06 1.63 1.24 2.83 6.15 4.10 1.41 

LDMC 2.38 8.94 0.20 28.36 7.65 7.46 2.06 15.44 8.28 14.56 4.64 0.02 

Pollen size 12.70 6.82 3.39 14.78 0.07 4.08 4.14 0.44 4.51 28.36 20.09 0.62 

Pollen shape 0.03 3.05 9.27 18.78 49.18 2.79 0.48 0.11 0.05 1.99 14.12 0.17 

Pollen fluorescence 20.73 3.86 4.64 2.87 0.82 0.52 3.79 0.06 18.83 37.65 6.21 0.02 

Pollen structure 7.62 5.62 16.12 6.12 1.36 0.00 26.73 1.45 28.21 0.08 5.83 0.85 

 

 

Table S II.6: Contributions (loadings) of traits (including nectar traits) to the first (Dim.1) to 

fifteenth (Dim.15) PCA axes. 

 Dim1 Dim2 Dim3 Dim4 Dim5 Dim6 Dim7 Dim8 Dim9 
Dim 
10 

Dim  
11 

Dim 
12 

Dim 
13 

Dim 
14 

Dim 
15 

Number of 
flowers 0.02 12.94 6.00 0.66 26.86 0.00 26.25 2.62 11.19 0.52 3.91 0.04 3.14 5.85 0.00 

Veg. height 10.03 7.16 8.81 0.04 0.54 0.49 0.11 8.54 13.17 0.56 16.25 0.09 8.77 25.42 0.00 

Gen. height 12.67 4.44 8.73 0.01 0.00 0.41 2.85 5.96 3.43 0.43 0.97 5.28 10.66 44.17 0.00 
Flower size 
(SF) 8.28 13.55 1.62 0.68 5.53 2.46 2.45 10.09 3.27 0.84 1.21 0.00 0.01 0.00 50.00 
Flower size 
(FU) 8.28 13.55 1.62 0.68 5.53 2.47 2.45 10.10 3.27 0.84 1.21 0.00 0.01 0.00 50.00 

Leaf area 6.51 0.93 6.71 2.04 17.58 0.30 44.71 0.00 3.52 9.35 0.56 6.46 0.26 1.06 0.00 

SLA 5.22 0.84 8.59 21.19 1.01 0.46 0.00 25.00 11.21 11.95 5.03 4.58 4.79 0.13 0.00 

LDMC 2.56 4.93 22.32 12.15 1.96 0.73 2.95 1.96 3.40 29.64 0.12 13.63 3.61 0.05 0.00 

Nectar volume 9.30 6.42 0.07 0.00 5.00 39.00 0.18 0.25 2.29 0.06 1.64 1.00 24.55 10.26 0.00 
Nectar sucrose 
conc. 1.10 15.86 0.27 8.64 6.53 10.06 12.81 20.22 0.41 5.43 0.05 6.46 8.92 3.23 0.00 
Nectar sucrose 
mass 11.13 5.29 0.02 0.90 5.11 14.82 1.03 14.18 5.23 2.01 0.45 0.18 34.25 5.41 0.00 

Pollen size 10.72 0.03 1.36 20.27 0.17 3.79 0.20 0.23 0.16 16.95 19.04 23.45 0.26 3.37 0.00 

Pollen shape 1.99 7.59 11.44 0.16 16.88 24.56 3.13 0.43 23.92 1.75 2.71 5.19 0.00 0.23 0.00 
Pollen 
fluorescence 11.78 2.85 0.94 12.57 1.07 0.01 0.02 0.06 0.22 19.39 17.27 33.57 0.24 0.00 0.00 
Pollen 
structure 0.41 3.62 21.50 20.01 6.22 0.45 0.84 0.37 15.31 0.28 29.57 0.06 0.53 0.81 0.00 
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Figure S II.3: Correlation matrix of phenological stages (Pearson correlations), with 

correlation coefficients r and significance levels (p<0.05 *, p<0.01 **, p<0.001 ***) for all 

pairwise combinations of phenological stages. Positive correlations are highlighted in blue, 

negative correlations are highlighted in red and the color gradient indicates correlation 

strength. Abbreviations: InitGr – Initial growth, LeafUnf – Leaf unfolding, FlOn – Flowering 

onset (first flowering day), FlPeak –peak of flowering, FlEnd – End of flowering, FlDur – 

Flowering duration, FrOn – Fruiting onset, FrEnd – Fruiting End of fruiting, FrDur – Fruiting 

duration, SenOn – Onset of senescence, SenPeak – Peak of senescence.  
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Phenological stages mostly showed significant positive correlations, e.g. late-flowering 

species were related to later peak and end of flowering, fruiting and senescence, and shorter 

flowering durations, while negative and non-significant correlations were also found (see 

Figure S II.3 for correlation coefficients and significances). The PCA for phenology variables 

excluding ‘Initial growth’ (n=112) revealed that the first and second principal components 

accounted for 57.4 % of the total variation in phenology (Figure S II.4a). The first component 

(35.7%) corresponded to flowering (all stages), end of fruiting and onset of senescence. The 

second component (21.7%) corresponded to onset and duration of fruiting, flowering duration 

and leaf unfolding (see Table S II.7 for the contributions (loadings) to all 11 PCs). The PCA 

for phenology variables including ‘Initial growth’ (n=92, 55.3 % explained variation) was 

comparable to the PCA excluding ‘Initial growth’ (Figure S II.4b). ‘Initial growth’ additionally 

corresponded to the second component (see Table S II.8 for the contributions (loadings) to all 

12 PCs). 

 

 

Figure S II.4: Principal component analysis of a) the phenological stages (without InitGr, 

n=112) and b) the phenological stages including InitGr (n=92). Dots represent species for 

which information on all stages were available.  
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Table S II.7: Contributions (loadings) of phenological stages (without Initial growth) to the first 

(Dim.1) to eleventh (Dim.11) PCA axes. 

 Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 Dim.6 Dim.7 Dim.8 Dim.9 Dim.10 Dim.11 

LeafUnf 0.00 10.75 3.51 13.78 60.45 1.07 8.91 1.04 0.48 0.00 0.00 

FlOn 14.75 7.87 1.21 7.71 1.69 16.00 0.13 0.05 32.03 0.00 18.56 

FlPeak 17.18 4.51 3.89 1.73 1.59 10.72 2.34 1.00 57.05 0.00 0.00 

FlEnd 12.00 5.00 19.13 5.50 3.66 1.02 0.99 0.79 8.10 0.00 43.81 

FlDur 1.08 19.22 15.57 20.08 1.33 2.96 0.68 0.64 0.82 0.00 37.63 

FrOn 4.56 25.14 0.54 5.50 0.91 14.34 17.91 5.96 0.08 25.06 0.00 

FrEnd 17.59 0.36 0.90 6.95 10.62 16.04 12.46 0.57 0.07 34.43 0.00 

FrDur 4.81 20.16 0.09 18.33 14.04 0.54 0.01 1.51 0.00 40.51 0.00 

SenOn 13.10 0.62 12.25 2.43 3.90 17.08 12.75 36.68 1.18 0.00 0.00 

SenPeak 9.37 1.15 27.13 1.07 0.46 0.00 13.88 46.77 0.17 0.00 0.00 

SenEnd 5.57 5.21 15.78 16.92 1.34 20.23 29.94 4.99 0.02 0.00 0.00 

 

 

Table S II.8: Contributions (loadings) of phenological stages (including Initial growth) to the 

first (Dim.1) to twelfth  (Dim.12) PCA axes. 

 Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 Dim.6 Dim.7 Dim.8 Dim.9 Dim.10 Dim.11 Dim.12 

InitGr 1.20 13.04 0.17 19.56 16.05 0.95 35.19 13.48 0.03 0.33 0.00 0.00 

LeafUnf 0.18 16.09 1.03 17.08 12.53 1.53 29.84 21.04 0.66 0.01 0.00 0.00 

FlOn 11.44 8.00 1.66 15.58 1.01 11.87 0.00 0.01 1.87 31.85 0.00 16.72 

FlPeak 15.31 4.91 4.89 4.74 1.48 11.06 0.80 0.58 2.68 53.57 0.00 0.00 

FlEnd 12.53 2.60 14.96 6.13 10.79 1.42 0.01 0.06 0.00 8.73 0.00 42.77 

FlDur 2.14 12.07 9.89 25.79 7.46 0.98 0.01 0.09 0.70 0.35 0.00 40.51 

FrOn 1.82 22.58 0.45 0.28 12.25 23.03 4.84 9.39 0.73 0.04 24.60 0.00 

FrEnd 16.75 0.03 3.22 3.10 8.72 30.05 2.81 3.42 0.00 0.03 31.86 0.00 

FrDur 6.21 13.72 4.18 3.64 26.49 1.19 0.04 0.57 0.40 0.00 43.54 0.00 

SenOn 11.89 0.32 17.11 0.22 1.91 9.38 17.35 38.48 3.30 0.04 0.00 0.00 

SenPeak 10.49 2.33 23.86 1.10 1.18 3.36 2.36 0.56 52.54 2.22 0.00 0.00 

SenEnd 10.04 4.33 18.58 2.79 0.11 5.18 6.73 12.31 37.09 2.85 0.00 0.00 
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Figure S II.5: Principal component analysis for a) phenological stages (without InitGr) and b) 

functional traits (without nectar traits) separated across the three gardens (Berlin, Halle, Jena), 

showing no separation of phenological patterns or functional traits between gardens. 
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Figure S II.6: Relative importance (%) of floral (yellow) and vegetative (green) functional traits 

on phenological stages, deduced from boosted regression trees (BRTs) including phylogeny. 

The direction of the influence of the predictor variable on the phenological stage is represented 

by ‘+’ positive and ‘-’ negative influence. Pie charts represent the overall contributions of the 

variables grouped by ‘functional traits’ (lightgrey), ‘phylogeny’ (darkgrey) and ‘garden’ (black). 

Cross validation correlation (cv) is given for each phenological stage. 
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Figure S II.7: Phylogenetic pattern of pollen shape (measured as elongatedness, i.e. ratio 

between length and width of the pollen grain) together with the flowering duration and 

senescence end across the phylogenetic gradient. Especially monocotyledonous species at 

the bottom of the phylogenetic tree were associated with elongated pollen (bright blue) and 

were at the same time short flowering and early senescing species. 
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Figure S II.8: Partial dependency plots of boosted regression trees (BRTs) of relationship 

between ‘Initial growth’ (doy) with traits and phylogeny; cross-validation correlation (cv) = 

0.15. Relative importance (%) for the variables included in the BRT model. Axis.Nr. refers to 

phylogenetic Eigenvectors. All trait variables were ln-transformed prior to analyses. Only the 

first 12 variables from BRT model output are depicted. 
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Figure S II.9: Partial dependency plots of boosted regression trees (BRTs) of relationship 

between ‘Leaf unfolding’ (doy) with traits and phylogeny; cross-validation correlation (cv) = 

0.27. Relative importance (%) for the variables included in the BRT model. Axis.Nr refers to 

phylogenetic Eigenvectors. All trait variables were ln-transformed prior to analyses. Only the 

first 12 variables from BRT model output are depicted. 
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Figure S II.10: Partial dependency plots of boosted regression trees (BRTs) of relationship 

between ‘First flowering day’ (doy) with traits and phylogeny; cross-validation correlation (cv) 

= 0.56. Relative importance (%) for the variables included in the BRT model. ‘Axis.Nr’ refers 

to phylogenetic Eigenvectors. All trait variables were ln-transformed prior to analyses. Only 

the first 12 variables from BRT model output are depicted. 
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Figure S II.11: Partial dependency plots of boosted regression trees (BRTs) of relationship 

between ‘Peak flowering’ (doy) with traits and phylogeny; cross-validation correlation (cv) = 

0.74. Relative importance (%) for the variables included in the BRT model. Axis.Nr refers to 

phylogenetic Eigenvectors. All trait variables were ln-transformed prior to analyses. Only the 

first 12 variables from BRT model output are depicted. 
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Figure S II.12: Partial dependency plots of boosted regression trees (BRTs) of relationship 

between ‘Last flowering day’ (doy) with traits and phylogeny; cross-validation correlation (cv) 

= 0.52. Relative importance (%) for the variables included in the BRT model. Axis.Nr refers to 

phylogenetic Eigenvectors. All trait variables were ln-transformed prior to analyses. Only the 

first 12 variables from BRT model output are depicted. 
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Figure S II.13: Partial dependency plots of boosted regression trees (BRTs) of relationship 

between ‘Flowering duration’ (days) with traits and phylogeny; cross-validation correlation 

(cv) = 0.42. Relative importance (%) for the variables included in the BRT model. Axis.Nr 

refers to phylogenetic Eigenvectors. All trait variables were ln-transformed prior to analyses. 

Only the first 12 variables from BRT model output are depicted. 
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Figure S II.14: Partial dependency plots of boosted regression trees (BRTs) of relationship 

between ‘Fruiting onset’ (doy) with traits and phylogeny; cross-validation correlation (cv) = 

0.63. Relative importance (%) for the variables included in the BRT model. Axis.Nr refers to 

phylogenetic Eigenvectors. All trait variables were ln-transformed prior to analyses. Only the 

first 12 variables from BRT model output are depicted. 
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Figure S II.15: Partial dependency plots of boosted regression trees (BRTs) of relationship 

between ‘End of fruiting’ (doy) with traits and phylogeny; cross-validation correlation (cv) = 

0.54. Relative importance (%) for the variables included in the BRT model. Axis.Nr refers to 

phylogenetic Eigenvectors. All trait variables were ln-transformed prior to analyses. Only the 

first 12 variables from BRT model output are depicted. 
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Figure S II.16: Partial dependency plots of boosted regression trees (BRTs) of relationship 

between ‘Fruiting duration’ (days) with traits and phylogeny; cross-validation correlation (cv) 

= 0.28. Relative importance (%) for the variables included in the BRT model. Axis.Nr refers to 

phylogenetic Eigenvectors. All trait variables were ln-transformed prior to analyses. Only the 

first 12 variables from BRT model output are depicted. 
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Figure S II.17: Partial dependency plots of boosted regression trees (BRTs) of relationship 

between ‘Senescence onset’ (doy) with traits and phylogeny; cross-validation correlation (cv) 

= 0.22. Relative importance (%) for the variables included in the BRT model. Axis.Nr refers to 

phylogenetic Eigenvectors. All trait variables were ln-transformed prior to analyses. Only the 

first 12 variables from BRT model output are depicted. 
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Figure S II.18: Partial dependency plots of boosted regression trees (BRTs) of relationship 

between ‘Peak Senescence’ (doy) with traits and phylogeny; cross-validation correlation (cv) 

= 0.25. Relative importance (%) for the variables included in the BRT model. Axis.Nr refers to 

phylogenetic Eigenvectors. All trait variables were ln-transformed prior to analyses. Only the 

first 12 variables from BRT model output are depicted. 
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Figure S II.19: Partial dependency plots of boosted regression trees (BRTs) of relationship 

between ‘Senescence end’ (doy) with traits and phylogeny; cross-validation correlation (cv) 

= 0.28. Relative importance (%) for the variables included in the BRT model. Axis.Nr refers to 

phylogenetic Eigenvectors. All trait variables were ln-transformed prior to analyses. Only the 

first 12 variables from BRT model output are depicted. 
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Abstract 

Phenological shifts due to changing climate are often highly species and context specific. 

Land-use practices such as mowing or grazing directly affect the phenology of grassland 

species, but it is unclear if plants are similarly affected by climate change in differently 

managed grassland systems such as meadows and pastures. Functional traits have high 

potential to explain phenological shifts and might help to understand species-specific and 

land-use specific phenological responses to changes in climate. In the large-scale field 

experiment Global Change Experimental Facility (GCEF), we monitored first flowering day, 

last flowering day, flowering duration and day of peak flowering, of 17 herbaceous grassland 

species under ambient and future climate conditions, comparing meadows and pastures. Both 

climate and land use impacted the flowering phenology of plant species in species-specific 

ways. We did not find evidence for interacting effects of climate and land-use type on plant 

phenology. However, the data indicate that microclimatic and microsite conditions on 

meadows and pastures were differently affected by future climate, making differential effects 

on meadows and pastures likely. Functional traits, including the phenological niche and 

grassland utilization indicator values, explained species-specific phenological climate 

responses. Late flowering species and species with a low mowing tolerance advanced their 

flowering more strongly under future climate. Long flowering species and species following an 

acquisitive strategy (high specific leaf area, high mowing tolerance and high forage value) 

advanced their flowering end more strongly and thus more strongly shortened their flowering 

under future climate. We associated these trait-response relationships primarily with a 

phenological drought escape during summer. Our results provide novel insights on how 

climate and land use impact the flowering phenology of grassland species and we highlight 

the role of functional traits in mediating phenological responses to climate. 

Keywords: Climate change; flowering phenology; Global Change Experimental Facility 

(GCEF); grazing; mowing; species-specific responses 

Abbreviations: FFD – first flowering day; FD – flowering duration; ITV -  intraspecific trait 

variation; LFD – last flowering day; Peakfl – day of peak flowering; SLA -  specific leaf area 

Introduction 

Climate-induced shifts in phenology are reported for a broad set of organisms with increasing 

temperatures mostly leading to advances of phenological events (Cleland et al., 2007; 

Parmesan, 2007; Root et al., 2003). Plants tend to show earlier spring phenology, often 

accompanied by a later autumn phenology, resulting in an extended growing season (Ahas et 

al., 2002; Badeck et al., 2004; Menzel et al., 2006; Menzel and Fabian, 1999). However, the 
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direction and magnitude of phenological shifts is frequently reported to be species-specific 

(Bock et al., 2014; Bucher et al., 2018; Jentsch et al., 2009; Piao et al., 2019; Root et al., 

2003) and context-specific. For example, phenological responses to changes in climate may 

depend on community composition (Jentsch et al., 2009), habitat type (König et al., 2018), 

observation site (Bucher et al., 2018) or growth form (Horbach et al., 2023; König et al., 2018). 

In addition to changes in temperature, changes in precipitation are identified as major drivers 

of phenological shifts (Jentsch et al., 2009; König et al., 2018; Lesica and Kittelson, 2010). 

Specifically, drought and heavy rain events can cause phenological shifts of the same 

magnitude as one decade of gradual warming, shown in a global change experiment (Jentsch 

et al., 2009). 

Shifts in the flowering phenology are of special interest as they can impact biotic interactions 

like pollination or competition (Forrest and Miller-Rushing, 2010; Gérard et al., 2020; 

Wolkovich and Cleland, 2011). While shifts in first flowering day are well studied (Bucher et 

al., 2018; Fitter et al., 1995; König et al., 2018), shifts in other phenological characteristics like 

last flowering day, flowering duration or peak flowering that strongly affect pollination and 

reproductive success, are less well studied but recently shown to also shift due to changes in 

climate (Bock et al., 2014; Bucher and Römermann, 2020; CaraDonna et al., 2014; Jentsch 

et al., 2009). Species-specific changes in flowering phenology can lead to pollination 

mismatches when plants shift their flowering times while pollinators do not adapt, or vice versa 

(Forrest, 2015; Gérard et al., 2020; Hegland et al., 2009; Memmott et al., 2007), potentially 

affecting plant reproduction and pollinator fitness alike. 

Grassland systems are among the most species rich habitats in Central Europe (Wilson et al., 

2012) and are maintained by a long tradition of anthropogenic land-use. Although mowing and 

grazing directly affect phenological dynamics of grassland species, studies on the effect of 

land-use type on flowering phenology are scarce (but see Reisch and Poschlod, 2011, 2009; 

Tadey, 2020; Völler et al., 2017, 2013). Plant species have been shown to adapt their 

flowering timing to typical land-use times (Reisch and Poschlod, 2009; Völler et al., 2013), for 

example plants growing on meadows flowered earlier compared to pastures (Reisch and 

Poschlod, 2011, 2009; Van Tienderen and van der Toorn, 1991). Mowing and grazing impose 

different disturbances to the vegetation and can differently affect plant growth performance 

(Brys et al., 2004; Herz et al., 2017; Römermann et al., 2009) and microclimate (Briemle et 

al., 2002; Zhu et al., 2016) on meadows and pastures. Selective grazing and small-scale 

disturbances, due to trampling, affect the vegetation unevenly and create heterogeneous 

conditions in terms of light availability, open soil, small scale variation in (soil-)temperature 

and water balance through changes in soil pore volumes (Borer et al., 2014; Briemle et al., 
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2002; Lezama and Paruelo, 2016). In contrast, non-selective mowing creates homogeneous 

conditions regarding light availability and mowing tractors can lead to a more uniform soil 

compaction (Chyba et al., 2014). Thus, microclimatic and microsite conditions can differ 

between mown and grazed sites (Zhu et al., 2016, shown for grazing exclusion) and changes 

in macroclimatic conditions (i.e. climate change) may therefore affect plant communities and 

their phenology differently on meadows and pastures. Furthermore, the management timing 

and frequency of extensively used grasslands usually differs between mown and grazed sites 

(Gilhaus et al., 2017), likely affecting plant phenology in different ways.  

As described above, both climate warming and land-use type separately influence the 

flowering phenology of grassland species. To our knowledge there is no study on interactive 

effects of both drivers on the flowering phenology of individual plant species (but see Tadey 

(2020) for effects of grazing and climate). Understanding interactive effects of different global 

change drivers on plant phenology is crucial to be able to predict phenological responses in 

natural systems, as combinations of different drivers can lead to diverse to responses (Cleland 

et al., 2006). Interactive effects of land-use type and climate change on grassland species 

were already shown regarding the population growth rate of Bromus erectus in the context of 

the same experiment as this study (Global Change Experimental Facility, Lemmer et al., 2021) 

and regarding the relative growth rate in six grassland species across Germany (Bütof et al., 

2012). We would expect that climate change will affect plant phenology differently on 

meadows and pastures due to potentially different microclimatic and microsite conditions.  

Phenological responses to climate or other drivers are oftentimes highly species-specific 

(Bucher et al., 2018; Fitter and Fitter, 2002; Menzel et al., 2006) and plant functional traits 

have high potential in explaining species-specific phenological patterns and phenological 

responses (Bucher et al., 2018; Bucher and Römermann, 2020; Fitter and Fitter, 2002; 

Horbach et al., 2023; König et al., 2018; Sporbert et al., 2022; Sun and Frelich, 2011). For 

example, specific leaf area, which is related to productivity, competitive ability and growth 

performance (Pérez-Harguindeguy et al., 2016; Wright et al., 2004) was shown to explain 

shifts in first flowering day (Bucher et al., 2018; König et al., 2018). Plant height that is linked 

to competitive ability and productivity  (Gaudet and Keddy, 1988; Moles et al., 2009) is among 

the most important traits explaining variations in the flowering phenology of herbaceous plants 

in a botanical garden study (Sporbert et al., 2022) and is positively related to flowering start 

(Bolmgren and D. Cowan, 2008; Liu et al., 2021; Segrestin et al., 2020; Sun and Frelich, 

2011). Furthermore, the phenological niche relates to the magnitude of phenological climate 

responses: Earlier flowering plants are repeatedly shown to advance their flowering time more 

strongly under changing climate conditions (Fitter and Fitter, 2002; Lesica and Kittelson, 2010; 
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Menzel et al., 2006; Miller-Rushing and Primack, 2008) though contrasting patterns are found 

as well (Bucher et al., 2018). Long flowering species change their flowering duration more 

strongly compared to short flowering species, shown along an elevational gradient (Bucher 

and Römermann, 2020). Plant traits like plant height, growth and life form or growth rate relate 

to the plants tolerance to mowing, grazing or trampling and can be summarized with grassland 

utilization indicator values (Briemle et al., 2002). We propose that plants that are more tolerant 

towards mowing, grazing or trampling might be less affected by the land management 

compared to more sensitive plants, which could in turn also affect the responses to future 

climate conditions. We use this set of commonly available functional traits to understand 

species-specific phenological responses to future climate and under different land uses. 

Here we use an experimental approach to understand the interacting effects of climate and 

land-use type on plant phenology and its associations to plant traits. We monitor the flowering 

phenology of characteristic grassland species under ambient and future climate conditions 

growing in the two different land-use types: extensively managed species-rich meadows and 

pastures in the Global Change Experimental Facility in Germany (Schädler et al., 2019). In 

contrast to purely observational studies, this experiment allows us to unequivocally identify 

causal effects of manipulated climate and land use on plant phenology under the same set of 

background abiotic and biotic conditions.  

More specifically, we ask the following questions: 

1. How does the flowering phenology of different grassland species respond to a) future 

climate and b) different land-use types (i.e. mowing or grazing) and c) what is the interacting 

effect of climate and land-use on the flowering phenology?  

2. Can functional traits explain species-specific and land-use specific responses in phenology 

to changes in climate? 

Materials and Methods 

The Global Change Experimental Facility (GCEF) 

Data were sampled in 2020 in the “Global Change Experimental Facility” (GCEF), a large-

scale field experiment to investigate the consequences of climate and land-use change on 

ecosystem processes, located in Bad Lauchstädt in central Germany (51°22060 N, 11°50060 

E, 118 m a.s.l.). The mean annual temperature of the study site is 9.7 °C , the mean annual 

precipitation is 525 mm and the soil is a nutrient-rich haplic chernozem (Schädler et al., 2019). 

The experiment is set up using a split-plot design combining a climate treatment (ambient and 

future climate, abbreviated amb; fut) at the main-plot level and different land-use types at the 
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sub-plot level. The experiment was established in 2014. For detailed information on the 

experimental setup see Schädler et al. (2019) and for a schematic overview of the setup see 

Appendix S2 in Schädler et al. (2019). The future climate treatment was established according 

to projections of regional climate change models for 2070-2100, which corresponds with a 

realistic manipulation of future climate (Korell et al., 2020). This applies in particular to the 

precipitation manipulation: the spring and autumn precipitation is increased by ~10% using 

sprinkler systems and the summer precipitation is reduced by ~20% (see also Appendix S 

III.1, Figure S III.1) using movable roof systems. As temperature is passively manipulated by 

closing these roofs at night, the mean daily increase in temperature by ~0.55°C is less than 

projected (~2°C), but still leads to an increase in the number of growing degree days (GDD) 

by ~5.2% (Schädler et al., 2019). Minimum temperatures increased more strongly under the 

climate treatment (by ~1°C) than mean temperatures did (for more details see Schädler et al., 

2019). According to the application of a whole scenario of future climate, effects of altered 

precipitation patterns and altered temperature cannot be disentangled.  

All observations were done on the two land-use types extensively used meadows (abbreviated 

EM) and extensively used pastures (abbreviated EP). In the study year 2020, mowing was 

conducted once in the beginning of June (calendar week 24). Grazing occurred twice per year, 

in late May (calendar week 20 or 21) and late June (calendar week 26 or 27), as a high-

intensity, short-time grazing with a group of ~20 sheep that remain on the pasture plots for 

24h. Because of the low overall productivity due to the extreme drought conditions during the 

years before (2018/19) there was a lower overall management intensity. Before 2018, 

management intensity was higher (usually three times grazing, two times mowing). Treatment 

plots (i.e. ambient meadows (EM amb), future meadows (EM fut), ambient pastures (EP amb), 

future pastures (EP fut)) are replicated five times leading to overall 20 experimental plots in 

this study. Each treatment plot has a size of 16 m x 24 m. In the center of each treatment plot 

a 3 m x 3 m permanent plot (hereafter referred to as “plot”) was established for the 

phenological observations. For more detailed information on the experimental setup and 

manipulation in the GCEF see Schädler et al. (2019). 

Phenological monitoring 

The flowering phenology (i.e. the presence of flowers (y/n)) and the flowering intensity (0-

100%) of each of the co-occurring plant species in the plot were monitored once per week 

following the PhenObs protocol (Nordt et al., 2021). Per species, all individuals growing inside 

the plot were observed as a “population”. The phenological observations were conducted 

between 01 April 2020 and 04 December 2020. From the data, we extracted the day of the 

year (doy) for the phenological stages first flowering day (FFD), last flowering day (LFD), day 

https://esajournals.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fecs2.2635&file=ecs22635-sup-0002-AppendixS2.pdf
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of maximum flowering intensity resp. peak flowering (PeakFl) as well as the flowering duration 

(FD) (i.e. the number of days between FFD and LFD).  

Species selection 

Plant species that occurred and flowered in at least three out of five plots of each treatment 

combination (ambient meadow, future meadow, ambient pasture, future pasture) were 

selected from the monitoring data (see above “Phenological monitoring“) and used for further 

analysis. Thus, 17 out of 95 species that occurred at the study site were selected (Table III.1), 

from which four species were grasses, two legumes and 11 herbs. 

Five of the 17 selected species (i.e. Capsella bursa-pastoris, Senecio vulgaris, Stellaria media, 

Taraxacum officinalis, Veronica persica) already started flowering in some of the plots when 

the phenological monitoring was started and were thus excluded from the analysis of FFD and 

FD.  

Functional trait data 

To analyze whether functional traits can explain species-specific and land-use specific 

responses in phenology to changes in climate, trait data on various traits previously shown to 

be relevant to phenological patterns was compiled. Specific leaf area (SLA) and vegetative 

plant height were extracted from the TRY database (Kattge et al., 2020) and the mean value 

for SLA and plant height were calculated per species (Table III.1). Grassland utilization 

indicator values (hereafter referred to as “grassland indicator values”) for mowing, grazing, 

trampling tolerance, and forage value are individual, morphological-ecophysiological traits that 

were developed by experts (Briemle et al., 2002). They range between 1 and 9 and 

characterize plants according to their realized ecological niche regarding mowing, grazing and 

trampling tolerance and evaluate the forage value for livestock (Briemle et al., 2002). More 

precisely, an indicator value of 1 represents species that do not tolerate mowing, grazing or 

trampling respectively, while a value of 9 represents a very high tolerance to the respective 

disturbance. They were developed and validated on decade-long experience in grassland 

habitats taking life and growth form and plant height into account summarizing a suite of 

relevant traits (Briemle et al., 2002). Grassland indicator values from Briemle et al. (2002) 

were extracted from the BiolFlor database (Klotz et al., 2002) for all species for which 

information was available (n= 15, Table III.1). For Scabiosa ochroleuca L., values of the 

closely related species Scabiosa columbaria L., that occurs in the same habitat, were used 

and for Festuca rupicola Heuff., values of the closely related species Festuca ovina L. s. str. 

that forms a species aggregate to which F. rupicola belongs, were taken. 
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To classify the phenological niche of the species as a species trait (i.e., early- and late-

flowering and short- and long-flowering species), per species the mean first flowering day 

(FFD) and mean flowering duration (FD) were extracted from the control plots (ambient 

meadows and ambient pastures) and considered as additional functional traits. As a result, a 

trait table with a mean value per trait and species was used for further analysis (see Table 

III.1). 

Statistical analysis 

All statistical analyses were performed in R Version 4.2.1 (R Core Team, 2022). 

Main and interactive effects of climate and land-use on plant phenology 

To test for the effect of a) climate (ambient vs. future), b) land-use type (meadow vs. pasture), 

c) species and d) their interactions on phenology, generalized linear mixed effect models using 

the function glmer (family ‘Poisson’) from the package lme4 (Bates et al., 2015, p. 4) were 

performed. As our phenological data were integer, never negative, had a left-skewed 

distribution, and can be considered count data (number of days), we chose the family Poisson 

for the models. Each model was tested for overdispersion using the function dispersion_glmer 

from the package blmeco (Korner-Nievergelt et al., 2015). Overdispersion was only detected 

for the model for flowering duration (FD), for which then the model was refitted using negative 

binomial distribution (function glmmTMB, package glmmTMB; Brooks et al., 2017). The day 

of the year (doy) for the phenological stages first flowering day (FFD), last flowering day (LFD), 

the day of peak flowering (PeakFl) and the flowering duration (FD, measured in number of 

days) served as response variables. As the GCEF is set up as a split-plot design, main plot 

(i.e. experimental unit, n=10, Schädler et al. 2019) nested in climate treatment (ambient or 

future) was used as random effect (1|mainplot:climate). The 17 species were present within 

land-use sub-plots rather than randomly assigned to separate experimental units, thus we 

considered them as the sub-sub-plot level. In order to avoid pseudo-replication at the sub-plot 

level (i.e. land use), we therefore included the interaction between land use and main plot 

nested in climate treatment as a second random effect (1|landuse:mainplot:climate). The 

models were simplified by stepwise removing non-significant interaction terms in accordance 

with the AIC until the most parsimonious model was found. Estimated marginal means were 

calculated from the simplified models using the emmeans function from the package 

emmeans (Lenth, 2022) to identify significant differences between the treatment combinations 

for each plant species. 
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Table III.1: Overview of plant species that occurred and flowered in all treatments together 

with mean trait values derived from a) the observed phenological data (timing and length of 

phenological niche), b) the TRY database (plant height, SLA) (Kattge et al., 2020) and c) 

BiolFlor (mowing, grazing and trampling tolerance and forage value) (Klotz et al., 2002).  

species family 

timing 
of 
pheno-
logical 
niche 

length 
of 
pheno-
logical 
niche 

plant 
height 

SLA 
mowing 

tolerance 
grazing 

tolerance 
trampling 
tolerance 

forage 
value 

Achillea millefolium L. Asteraceae 154 134 35 16.8 NA NA NA NA 

Bromus erectus 
Huds. 

Poaceae 149 6 70 16.1 5 4 4 6 

Capsella bursa-
pastoris (L.) Medik. 

Brassicaceae 101 25 33 40.8 3 7 6 2 

Dactylis glomerata L. Poaceae 153 6 72 24.8 8 4 6 8 

Dianthus 
carthusianorum L. 

Caryophyllaceae 145 167 44 17.7 3 4 4 3 

Festuca rupicola 
Heuff. 

Poaceae 146 13 29 24.1 6 4 4 4 

Galium album Mill. Rubiaceae 158 117 60 23.2 7 3 3 4 

Galium verum L. Rubiaceae 191 84 45 17.7 5 4 4 4 

Medicago falcata L. Fabaceae 188 48 51 20.5 5 2 2 7 

Poa pratensis agg. Poaceae 140 9 47 20.2 8 8 8 6 

Scabiosa ochroleuca 
L. 

Dipsacaceae 193 115 41 11.6 5 3 4 4 

Senecio vulgaris L. Asteraceae 98 24 33 27.6 3 5 3 2 

Stellaria media (L.) 
Vill. 

Caryophyllaceae 94 20 32 42.2 7 4 4 3 

Taraxacum sect. 
Ruderalia Kirschner 
et. al. 

Asteraceae 96 28 28 32.8 8 7 7 7 

Trifolium dubium 
Sibth. 

Fabaceae 138 19 25 29.4 7 4 4 7 

Veronica arvensis L. Scrophulariaceae 109 13 17 27.7 7 4 4 2 

Veronica persica 
Poir. 

Scrophulariaceae 97 20 21 35.0 NA NA NA NA 

Abbreviations and units: Timing of phenological niche (first flowering day as day of the year - doy), length of 
phenological niche (flowering duration in days), plant height (vegetative height in cm), SLA (specific leaf area in 
mm²/mg), mowing, grazing, trampling tolerance and forage value are given in classes from 1-9 (from low to high 
tolerance or forage value)(Briemle et al., 2002). Nomenclature follows (Jäger, 2016). 

Explaining phenological shifts by functional traits  

To quantify the climate effects on each phenological parameter (i.e. FFD, LFD, FD, Peakfl) for 

each land-use type in a standardized way, log response ratios (LRR) were calculated for each 

species following Hedges et al. (1999). The LRR is calculated as the natural logarithm (ln) of 
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the response ratio (RR), that is characterized as the quotient of the mean of the treatment 

group x̅T (future climate) and the mean of the control group x̅C (ambient climate): 

1. LRR = ln (x̅T / x̅C) = ln (x̅future / x̅ambient)  

To test whether shifts in phenological stages (i.e., climate responses represented by LRRs) 

can be explained by plant functional traits (Table III.1) and depend on the land-use type, we 

performed linear models. As the indicator values for trampling and grazing tolerance were 

strongly correlated (r = 0.86, p < 0.001, Appendix S III.1, Figure S III.2) and as on short-term 

intensively grazed pastures, grazing tolerance is equivalent to mowing tolerance combined 

with trampling tolerance, only trampling tolerance was considered for the models. The plant 

functional traits mean FFD, mean FD, SLA, plant height, mowing and trampling tolerance and 

forage value, all alone and in interaction with land-use type, served as explanatory variables 

(full model). The LRR of each phenological stage (i.e. LRRFFD, LRRLFD, LRRFD, LRRPeakFl) 

served as response variable, respectively. To identify the most parsimonious model identifying 

relevant traits for the four studied response variables we used the dredge function from the 

MuMIn package that selects the best model according to the Akaike Information Criterion 

(AIC) (Bartoń, 2023). The respective model selection tables are presented in Appendix S III.2, 

Tables S III.1 - S III.4. 

Results 

Main and interactive effects of climate and land use on plant phenology 

Both climate and land use had significant effects on flowering phenology in a species-specific 

way (Table III.2). We did not find evidence for interactive effects of climate and land use on 

the flowering phenology, meaning that climate effects were independent of land-use type 

(Table III.2). Figure III.1 gives an overview of the flowering times (i.e. start, peak and end of 

flowering) per treatment (ambient meadow, future meadow, ambient pasture, future pasture) 

along with the timing of land-use activities (mowing or grazing) exemplary for five species 

showing phenological responses to climate and land use. The same figures for all remaining 

species can be found in Appendix S III.1, Figure S III.3. 

Regarding first flowering day, the fixed effects explained 76% of the variation (R²marginal = 0.76). 

Land use and climate both affected first flowering day in a species-specific manner (significant 

species*climate and species*land-use interactions, Table III.2), however there was no 

interaction between climate and land-use. Figure III.2 shows an overview of the species-wise 

estimated marginal means of FFD with the 95% confidence intervals, resulting from the 

generalized linear mixed model. For example, the first flowering day of Achillea millefolium 
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occurred significantly later in pastures than in meadows, while climate treatment had no effect 

(land-use effect). In Dianthus carthusianorum, flowering started later in pastures than in 

meadows (land-use effect) and tended to start earlier under future climate in both land-use 

types (climate trend). In contrast, Galium verum flowered earlier in pastures than in meadows 

and tended to advance flowering under future climate. S. ochroleuca started flowering 

significantly later in pastures than in meadows and significantly advanced flowering under 

future climate in both land-use types (climate and land-use effect). Galium album and Veronica 

arvensis showed trends for delayed flowering under future climate, while Medicago falcata 

and Trifolium dubium showed trends for advanced flowering under future climate, although 

these trends were not significant. FFD of the other species did not significantly differ between 

land-use and climate treatments. 

Table III.2: Results of the simplified generalized linear mixed effect models testing for the 

effect of climate, land-use, species and their interactions on the flowering phenology i.e. first 

flowering day (FFD), last flowering day (LFD), flowering duration (FD), day of peak flowering 

(Peak flowering). Significant p-values are highlighted in bold. Missing information refers to 

interaction terms that were excluded due to model simplification.  

 FFD LFD FD Peak flowering 

 
R²marg. = 0.76 R²marg. = 0.95 R²marg. = 0.82 R²marg. = 0.92 

  R²cond. = 0.76 R²cond. = 0.96 R²cond. = 0.83 R²cond. = 0.92 

predictors Chi² df p-value Chi² df p-value Chi² df p-value Chi² df p-value 

intercept 23401.7 1 < 0.001 39722.2 1 < 0.001 1152.6 1 < 0.001 39420.2 1 < 0.001 

climate 0.01 1 0.91 23.37 1 < 0.001 0.18 1 0.67 0.41 1 0.52 

land-use 20.19 1 < 0.001 0.08 1 0.78. 1.55 1 0.21 23.47 1 < 0.001 

species 307.8 11 < 0.001 3116.1 16 < 0.001 957.4 11 < 0.001 2118.8 16 < 0.001 

climate * 

land-use 
- - - - - -    - - - 

climate * 

species 
32.7 11 < 0.001 66.27 16 < 0.001    - - - 

land-use* 

species 
54.5 11 < 0.001 38.41 16 < 0.01    57.3 16 < 0.001 

climate * 

land-use * 

species 

- - - - - -    - - - 
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Figure III.1: Flowering times and timing of land management (mowing or grazing) across all 

treatments for five exemplary species. Strips summarize the mean FFD, LFD and day of peak 

flowering per treatment, the x-axis shows day of the year (doy). The same figure on the 

remaining 12 species investigated can be found in Appendix SIII.1, Figure S III.3. 

 

 

 

 

 



Chapter III 
Plant species phenology differs between climate and land-use scenarios and relates to functional traits 

94 
 

 

Figure III.2: Effects of climate and land use on first flowering day. Shown are estimated 

marginal means of FFD with the 95% confidence intervals, resulting from the generalized 

linear mixed model. Results compare FFD between ambient and future climate on meadows 

and pastures for each species. Letters indicate significant differences between treatments. If 

no letters are shown, no significant difference between treatment groups was found. Dotted 

lines are only shown for better interpretation of interacting effects of climate and land use.  

For last flowering day, the model explained 95% of the variation (R²marginal = 0.95). Similar to 

first flowering day, species responded species-specifically to climate and land use (Table III.2), 

and climate effects were again independent of land-use type. The following species responses 

are presented in Figure III.3: We found significant treatment effects in four species. A. 

millefolium and G. album ended flowering significantly earlier under future climate regardless 

of land-use type (climate effect). LFD of D. carthusianorum and M. falcata occurred 

significantly earlier on pastures (land-use effect). Furthermore, under future climate LFD of M. 

falcata tended to advance while for D. carthusianorum LFD tended to delay (climate trends). 

LFD of the other species did not significantly differ between land-use and climate treatments. 
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For flowering duration, the model explained 82% of the variation (R²marginal = 0.82). The 

investigated species differed in their flowering duration (species effect), but no significant 

effect of climate or land use was detected for the flowering duration (Table III.2). See Appendix 

SIII.1, Figure S III.4 for individual trends. 

 

Figure III.3: Effects of climate and land use on last flowering day. Shown are estimated 

marginal means of LFD with the 95% confidence intervals, revealed from the generalized 

linear mixed model. Results compare LFD between ambient and future climate on meadows 

and pastures for each species. Letters indicate significant differences between treatments. If 

no letters are shown, no significant difference between treatment groups was found. Dotted 

lines are only shown for better interpretation of interactive effects of climate and land use. 
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For the day of peak flowering, the model explained 92% of the variation (R²maginal = 0.92). Land 

use affected the day of peak flowering in a species-specific manner (Table III.2, Appendix 

SIII.1, Figure S III.5), while climate didn’t have a significant effect. We found significant land-

use effects in two species. Peak flowering of A. millefolium occurred significantly later in 

pastures than in meadows regardless of climate (Appendix S III.1, Figure S III.5). In contrast, 

peak flowering of G. album occurred significantly earlier in pastures than in meadows 

(Appendix S III.1, Figure S III.5). Most other species showed similar trends either advancing 

or delaying peak flowering in pastures compared to meadows (Appendix S III.1, Figure S III.5).  

Explaining phenological shifts by functional traits  

Functional traits explained species-specific phenological responses to changes in climate 

(LRR) (Figure III.4, Table III.3).  

The best model describing changes in FFD contained the phenological niche (mean FFD) and 

the mowing tolerance (Table III.3). The model selection table that displays all models with a 

delta AIC < 2 is shown in Appendix S III.2, Table S III.1. The model on shifts in FFD explained 

42% of the variation (R²multiple = 0.42, F2,27 = 9.81, p < 0.001). The phenological niche 

(represented by the mean FFD under ambient climate) was negatively related to changes in 

FFD under future climate (Table III.3). Late flowering species showed stronger advances in 

their first flowering day under future climate (Figure III.4, Appendix S III.1, Figure S III.6). 

Mowing tolerance was positively related to the FFD response (Figure III.4, Appendix SIII.1, 

Figure S III.6). Species with a low mowing tolerance more strongly advanced FFD under future 

climate compared to species with high mowing tolerance, which tended to show no response 

(Appendix SIII.1, Figure S III.6).  

The best model describing changes in LFD contained the phenological niche (mean FFD), the 

length of the phenological niche (mean FD), SLA and forage value (Table III.3). The model 

selection table that displays all models with delta AIC < 2 is shown in Appendix S III.2, Table 

S III.2. The model on shifts in LFD explained 36 % of the variation (R²multiple = 0.36, F4,25 = 3.56, 

p < 0.05, S2, Table III.3). Long flowering species, species with a high SLA and high forage 

value advanced their LFD more strongly under future climate (Figure III.4, Appendix S III.1, 

Figure S III.7). Late flowering species tended to advance LFD more strongly under future 

climate, even though this effect was non-significant (p = 0.11, Figure III.4, Appendix S III.1, 

Figure S III.7).  

The best model describing changes in FD contained the length of the phenological niche 

(mean FD), SLA and mowing tolerance (Table III.3).  The model selection table that displays 

all models with delta AIC < 2 is shown in Appendix S III.2, Table S III.3. The model on shifts 
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in FD explained 32 % of the variation (R²multiple = 0.32, F3,23 = 4.12, p < 0.05; Table III.3). Shifts 

in the flowering duration (LRRFD) related to future climate were explained by SLA and mowing 

tolerance (Figure III.4). Under future climate species with a high SLA and a high mowing 

tolerance shortened their flowering duration more strongly compared to species with low SLA 

and low mowing tolerance (Appendix S III.1, Figure S III.8). Furthermore, long flowering 

species tended to shorten their FD more strongly under future climate when compared to short 

flowering species, even though this effect was non-significant (p = 0.06, Figure III.4, Appendix 

SIII.1, Figure S III.8).  

Table III.3: Model results for the most parsimonious models explaining phenological shifts in 

first flowering day (FFD shift), last flowering day (LFD shift) and flowering duration (FD shift) 

to future climate by functional traits and grassland indicator values. None of the investigated 

traits related to shifts in peak flowering. 

 FFD shift LFD shift FD shift 

 R²multiple = 0.42 
R²adjusted = 0.38 

R²multiple = 0.36 
R²adjusted = 0.26 

R²multiple = 0.32 
R²adjusted = 0.24 

 F2,27 = 9.81; p < 0.001 F4,25 = 3.558; p = 0.019 F3,23 = 4.12; p = 0.016 

Predictor Estimate SE p-value  Estimate SE p-value  Estimate SE p-value  

intercept -0.013 0.011 0.251  -0.004 0.009 0.641  -0.022 0.048 0.653  

FFD -0.039 0.011 0.001 ** -0.030 0.018 0.107      

FD     -0.027 0.013 0.044 * -0.115 0.060 0.066 . 

SLA     -0.045 0.017 0.016 * -0.142 0.055 0.017 * 

mowing tolerance 0.028 0.011 0.017 *     -0.138 0.054 0.016 * 

forage value     -0.028 0.012 0.030 *     

Abbreviations: FFD – timing of phenological niche measured as first flowering day, FD – length of phenological 
niche measured as flowering duration in days, SLA – specific leaf area, SE – standard error. 

The best model describing changes in peak flowering contained none of the variables, i.e. 

none of the considered traits related to shifts in peak flowering. Thus, no further results can 

be reported. The model selection table that displays all models with delta AIC < 2 is shown in 

Appendix S III.2, Table S III.4.  

The functional traits ‘plant height’ and ‘trampling tolerance’ did not relate to shifts in any of the 

tested phenological parameters. However, there is some indication that plant height might 

play a role for responses in LFD (compare model selection table in Appendix S III.2, Table S 

III.2) and that trampling tolerance might play a role for responses in FFD (model selection 

table in Appendix S III.2, Table S III.1).  
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Further, we did not find evidence for interactive effects between traits and land-use type, 

meaning that the investigated traits were not of different importance for phenological shifts on 

meadows and pastures. 

 

Figure III.4: Effect of functional traits on the response to climate (LRR) of first flowering day 

(FFD shift), last flowering day (LFD shift) and flowering duration (FD shift). Estimates of the 

final linear models with 95% confidence intervals are shown. Abbreviations of response 

variables: FFD = phenological niche measured as flowering start; FD = length of phenological 

niche measured as flowering duration, SLA = specific leaf area. 

Discussion 

Our results clearly show that the flowering phenology of the 17 studied grassland species 

responded to both changes in climate and different land-use types in species-specific ways. 

Especially FFD and LFD were species-specifically affected by climate and land use. Plant 

functional traits and grassland indicator values explained these species-specific climate 

responses. Furthermore, different sets of traits explained shifts in the different phenological 

stages. 

Conducting our study at the Global Change Experimental Facility enabled us to unequivocally 

identify the causal effects of manipulated climate and land use on plant phenology under the 

same abiotic and biotic background conditions. However, large experiments as this have the 

disadvantage of a smaller sample size (n=5, i.e. five replicates per treatment) and the high 

variability of the data may mask subtle effects of climate or land use, thereby decreasing the 

likelihood to detect small but true effects (i.e. decreasing the statistical power). Therefore, in 

the following we also present and discuss marginal effects and trends.  
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Effects of land use and climate on plant phenology 

Land-use type significantly influenced the flowering phenology in a species-specific way. Most 

of the species growing on meadows flowered earlier than those growing on pastures, which 

is a frequently reported pattern (Reisch and Poschlod, 2011, 2009; Van Tienderen and van 

der Toorn, 1991), but we also found opposing patterns in single species. Phenological studies 

on the effects of land-use type are scarce and usually link their findings to genetic 

differentiation and evolutionary processes that act on a larger temporal scale (Reisch and 

Poschlod, 2009; Völler et al., 2017, 2013). However, rapid responses of the flowering time to 

land use or other drivers such as climate have also been shown (Bucharova et al., 2024; 

Franks et al., 2007; Rauschkolb et al., 2022; Zopfi, 1993). Due to the comparably short 

duration of the experiment (six years by the time of our study), we think that genetic 

differentiation or evolutionary processes have not yet played a prominent role in our study 

system, at least not for the perennial species strongly dominating our dataset. We assume, 

that the effects of the land-use type alone are on the one hand attributed to the timing of the 

land management that differed between pastures and meadows (first grazing occurred three 

to four weeks before mowing). On the other hand, the heterogeneity of microsite conditions in 

meadows and pastures may also give rise to land-use-specific phenological patterns. For 

example, LFD of D. carthusianorum occurred significantly earlier on pastures than on 

meadows but long after the land management events. We observed higher proportions of 

open soil (Appendix S III.1, Figure S III.9) and increased maximum temperatures on pastures 

(Appendix S III.1, Figure S III.11), especially during summer, which probably led to generally 

more stressful growing conditions on pastures. Different land-use types may furthermore alter 

biotic interactions like competition or herbivory that might further influence phenological 

patterns (Busch et al., 2018; Freeman et al., 2003; Gossner et al., 2014; Tadey, 2020; Völler 

et al., 2017). Overall, results from this study indicate that land-use effects on the flowering 

phenology of grassland species are due to a combination of timing, frequency, altered 

microsite conditions and biotic interactions on meadows and pastures (Tälle et al., 2016). 

Climate significantly influenced the flowering phenology in a species-specific way. Advances 

in FFD are frequently reported in response to climate alterations (Fitter and Fitter, 2002; Lesica 

and Kittelson, 2010; Menzel et al., 2006; Miller-Rushing and Primack, 2008). In our study, 

advances in FFD might be mostly related to increased spring precipitation (Dorji et al., 2020) 

and increased minimum temperatures (Appendix S III.1, Figure S III.11) under future climate 

conditions that might enhance plant growth and thus phenology. Advances in LFD, on the 

other hand, might be mainly explained by the reduced precipitation in the future climate plots 

during the summer months (June-Sept, Appendix S III.1, Figure S III.1, S III.12) that coincide 
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with the main flowering time of many species (Figure III.1, Appendix S III.1, Figure S III.3). 

Drought stress can lead to a trade-off between reproduction and survival so that plants might 

shift their priorities to survival, ending flowering earlier (Galen, 2000; Lauder et al., 2019). 

However, due to the application of a whole scenario of future climate, effects of altered 

precipitation patterns and altered temperature cannot be disentangled. 

An important aim of this study was to test whether climate and land use interactively affect the 

flowering phenology of grassland species. We did not find statistical evidence for interacting 

effects of climate and land use for the flowering phenology of the investigated grassland 

species, i.e. phenological responses to climate did not differ between land-use types. 

However, monitoring of the microclimate and -site conditions indicated that the climate 

treatment differently affected microclimate and -site conditions on meadows and pastures 

(Appendix S III.1, Figures S III.9 - S III.12). We observed that under future climate pastures 

were warmer (Appendix S III.1, Figure S III.11) and drier (especially in deeper soil layers, 

Appendix S III.1, Figure S III.12) and showed larger proportions of open soil in summer 

(Appendix S III.1, Figure S III.9) compared to meadows that in contrast had slightly higher 

litter cover under future climate (Appendix S III.1, Figure S III.10). Furthermore, competition 

may play a greater role on meadows than on pastures because of the higher stand density 

that mediates climate change effects differently (Bütof et al., 2012; Tälle et al., 2016). Thus, 

we conclude that growing conditions on meadows and pastures were modified by the future 

climate in different ways, making interactive effects of climate and land use on phenology or 

other variables like survival or productivity likely. However, the lack of those interactions in our 

study, could be related to the fact that microclimatic differences were not strong enough to 

influence phenology in a detectable way, as well as high variability of the data. 

The species-specific responses in our study and across other studies show that the drivers of  

flowering phenology are complex and might, depending on the context, be driven by various 

factors such as temperature, soil moisture, accumulated heat or biotic interactions (Bock et 

al., 2014; Pau et al., 2011). We encourage further studies investigating each of these effects 

separately to contribute to a better understanding on species-specific responses to land use 

and climate. 

Explaining phenological shifts by functional traits  

Functional traits explained species-specific phenological shifts in response to climate as has 

also been shown in previous studies (Bucher et al., 2018; Bucher and Römermann, 2020; 

König et al., 2018), but trait-response relationships did not differ between land-use types.  
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Plant species with an early phenological niche (early flowering) have been frequently reported 

to advance their phenology more strongly in response to changing climate compared to late 

flowering species (e.g. Fitter and Fitter, 2002; Lesica and Kittelson, 2010; Menzel et al., 2006; 

Miller-Rushing and Primack, 2008; Rauschkolb et al. 2024). In contrast, in our study we found 

that late flowering species showed the strongest advances in FFD and LFD, also reported by 

Bucher et al. (2018) for FFD. Phenological advances can relate to the escape from drought 

conditions (Franks et al., 2007) and drought can lead to phenological advances of the same 

magnitude as one decade of gradual warming (Jentsch et al., 2009). Moreover, drought stress 

can lead to a trade-off between reproduction and survival, leading plants to prioritize survival 

and consequently end flowering earlier (Galen, 2000; Lauder et al., 2019). As in our 

experimental setup summer precipitation was drastically reduced under future climate 

conditions (Appendix S III.1, Figure S III.1), species with a later phenological niche (i.e. 

flowering in summer) may therefore be more affected by drought and subsequently advanced 

flowering start and end. However, in our study we might have missed a few very early flowering 

species, as we started the phenological monitoring in the beginning of April. We thus 

recommend, when working in comparable grassland systems, to start phenological monitoring 

earlier, if possible.  

Long flowering species (length of phenological niche) ended their flowering earlier and thus 

shortened their flowering under future climate. In contrast to short flowering species, they face 

a higher probability that the timing of land management coincides with the flowering period, 

damaging vegetative and reproductive parts of the plant. Bucher and Römermann (2020) 

found similar patterns along an elevational gradient, where land use did not play a prominent 

role. Furthermore, long flowering species are more likely to flower during high summer, when 

drought conditions are most pronounced under future climate and are thus more likely to end 

flowering earlier.  

Species with a high SLA ended flowering earlier under future climate consequently shortening 

their flowering durations more strongly. Plants with a high SLA have thinner and less resistant 

leaves and might thus face more damage by mowing or grazing and are also less resistant to 

drought (Díaz et al., 2016; Reich et al., 1997; Wright et al., 2004). Species with a high SLA 

follow an acquisitive strategy (Díaz et al., 2016) that may allow a more plastic response to 

climate, but also a stronger need to escape drought conditions (Blumenthal et al., 2020; 

Griffin-Nolan et al., 2019; Visakorpi et al., 2023; Zhang et al., 2020). König et al. (2018) also 

found stronger phenological shifts with increasing SLA on a global scale while Bucher et al. 

(2018) found an opposing relationship on the local scale along an elevational gradient. 

Interestingly, species with a high mowing tolerance less strongly advanced their flowering but 
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shortened their flowering duration more strongly under future climate. Mowing tolerance is 

closely related to regeneration capacity, growth rate and the ability to store sufficient 

assimilates prior to mowing (Briemle et al., 2002). Thus, mowing tolerance is, just like SLA, 

ecologically related to the growth strategy (conservative vs. acquisitive) but no correlation 

between SLA and mowing tolerance was found in our dataset (Appendix S III.1, Figure S III.2). 

Additionally, a high forage value was related to stronger advances of LFD under future climate. 

As the forage value for livestock strongly relates to the plants protein and mineral content as 

well as the growth rate (Briemle et al., 2002), a high forage value can also be associated with 

an acquisitive strategy. 

Trampling tolerance that is related to plant height, growth and life form (Briemle et al., 2002) 

as well as the trait plant height did not play a role in mediating phenological climate responses 

in our study. Although plant height did not relate to phenological shifts in our models (but see 

Appendix S III.1, Table S III.2), we suggest that it should still be considered in future studies 

as it was frequently shown to be of great importance in explaining phenological patterns and 

shifts (Huang et al., 2018; König et al., 2018; Sporbert et al., 2022; Zhu et al., 2016). 

To summarize, our results indicate that late flowering species stronger advanced flowering 

start and end, which is likely related to drought escape and survival over reproduction. Further, 

our results show that long flowering species and species with an acquisitive strategy (high 

SLA, mowing tolerance and forage value), which are more susceptible to stressful conditions 

like summer drought (Díaz et al., 2016) were more strongly affected by future climate, 

advancing flowering end and consequently shortening flowering duration. Drought related 

decreases in flowering durations were observed before (Llorens and Peñuelas, 2005; Steyn 

et al., 1996), but contrasting responses were found as well (Jentsch et al., 2009; Llorens and 

Peñuelas, 2005). In contrast, early and short flowering species are less likely to be affected 

by land management and summer droughts and species following a more conservative 

strategy have a higher drought resistance accompanied by a lower phenotypic plasticity 

(Blumenthal et al., 2020; Griffin-Nolan et al., 2019; Visakorpi et al., 2023; Zhang et al., 2023). 

Thus, these species did not show strong responses. Another reason for species not 

responding to climate and/or land-use treatments may relate to the comparably short duration 

of the experiment (six years), that makes genetic differentiation or evolutionary processes 

rather unlikely in our study system (not impossible though: Bucharova et al., 2024; Franks et 

al., 2007; Rauschkolb et al., 2022; Zopfi, 1993). Non-responding species could also be rather 

controlled by photoperiod than by climate (Flynn and Wolkovich, 2018; Meng et al., 2021) or 

characterized by a generally lower trait plasticity (Zhang et al., 2020), but further investigations 

would be necessary to test this. 
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Overall, traits related to growth rate and competitive ability, but also the phenological niche 

(FFD, FD) were important traits mediating climate driven phenological responses. In our study 

system, namely semi-natural and extensively managed grasslands, traits like forage value 

and mowing tolerance seem promising to explain differing climate responses among species 

and potentially land-use types and can complement ‘classical’ functional traits. 

We did not find evidence that traits differently affected phenological climate responses on 

meadows compared to pastures. This was not expected, as depending on the land-use type 

different traits were expected to be advantageous to cope with the different disturbances and 

microsite conditions on meadows and pastures as outlined above (Zhu et al., 2016). As we 

used mean values from the TRY database for plant height and SLA, we did not capture the 

intraspecific trait variability (ITV) that we might expect for the different land-use types and 

climate treatments. Thus, our study may underestimate the effect of those traits (Zhang et al., 

2020). However, we were not able to measure traits in-situ due to constrained sampling 

possibilities owing to multiple side experiments running on the plots. We would recommend 

measuring the respective traits in-situ if possible and to add also relevant physiological traits 

(Bucher et al., 2018; Visakorpi et al., 2023) to account for the role of ITV. 

Conclusion 

This study contributes to the understanding on how climate change and land use impact 

temperate grassland systems and how functional traits can mediate those impacts. Both 

global change drivers, climate and land use, affected the flowering phenology in a species-

specific way, but we didn’t find evidence for interacting effects of climate and land use on 

phenology. Still, we found that microsite conditions on meadows and pastures were differently 

affected by future climate, making divergent effects on plant phenology (but also plant vitality, 

e.g. survival or productivity) likely and should be further explored. Particularly, we recommend 

further research focusing on microclimatic and microsite effects on phenology and phenology-

trait relationships including a larger species set and maybe more importantly, considering that 

also traits strongly respond to variations in the environment, suggesting the need to measure 

traits in-situ. We further conclude that functional traits and grassland indicator values offer a 

promising approach to understanding phenological responses to climate, with grassland 

indicator values being particularly useful when focusing on different grassland management 

practices. 

The observed phenological shifts under future compared to ambient climate and the related 

traits mirror a phenological escape from drought which is particularly relevant in summer. 

Thus, late flowering, long flowering and acquisitive species were particularly affected and 
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shifted and shortened their flowering while species with the opposite traits did not. Thus, our 

findings suggest that under future climate the community of simultaneously flowering plant 

species will be changed especially during summer. This may therefore lead to a shortage of 

available pollinator resources (pollen and nectar) during summer, affecting pollinator fitness 

and pollination alike. To better be able to understand potential implications for pollinators 

within this experiment, the flowering intensity, flower cover as well as nectar and pollen 

characteristics should be considered in future studies. 
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Appendix S III.1 – Figures 

 

 

 

 

 

 

Figure S III.1: Realized precipitation difference in mm of future plots compared to ambient 
plots, summarized for each month across the study year 2020. 
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Figure S III.2: Correlation matrix of functional traits, based on Pearson correlations, including 
the correlation coefficients (r) and significance levels (* p < 0.05, ** p < 0.01, *** p < 0.001) of 
all pairwise combinations of functional traits. Abbreviations: SLA – specific leaf area, FFD – 
timing of phenological niche measured as first flowering day, FD – length of phenological niche 
measured as flowering duration in days. 
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Figure S III.3: Flowering times and timing of land management (mowing or grazing) across 
all treatments. Strips summarize the mean FFD, LFD and day of peak flowering per treatment, 
the x-axis shows day of the year (doy). Please note that five species (A. millefolium, D. 
carthusianorum, G. album, G. verum, S. ochroleuca) are already presented in Figure III.1 in 
the main text and are thus not presented here. 
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Figure S III.4: Effects of climate and land-use on the flowering duration. Shown are estimated 
marginal means of peak flowering with the 95% confidence intervals, revealed from the 
generalized linear mixed model. Results compare the flowering duration between ambient and 
future climate on meadows and pastures for each species. Letters indicate significant 
differences between treatments. If no letters are shown, no significant difference between 
treatment groups was found. Dotted lines are only shown for better interpretation of interactive 
effects of climate and land-use. 
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Figure S III.5: Effects of climate and land-use on the day of peak flowering. Shown are 
estimated marginal means of peak flowering with the 95% confidence intervals, revealed from 
the generalized linear mixed model. Results compare the day of peak flowering between 
ambient and future climate on meadows and pastures for each species. Letters indicate 
significant differences between treatments. If no letters are shown, no significant difference 
between treatment groups was found. Dotted lines are only shown for better interpretation of 
interactive effects of climate and land-use. 
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Figure S III.6: Relationships between traits and the shift in first flowering day due to future 
climate (Log response ratio, LRR), as predicted by the linear model. See also Table III.3 for 
model results. Traits are: mean first flowering day (from ambient plots) (FFD) and mowing 
tolerance derived from BiolFlor. 

 

 

 

 

Figure S III.7: Relationships between traits and the shift in last flowering day (LFD) due to 
future climate (Log response ratio, LRR), as predicted by the linear model. See also Table 
III.3 for model results. Traits are: mean first flowering day (from ambient plots) (FFD), mean 
flowering duration in days (from ambient plots) (FD), mean SLA derived from TRY (SLA) and 
forage value derived from BiolFlor. 
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Figure S III.8: Relationships between traits and the shift in flowering duration (FD) due to 

future climate (Log response ratio, LRR), as predicted by the linear model. See also Table 

III.3 for model results. Traits are: mean flowering duration in days (from ambient plots) (FD), 

mean SLA derived from TRY (SLA) and mowing tolerance derived from BiolFlor. 
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The coverage of open soil (%) and litter (%) was estimated weekly for each permanent plot 

(3m x 3m),  across the monitoring season of 2020. Different proportions of litter cover and 

open soil were observed across land-use types and climate treatments, with pastures 

generally having larger proportions of open soil that remarkably increased under future climate 

conditions after the second grazing event in summer while on meadows the proportion of open 

soil was generally smaller and tended to decrease under future climate (Figure S III.9). In 

contrast, litter cover on meadows tended to increase more strongly under future climate than 

observed for pastures (Figure S III.10), although the patterns were more comparable between 

the land-use types.  

 

 

Figure S III.9: Percentage open soil cover per plot and timing of land management throughout 
the monitoring season in 2020 compared between meadows (EM) and pastures (EP) under 
ambient and future climate. Dots indicate the weekly open soil cover per plot, the ribbons 
indicate the mean weekly open soil cover across plots of the same treatment. Dashed vertical 
lines indicate the timing of the land use events (i.e. mowing or grazing). First grazing occurred 
in week 21 and 22 respectively, and second grazing in week 27 and 28 respectively, as every 
plot (n = 10) was grazed for 24 hours.  
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Figure S III.10: Percentage litter cover per plot and timing of land management throughout 
the monitoring season compared between meadows (EM) and pastures (EP) under ambient 
and future climate. Dots indicate the weekly litter cover per plot, the ribbons indicate the mean 
weekly litter cover. Dashed vertical lines indicate the timing of the land use events (i.e. mowing 
or grazing). First grazing stretched through week 21 and 22 respectively, and second grazing 
through week 27 and 28 respectively, as every plot (n = 10) was grazed for 24 hours.  
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Temperature and soil moisture were measured daily within each plot. Details on temperature 

and soil moisture measurements can be found in Schädler et al. (2019) and in Appendix S5 

of the respective publication. Figure S III.11 shows that especially in the summer months the 

daily minimum temperature was higher under future climate regardless of land-use (a), while 

daily maximum temperature was generally higher in pastures (b), overall increasing mean 

daily temperatures on future pastures (c). Soil moisture was lower under future climate and 

lowest on future pastures with this effect increasing with soil depth (Figure S III.12).  

 

 

Figure S III.11: Daily temperatures a) minimum, b) maximum, c) mean, measured 10 cm 

above the ground across all meadow and pasture plots under ambient and future climate for 

2020.  

 

 

Figure S III.12: Mean daily soil moisture measured in a) 5 cm, b) 15 cm and c) 30 cm depth 

across all meadow and pasture plots under ambient and future climate for 2020.  

https://esajournals.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fecs2.2635&file=ecs22635-sup-0005-AppendixS5.pdf
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Appendix S III.2 – Tables 
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Abstract 

Both plant nectar production and insect activity are highly dependent on abiotic environmental 

conditions. Furthermore, the foraging behaviour of insect pollinators can be affected by nectar 

properties. In the context of climate change, it is important to understand how plant-pollinator 

interactions respond to temperature and other abiotic factors. We investigated the effect of 

natural variation in temperature and solar radiation on nectar quantity (nectar volume) and 

quality (sucrose concentration and sucrose mass) and on flower visitation rates in four 

herbaceous plant species (Dictamnus albus, Lamium album, Salvia officinalis, Vincetoxicum 

hirundinaria) in the Botanical Garden Halle (Germany). Temperature affected nectar 

properties in all four species. Solar radiation affected nectar quantity and quality in two 

species, most likely by affecting flower temperature. The number of flower visits was 

unimodally related to temperature for two species and positively related to solar radiation in 

another. The variable responses across plant species in the effects of abiotic factors on nectar 

properties and flower visitation patterns may be due to differences in flower shape and colour, 

to differences in the composition of flower visitors, or due to other unmeasured extrinsic factors 

that vary across patches where these species occur. Our study highlights the importance of 

considering direct and indirect effects of climate factors on pollinator visitation in multiple plant 

species.  

Keywords: Botanical garden, environmental factors, flower traits, nectar volume, pollinators, 

sucrose concentration 

Introduction 

Pollination is among the most important ecosystem services for both natural and agricultural 

systems (Klein et al., 2007), as the majority of plant species require animal visitation in order 

to successfully reproduce (Ollerton et al., 2011; Rodger et al., 2021). Climate change has the 

potential to significantly threaten this critical interaction (González-Varo et al., 2013). Climate 

can directly affect insect flower visitors because insects have species-specific temperature 

optima for foraging (Corbet et al., 1993; Stone and Willmer, 1989; Zoller et al., 2020), and 

indirectly influence flower visitors by altering the rewards (e.g., nectar volume and sucrose 

amount) that plants offer (Descamps et al., 2018).  To develop a general understanding of 

how climate change may alter pollination, it is important to understand how each of these 

components will change in response to abiotic factors such as temperature and solar radiation 

(Maron et al., 2014), as these factors are likely to be affected by climate change  (Rapp, 2014).  

For a given community of potential flower visitors, the visitation rate and composition of visitor 

communities to flowering plants depends on the characteristics of the plant species. Plant 
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species differ in their floral traits, such as the size, shape and colour of the corolla, scent and 

nectar composition, which are associated with their pollination syndrome (Faegri and Pijl, 

1979; Rosas - Guerrero et al., 2014). These traits might differ significantly across even closely 

related plants (e.g. Basnett et al., 2021; Comba, 1999; Mačukanović-Jocić et al., 2011). For 

example, Salvia officinalis L. and Lamium album L. are both plant species in the Lamiaceae 

family that attract bees with their bilabiate corollas and nectar rewards. However, only bees 

with a long proboscis are able to reach the nectar of Lamium album (Lye et al., 2009), whereas 

the nectar of Salvia officinalis is accessible to both long-tongued and short-tongued bees 

(Comba, 1999; Inouye, 1980; Mačukanović-Jocić et al., 2011). 

Flower visitation rates are often mediated by rewards offered by the plant, which might also 

be affected by abiotic factors. Floral resources that plants produce, such as nectar, are directly 

affected by abiotic factors, such as temperature and solar radiation (Petanidou and Smets, 

1996; Silva et al., 2004; Takkis et al., 2018). Nectar production measured at a certain site has 

been shown to be low at both low and high temperatures and to peak at intermediate 

temperatures forming a unimodal relationship with temperature (Petanidou, 2007; Takkis et 

al., 2018), and sugar concentration of nectar increases with temperature due to higher 

evapotranspiration (Corbet, 1990). Rapid evaporation due to high temperatures though might 

lead to nectar concentrations that are higher than those preferred by pollinators (Corbet, 

1990), increasing the risk of plant-pollinator mismatches at high temperatures (Gérard et al., 

2020). Solar radiation mediates photosynthetic activity of plants, which is associated with 

increasing nectar volume and sugar concentrations (Boose, 1997; Cawoy et al., 2008; 

Southwick, 1984). Furthermore, solar radiation can affect flower temperature more than 

ambient temperature itself and thus might also play an important role in influencing nectar 

properties in that way (Petanidou and Smets, 1996). Animal pollinators are known to adapt 

their foraging behaviour in response to the quantity and quality of floral rewards (Abrol, 2006; 

Fowler et al., 2016; Thomson, 1988; Waddington et al., 1981) and thus we would expect 

associations between nectar quantity and quality and flower visitation. In this way abiotic 

factors can have indirect effects on flower visitation rates.  

Abiotic factors can also have a direct influence on pollinator activity and thus on potential 

flower visitation (direct effects). Temperature influences the activity patterns of insect 

pollinators due to species-specific thermal tolerances (Corbet, 1990; Corbet et al., 1993; 

Kühsel and Blüthgen, 2015; Stone and Willmer, 1989) and desiccation tolerances (Burdine 

and McCluney, 2019). Most insect pollinators are not active below a certain temperature and 

reduce their activity again when temperatures are too high, forming a unimodal relationship 

(Corbet et al., 1993; Kühsel and Blüthgen, 2015). Fewer studies investigated the effect of solar 

radiation on pollinator behaviour (e.g. Arnold and Chittka, 2012, focusing on artificial light; 
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Kilkenny and Galloway, 2008, using a field study), but those that have typically observed 

reduced visitation of plants shaded compared to those that are sun-exposed.  

The current state of our knowledge on the direct and indirect effects of abiotic factors on the 

visitation rate of pollinators is typically limited to studies focused on single plant species or 

crop plants (e.g., Abrol, 2010; Boose, 1997; Carroll et al., 2001; del Rio and Burquez, 1986; 

Silva et al., 2004), a single pollinator group or species (e.g., Corbet et al., 1993; Descamps et 

al., 2021; Kovac and Stabentheiner, 2011; Vicens and Bosch, 2000), and/or a single abiotic 

factor (e.g., Boose, 1997; Huber, 1956; Petanidou and Smets, 1996) or considering only plant 

or insect responses (e.g., Boose, 1997; Carroll et al., 2001; Vicens and Bosch, 2000). This is 

likely because collecting data on pollinator observations and nectar properties across abiotic 

environments is time consuming. However, examining responses across many plant species, 

pollinator groups and abiotic factors is critical to disentangle these complex interactions and 

relationships and for developing a general understanding of the patterns and their context 

dependence. Thus, this study goes one step further compared to existing studies by collecting 

a comprehensive dataset on (a) temperature and solar radiation, (b) flower visitations, (c) 

nectar quantity and quality, all measured simultaneously on four selected plant species 

growing under comparable soil, light, and climatic conditions in a botanical garden. While 

plants occur in different patches in the garden that might differ in external conditions, the 

otherwise similar conditions of the larger garden setting allow us to cautiously discuss 

differences across the investigated plant species in their responses of nectar properties or 

flower visitation associated to variation in abiotic conditions. 

Based on the literature discussed above, we set up the following hypotheses: 1) The nectar 

quantity (i.e. nectar volume) of our study plants responds to temperature in a unimodal way 

and is positively related to solar radiation. The nectar quality (i.e. sucrose concentration and 

sucrose mass) is positively related to temperature and solar radiation. 2) Flower visitation 

rates are related to temperature in a unimodal way and are positively related to solar radiation. 

3) Flower visitation rates are influenced by nectar quantity and quality. With this approach we 

aim to better understand the direct and indirect (i.e., through changing nectar properties) 

effects of abiotic drivers on pollinator visitation. This study is a basis for a better understanding 

on how plant-pollinator interactions might be affected by changes in climate and which role 

flower traits and pollinator composition might play in shaping these biotic interactions. 
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Materials and Methods 

Study site 

The study was conducted in the Botanical Garden Halle (Saale) in Germany. In the study year 

(2020), the mean annual temperature of Halle (Saale) was 12 °C with a total annual 

precipitation of 401 mm (Deutscher Wetterdienst (DWD) Climate Data Center (CDC), 2021). 

All observations and measurements were conducted between mid-May and end of June, 

covering the main flowering period of the study species. Precipitation in the study months was 

40 mm in May and 26 mm in June (Deutscher Wetterdienst (DWD) Climate Data Center 

(CDC), 2021). Thus, plants required additional irrigation that was applied consistently to all 

four species when required. Plants were growing in distinct monospecific patches of 

approximately 1 m². All four observed plant species grew closely together in the systematic 

part of the botanical garden (see also Figure S IV.1), where plants grow in an open and plane 

area and in the same soil substrate (chernozem) with even soil depth (>100cm).  The distance 

between two patches ranged from ~10 to ~25 m. Thus, plants occurred in a similar background 

of abiotic conditions regarding climate, soil, exposure to wind and of  other flowering plant 

species and had access to the same community of animal pollinators.  

Study species 

Four plant species were investigated: Dictamnus albus L., Lamium album L., Salvia officinalis 

L., Vincetoxicum hirundinaria MEDIK. (for more species information, see Table IV.1). The 

species were chosen as they all provide measurable amounts of nectar, had enough flowers 

to conduct a study with repeated nectar measurements and had overlapping flowering periods. 

Abiotic factors 

Our study considers the effects of natural variation in abiotic factors on our response variables 

rather than experimental manipulation of these factors. Considering natural variation has the 

advantage that animal pollinator responses, which will occur at larger spatial grains than most 

experiments can consider, will be influenced by this same natural variation in temperature and 

solar radiation. However, this method has the disadvantage that unmeasured factors might 

covary with our focal abiotic factors, and thus our inference is more limited. Temperature was 

measured with HOBO Loggers (Onset, HOBO Pro v2 (U23-001)) at 30 cm height every 10 

minutes. Loggers were equipped with sun shields and were placed directly next to the plants 

during flower visitor observations to measure the local microclimate experienced by the plant. 

Photosynthetic active radiation (PAR) was used as a measure of solar radiation intensity and 

was measured after every flower visitor observation interval approximately 1.5 m above the 

ground with a photometer in µmol/m²s (HD2102.2, DeltaOhm). For an overview of the 
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microsite conditions (Temperature and PAR) measured at the four observed plant species see 

Figure S IV.2 in the supplements). 

Table IV.1: Overview of the studied plant species and their characteristics as derived from [1] 

the BiolFlor Database (Klotz et al., 2002), [2] FloraWeb (BfN, 2011), [3] PhenObs Data 

(Sporbert et al., 2022) and [4] own measurements (see Methods section). 

  Lamium album L. Dictamnus albus L. Salvia officinalis L. 
Vincetoxicum 
hirundinaria Medik. 

Family Lamiaceae Rutaceae Lamiaceae Apocynaceae 

Flower shape [1] 
true lip flowers, 
hymenoptere flower 

hymenoptere 
flowers, lip flowers 
(Verbascum type) 

true lip flowers, 
hymenoptere 
flowers 

clamp trap flowers 

Flower colour white pink purple yellowish white 

Flowering time [1] April - October May - June May - July May - August 

Flowering time 2020 
[3] 

07.04.-29.09.20 
(peak flowering 
until 12.05.20) 

25.05.-10.06.20 
12.05.-28.07.20 
(peak flowering 
until 24.06.20) 

20.05.-16.09.20 
(first peak until 
24.06.20) 

Main pollinators [1] hymenoptera hymenoptera hymenoptera 
diptera, 
hymenoptera 

Habitat [2] 
nutrient rich, 
ruderal 

dry and warm 
dry and warm, 
calcareous soils 

dry and warm 

Native Range [1] Europe to Asia Europe to Asia Europe 
Europe to western 
Asia 

Temperature during 
observations [4] 
min T 
max T 
mean T 

 
 
13.16 °C 
31.50 °C 
20.82 °C 

 
 
12.94 °C 
31.07 °C 
20.70 °C 

 
 
12.44 °C 
29.46 °C 
21.16 °C 

 
 
12.79 °C 
28.67 °C 
21.20 °C 

Nectar measurements and flower availability 

To measure nectar properties, we sampled nectar three times a day in the morning between 

9 am and 10 am, at midday between 12 am and 1 pm and in the afternoon between 3 pm and 

4 pm on 13-18 days per plant species. To avoid nectar consumption by flower visitors prior to 

sampling, at least five flowers per population were covered with fine mesh bags for at least 

one hour (Corbet, 2003). After conducting flower visitor observations on all four study plants, 

nectar samples were taken with 1 µl micro capillaries (minicaps®, Hirschmann®) from five of 

the bagged flowers. All nectar was taken from each sampled flower. Care was taken not to 

sample the same flower multiple times to avoid errors due to possibly damaged flowers. The 

nectar volume in the capillary was measured with a ruler in mm and then calculated to µl. 

Nectar samples were placed in 2 ml Eppendorf tubes and were stored at -20°C until further 

analysis. In case of starting rain (which occurred on five sampling days), nectar measurements 

were stopped for that day as nectar can be diluted by rain (Corbet and Delfosse, 1984). The 

sucrose concentration (in % or g/100g) of the nectar samples was measured using a handheld 
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refractometer modified for small volumes (Eclipse, Bellingham & Stanley). Using the 

calibration table of Kearns and Inouye (1993) the sucrose mass concentration (mg/µl) of the 

nectar samples was calculated. From this the mean sucrose mass per flower (mg/flower) was 

calculated. The mean values over the five sampled flowers were calculated for nectar amount, 

sucrose concentration and sucrose mass. 

As previous studies reported that flower visitations are strongly influenced by flower availability 

(Arroyo-Correa et al., 2021; Barbir et al., 2016; Grindeland et al., 2005; Ohashi and Yahara, 

1998), we also assessed the flower availability of our focal species. The number of open 

flowers of an individual plant or a plant population will correlate to the total amount of available 

floral resources (e.g. total nectar volume and total sugar mass) (Mueller et al., 2020) and 

furthermore increases flower attractiveness (flower display/total flower display) for potential 

pollinators (Descamps et al., 2021; Potts et al., 2003). The number of all open flowers of the 

observed plant patch was counted on each sampling day. In case of very large numbers of 

flowers as observed for S. officinalis (max. 7900 flowers) the flowers of a quarter of the patch 

were counted and extrapolated.  

Flower visitor observations 

All flower visitors of the four plant species were observed on 13-18 days each, covering the 

main flowering period of the investigated species. In case of starting rain, observations were 

stopped for that day. Observations were conducted three times a day in the morning between 

9 am and 10 am, at midday between 12 am and 1 pm and in the afternoon between 3 pm and 

4 pm. Flower visits of every insect were counted for 10 minutes per plant species considering 

the whole plant patch (~1 m²). The number of flower visits in the 10-minute observation interval 

was considered as the visitation rate in this study. 

Visiting insects were identified to morphotypes leading to different levels of determination: 

Honey bees (Apis mellifera) and bumble bees (Bombus sp.) were identified to species level. 

All Brachycera (suborder) specimens excluding syrphid flies (Syrphidae, family) were 

considered flies. Furthermore, we distinguished between hover flies (Syrphidae), wasps 

(Vespoidea, superfamily), beetles (Coleoptera, order) and wild bees (Apiformes without Apis 

mellifera and Bombus species). In total 168 observation intervals were conducted with on 

average 42 observation intervals per plant species.  
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Statistical analysis 

Nectar properties 

To better understand the mechanisms driving variation in nectar properties, nectar amount, 

sucrose concentration and sucrose mass were tested for correlation using Pearson's 

correlation (function cor.test) for each plant species. To test the hypothesis that nectar 

properties are unimodally associated to temperature and positively associated to solar 

radiation, per plant species we assessed the effect of these abiotic factors on a) nectar amount 

per flower, b) sucrose concentration and sucrose mass per flower using linear mixed effect 

models (package lmerTest, function lmer) (Kuznetsova et al., 2017). Due to the relatively low 

number of replicates we were not able to jointly model the predictor effects across all species 

by including species as covariate. Thus, we decided to run separate models per species and 

to compare the estimates. To test for a unimodal relationship between temperature and nectar 

properties, we included the quadratic term of temperature in the models. Observation day was 

included as a random factor to account for non-independence of the data (temporal 

autocorrelation). To identify the factors (temperature and/ or solar radiation) that were 

associated to changes in nectar properties of each plant species, the models were simplified 

step-wise until the most parsimonious model for each plant species was identified. The 

explanatory variables temperature and solar radiation were tested for correlation using 

Pearson’s correlation (function cor.test) before analysis (r = 0.21; p = 0.01).   

Flower visitation 

To visualize how flower visitor composition varied across the focal plant species and identify 

significant pollinator groups to each plant species, we used non-metric multidimensional 

scaling (NMDS). Pairwise dissimilarity across observation intervals was calculated using the 

function metaMDS from the R package vegan (Oksanen et al., 2020) using Bray-Curtis 

distance and 999 iterations. 

Because 31 of our 168 observation intervals had no flower visitors, we first tested whether the 

presence or absence of flower visitors during an observation interval was driven by abiotic 

factors using a generalized linear mixed effects model (family binomial) with all abiotic factors 

(temperature, the quadratic term of temperature and solar radiation) and plant species as 

explanatory variables and the number of flowers as a covariate (see more details in Table S 

IV.1, Figure S IV.3, supplements). As there was no significant effect of any of the explanatory 

variables on the presence/absence of flower visitors, zero observations were excluded in 

further analyses (Table S IV.1, Figure S IV.3).  
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Next, to test the hypothesis that the number of flower visits relates to temperature in a 

unimodal way and is positively associated to solar radiation, per plant species we performed 

generalized linear mixed effects models (family quasipoisson) using the package lme4 and 

the function glmer.nb (Bates et al., 2015). As above, due to the relatively low number of 

replicates we were not able to jointly model the predictor effects across all species by including 

species as covariate and decided to run separate models per species and to compare the 

estimates. Temperature, the quadratic term of temperature and solar radiation (measured as 

PAR) served as explanatory variables and the number of flowers on the observation day was 

included as covariate. To identify the factors (temperature and/ or solar radiation) that were 

associated to changes in the flower visitation rate of each plant species, the models were 

simplified step-wise until the most parsimonious model for each plant species was identified. 

As above, observation day was included as a random factor to account for non-independence 

of the data (temporal autocorrelation). The explanatory variables temperature and solar 

radiation were tested for correlation using Pearson’s correlation (function cor.test) before 

analysis (r = 0.21; p = 0.01).   

Correlation between nectar production and flower visits 

To investigate whether and to what extend flower visitation rates were correlated to nectar 

quantity and quality of the different focal plants, we tested for correlation of both variables 

using Pearson's correlation (function cor.test) for each plant species separately.  

All statistical analyses were performed in R version 4.0.4 (R Core Team, 2021). 

Results 

Correlation between nectar properties 

Nectar properties were partly correlated with one another (Table S IV.2, Figure S IV.4, 

supplements). A strong positive correlation was found for nectar volume and sucrose mass 

per flower for all species. Nectar volume and sucrose concentration were significantly 

negatively correlated for all species. Sucrose mass and sucrose concentration were not 

correlated with each other for any of the plant species. An overview about general differences 

in the nectar properties between the investigated plant species is given in the supplements 

(Figure S IV.5). 

Effect of abiotic factors on nectar quantity and quality  

Temperature was an important factor explaining variation in nectar quantity and quality. Nectar 

volume significantly decreased with temperature for three out of four studied species and 
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significantly decreased with solar radiation for one species (Figure IV.1). The most 

parsimonious models describing variation in nectar volume of D. albus and V. hirundinaria 

only contained temperature as explanatory variable (D. albus: estimateTemp = -0.45, p = 0.005, 

n = 31); V. hirundinaria: estimateTemp = -0.03, p = 0.002, n = 46) (Figure IV.1a). For L. album 

the most parsimonious model contained temperature (estimateTemp = -0.26, p = 0.04, n = 45) 

(Figure IV.1a) and the quadratic term of temperature with a marginally significant effect 

(estimateTemp² = 0.15, p = 0.06, n = 45). The most parsimonious model describing variation in 

nectar volume of S. officinalis only contained PAR. Nectar volume of S. officinalis was 

negatively associated with PAR (estimatePAR = -0.33, p = 0.025, n = 41) (Figure IV.1 d). 

The abiotic factors that explained changes in sucrose concentration varied across plant 

species. The most parsimonious model explaining the variation in sucrose concentration 

contained only solar radiation for D. albus (estimatePAR = 56.66, p = 0.08, n = 31) (Figure 

IV.1e), only temperature for L. album (estimateTemp = 33.22, p = 0.09, n = 45) (Figure IV.1 b), 

both temperature and solar radiation for S. officinalis (estimateTemp = 73.00, p = 0.06, n = 41; 

estimatePAR = 78.52, p = 0.03, n = 41) (Figure IV.1 b, e), and temperature and the quadratic 

term of temperature for V. hirundinaria (estimateTemp = 50.56, p = 0.07, n = 46; estimateTemp² = 

-44.81, p = 0.06, n = 0.06, n = 46) describing an overall unimodal relationship (Figure IV.1 b). 

The sucrose mass per flower [mg] significantly decreased with temperature for D. albus 

(estimateTemp = -0.31, p = 0.03, n = 31) (Figure IV.1 c) while PAR did not affect sucrose mass 

(most parsimonious model). Sucrose mass of the other investigated species was not affected 

by temperature and PAR (Figure IV.1 c, f). 

Composition of flower visitors 

The four observed plant species showed different but partly overlapping pollinator 

communities (Figure IV.2). Dictamnus albus was mostly visited by honey bees (Apis mellifera) 

(~93 % of visits). Salvia officinalis was mostly visited by wild bees (47 % of visits) and 

bumblebees (40% of visits) (Figure IV.2). A single species of bumblebee, Bombus pascorum, 

accounted for about 22 % of all visits to S. officinalis, followed by B. sylvarum (7 %), B. 

terrestris (7 %) and B. hypnorum (3 %). L. album had the fewest visits, and these visits were 

by bumblebees (81%), wild bees (12 %), and syrphid flies (Syrphidae) (5 %). Most frequent 

bumblebee species visitors were B. pascorum (54 % of all visits) and B. hypnorum (21 % of 

all visits). Vincetoxicum hirundinaria was mainly visited by honey bees (52 %), flies (Diptera) 

(30 %) and syrphid flies (Syrphidae) (9 %). The proportion of visits made by each pollinator 

group to each plant species is given in Figure IV.2.  
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Figure IV.1: Effect of abiotic factors temperature and solar radiation (PAR) on the nectar 

volume per flower [µl] (a, d), the sucrose concentration of nectar [mg/ml] (b, e) and the sucrose 

mass per flower [mg] (c, f). Colours indicate different plant species. Solid lines indicate 

significant effects (p < 0.05), dashed lines indicate marginal significant effects (p < 0.1 and > 

0.05). 

Effects of abiotic factors on flower visitation rates  

The different plant species showed different patterns in how the measured abiotic factors 

affected the number of flower visits. For each plant species the results only from the most 

parsimonious models are reported. Temperature affected the number of flower visits in the 

hypothesized unimodal manner for D. albus (estimateTemp = 0.45, p = 0.009, estimateTemp² = -

0.36, p = 0.005, n = 27) and L. album (estimateTemp² = -0.41, p 0.02, n = 25) (Figure IV.3 a). 

However, no effect of temperature on the visitation of S. officinalis and V. hirundinaria was 

found (Figure IV.3 a). Solar radiation (measured as PAR) affected the number of flower visits 

only for S. officinalis (estimatePAR= 0.24, p= 0.006, n = 43) describing a positive relationship 
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(Figure IV.3 b). The number of flowers of the observed population positively affected the 

number of visits for D. albus (estimateNo of flowers = 1.11, p< 0.001, n = 27), L. album (estimateNo 

of flowers = 0.46, p = 0.007, n = 25) and S. officinalis (estimateNo of flowers = 0.45, p = 0.001, n = 43) 

(Figure IV.3 c). No effect of the number of flowers on the number of visits was found for V. 

hirundinaria (Figure IV.3 c). 

 

Figure IV.2: Left: NMDS of the composition of flower visitors observed at the four focal plant 

species in the Botanical Garden Halle. Each point describes the visitor community of one 10 

min observation interval per plant species. Colours indicate target plant species. Arrows 

indicate flower visitors that were significantly correlated with the axes. Right: Proportion of 

pollinator groups that were observed at the focal plant species. 

 

Figure IV.3: Relationship between a) temperature, b) solar radiation, c) the number of flowers 

with the number of flower visits observed at each plant species. Colours indicate different plant 

species. Solid lines indicate significant effects (p<0.05). 
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Correlation between nectar properties and flower visits 

There was no clear pattern of correlation between nectar properties and flower visits. Nectar 

amount was negatively correlated to flower visits for V. hirundinaria (r= -0.42; p= 0.006) 

(Figure IV.4 a, Table IV.2). Other tested plant species showed no correlation of nectar amount 

and flower visits. Sucrose concentration was significantly correlated to flower visitation for two 

out of four species. Salvia officinalis showed a positive relationship between sucrose 

concentration and flower visits (r = 0.48, p=0.001; Figure IV.4 b), while visits of L. album were 

negatively related to sucrose concentration (r = -0.43, p=0.02, Figure IV.4 b). Sucrose mass 

per flower showed a significant correlation with flower visits only for V. hirundinaria with a 

negative correlation (r = -0.39, p=0.02, Figure IV.4 c). 

 

Figure IV.4: Correlation between nectar properties and insect visitation, solid lines indicate 

significant correlations. 

Table IV.2: Pearson's correlation coefficients r and significance levels for the correlation 

between nectar properties and flower visits of the respective plant species 

  nectar amount [µl] sucrose concentration 

[mg/ml] 

sucrose mass [mg] 

flower visits of: r p-value r p-value r p-value 

 Dictamnus albus 0.31 n.s. 0.07 n.s. 0.35 n.s. 

 Lamium album -0.02 n.s. -0.43 0.02 -0.2 n.s. 

 Salvia officinalis -0.21 n.s. 0.48 0.001 -0.01 n.s. 

 Vincetoxicum hirundinaria -0.42 0.006 0.13 n.s. -0.39 0.02 
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Discussion 

The objective of this study was to investigate the direct and indirect effects (through nectar 

quantity and quality) of temperature and solar radiation on the visitation of pollinators of four 

focal plant species. We found that temperature was an important abiotic factor, affecting 

nectar volume and sucrose concentration of three plant species while solar radiation (PAR) 

influenced the nectar volume and sucrose concentration of only one species (Figure IV.1). 

Temperature was unimodally related to the visitation of pollinators for two plant species and 

PAR was positively related to pollinator visitation for one species (Figure IV.2). Surprisingly, 

we found that flower visitation rate was not consistently affected by nectar quantity and quality 

(Figure IV.4). Interestingly, the flower-visitor interactions of the four species responded 

differently to abiotic factors. We are limited in our ability to conclusively test mechanisms for 

species differences, due to the limited number of species and the fact that the species were 

studied in four distinct locations within the garden (see Figure S IV.1 for an overview of the 

study site). However, we discuss the potential roles of differences across species in floral traits 

and the types of floral visitors. This research should hopefully motivate more case studies to 

build towards a larger comprehensive survey of floral traits, nectar properties, flower visitors 

and their response to abiotic conditions. 

Effect of abiotic factors on nectar quantity and quality 

In contrast to our expectation that nectar quantity and quality respond unimodally to 

temperature, we found linear negative responses (Figure IV.1a,c). One explanation for this 

result could be that we lacked days with very cold temperatures, which were rare during our 

study period. Similar results were found by Adjaloo et al. (2015), where temperatures were 

never very cold (minimum 28C) but included very hot sampling days (maximum 42C). Only 

in V. hirundinaria, we found a quadratic relationship between sucrose concentration and 

temperature (Figure IV.1b). The increase in sucrose concentration could be explained by 

evaporation of nectar with increasing temperatures (Corbet, 1990), and beyond certain 

temperatures, physiological stress due to high temperatures could in turn explain decreasing 

sucrose concentrations (Pacini and Nepi, 2007; Petanidou and Smets, 1996; Scaven and 

Rafferty, 2013). Sucrose mass of nectar was mostly unaffected by temperature or solar 

radiation (Figure IV.1c,f). This could be due to the fact that sucrose mass per flower is 

relatively constant in many plant species (Nicolson and Thornburg, 2007; Schwerdtfeger, 

1996) - it may even be genetically fixed (Klinkhamer and Wijk, 1999; Mitchell and Shaw, 1993). 

This coincides with the foraging preferences of the most frequent pollinators (pollinator 

classes) (Nicolson and Thornburg, 2007; Schwerdtfeger, 1996). For. D. albus effects of 

temperature on sucrose mass reflected the same patterns as found for nectar volume (Figure 
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IV.1 a,c), what may reflect a change in overall nectar production due to temperature (Pacini 

and Nepi, 2007; Petanidou and Smets, 1996; Scaven and Rafferty, 2013) as sucrose amount 

and nectar volume were strongly correlated (Figure S IV.4 a). 

Nectar volume decreased with increasing temperature or solar radiation while for most 

species, sucrose concentration increased in parallel (Figure IV.1), indicating higher 

evapotranspiration of nectar (Corbet, 1990, Fowler et al., 2016; Nicolson and Thornburg, 

2007). Furthermore, nectar volume and sucrose concentration were negatively correlated for 

all four species (Figure S IV.4 b) which supports the assumption that higher evaporation at 

higher (flower) temperatures is the mechanism explaining our observed patterns (Fowler et 

al., 2016; Nicolson and Thornburg, 2007). 

Temperature affected nectar properties more strongly than solar radiation in our investigated 

plant species (Figure IV.1). Whether the change in nectar properties was stronger associated 

to temperature or solar radiation could be mainly related to the flower traits of our studied 

species. Solar radiation can increase flower temperature even more than ambient temperature 

(Hanan, 1970; Rougerie-Durocher et al., 2020) and could therefore override direct 

temperature effects. That might play a role especially for darker coloured flowers (S. officinalis, 

D. albus) as flower temperature of light-coloured flowers (L. album, V. hirundinaria) is less 

affected by radiation than by ambient temperature (McKee and Richards, 1998). Furthermore, 

nectar in open flowers (D. albus) is more susceptible to evapotranspiration than nectar in 

flowers with deep corollas (Corbet, 1978; Plowright, 1987). The effect of solar radiation on 

nectar properties might overrule the effect of ambient temperature depending on flower colour 

and shape. Thus, flower colour and shape might help explaining differing response patterns 

in nectar properties to abiotic conditions like temperature or solar radiation. 

The plant species we selected yielded small but measurable amounts of nectar on average 

ranging from 0.2 µl (V. hirundinaria) to about 0.5 µl in the other three species (Figure S IV.5). 

We would expect that plants with very small nectar amounts that were not included in our 

study due to practicability reasons would be even stronger affected by high temperatures and 

solar radiation (Corbet, 2003). However, since nectar measurements are very difficult to make 

for these species (but see Aronne and Malara, 2019), not much is known about these 

relationships. 

The direct and indirect effect of abiotic factors on flower visitation rates 

In our study, flower visitation was explained by a combination of direct and indirect (nectar 

quantity and quality) effects of temperature and solar radiation. Our results were species 

specific, which might be explained by 1) the different ways in which nectar resources were 
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shaped by abiotic conditions and 2) different flower visitor compositions observed at the 

studied plant species that might have different needs and adaptations to abiotic conditions 

and nectar rewards. As in other studies, visitation was positively driven by the number of 

flowers (Barbir et al., 2016; Descamps et al., 2021; Fowler et al., 2016; Grindeland et al., 2005; 

Mueller et al., 2020). In our study, this phenomenon is also evident, wherein the impact of the 

number of flowers is notably strong (Figure IV.3 c), potentially obscuring the influence of 

abiotic factors to some degree. 

In two species, we found the expected unimodal relationship between flower visitation and 

temperature (D. albus, L. album; Figure IV.3 a), which might be explained by the thermal 

tolerances of honeybees and bumblebees (Corbet et al., 1993) that were their main visitors 

(Figure IV.2). No relationship between flower visitation and temperature was found for S. 

officinalis and V. hirundinaria that both had a more diverse composition of flower visitors 

compared to the other two species (Figure IV.2). Their very diverse composition of flower 

visitors (a variety of wild bees and bumblebees at S. officinalis; honeybees, flies incl. syrphid 

flies at V. hirundinaria) might explain the absence of a relationship between temperature and 

visitation as visitors might show high thermal niche complementarity (Kühsel and Blüthgen, 

2015). A positive association between solar radiation and flower visitations was only found in 

one species (S. officinalis), where heat gain due to solar radiation might be more important for 

their flower visitors than ambient temperatures (Kovac and Stabentheiner, 2011). 

Flower visits were not consistently correlated to nectar properties as expected (Figure IV.4). 

Depending on the flower visitor community observed at our target plant species (Figure IV.2) 

we might differently interpret our findings. For example, honeybees (main visitors of D. albus) 

are known to respond rapidly to changes in nectar availability (Seeley et al., 1991). Thus, the 

decreases in flower visitation and nectar volumes at higher temperatures can be interpreted 

as an indirect effect of temperature on flower visitation. Other visitor groups ,like for example 

flies (important visitors of V. hirundinaria), might be less able to respond to changes in nectar 

availability (Fowler et al., 2016 , Hendriksma et al., 2019; Inouye et al., 2015). The negative 

correlation between nectar volume and sucrose mass, respectively, with flower visits found 

for V. hirundinaria (Figure IV.4) seems counterintuitive but might reflect the consumption 

pattern of nectar foragers, meaning that we observe low standing-crops when many flower 

visitors are present as plants are able to modify nectar secretion as a function of the removals 

(Zimmerman and Pyke, 1986). Pollinator exclusion from flowers was conducted one hour prior 

sampling, what might have been not enough to secrete new nectar for V. hirundinaria. It might 

be that this species reproduces nectar on a slower rate than the other tested plant species 

and the result is due to our methodology. Our general intention regarding the nectar sampling 

was to measure the nectar quantity and quality as it is available to the pollinators (standing 
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crop) (Corbet, 2003). To ensure that our sampled flowers were not emptied right before nectar 

sampling we chose the one-hour covering to balance sampling problems regarding 

reabsorption or evaporation of the nectar that could arise with longer covering (Corbet, 2003; 

Kearns and Inouye, 1993). Generally, the produced nectar volumes of V. hirundinaria were 

rather small (<0.2µl) and therefore conclusions on the causality for those negative correlations 

are hard to draw and patterns could also be random. Flower visitation of L. album and S. 

officinalis was oppositely correlated to increases in sucrose concentration (Figure IV.4 b). On 

the one hand, rapid evaporation of nectar due to high temperatures might lead to nectar 

concentrations higher than those preferred by pollinators (Corbet, 1990) as well as increase 

nectar viscosity that might hinder nectar uptake by bumblebees (main visitors of L. album) 

(Harder, 1986). On the other hand, increasing sucrose concentrations might increase 

attractiveness for flower visitors (Kim et al., 2011; Krömer et al., 2008; Nicolson, 2007), as 

bees usually adapt their foraging behaviour to maximise nutritional uptake (Pyke, 1984), which 

can be achieved at higher nectar concentrations (Hendriksma et al., 2019). Thus, parts of our 

observed visitation patterns may reflect indirect effects of temperature or solar radiation 

mediated by altered nectar properties.  

There may be further reasons why insect visitation might be indirectly affected by temperature 

and solar radiation that are not related to the nectar properties we measured: First, flower 

visitors might not primarily be attracted by nectar but by floral volatiles (Jürgens et al., 2008) 

or are foraging primarily for pollen. Volatile emission of flowers increases with temperature 

and radiation (Jakobsen and Olsen, 1994), increasing flower attractiveness for pollinators. 

Second, higher flower and nectar temperatures increase the attractiveness for foragers, even 

though sucrose concentration seems to stronger drive forager choice (Whitney et al., 2008). 

Moreover, colour perception differs between different visitor groups and might be differently 

affected by changing ambient light conditions (Chittka et al., 2014; Lunau, 2014; van der Kooi 

et al., 2021). Future studies should incorporate these aspects to provide a more holistic view 

of flower traits and their influence on pollinator attractiveness in the context of changing 

climate conditions (Junker and Parachnowitsch, 2015). 

Besides the indirect effects of temperature and solar radiation on flower visitation, abiotic 

conditions can also directly impact distinct visitor communities in unique ways, owing to 

variations in their thermal tolerances (Corbet et al., 1993) and the complementarity of their 

thermal niches (Kühsel and Blüthgen, 2015). The combination of direct and indirect effects on 

flower visitation might explain the absence of a consistent correlation pattern between visits 

and nectar quantity and quality in our investigated plant species. 
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Conclusion 

This research contributes to a better understanding of direct and indirect effects of 

environmental conditions on flower visitation patterns, which can affect the reproductive 

success of plants. Temperature and solar radiation affected nectar quantity and quality 

differently, and our results suggest that this might be due to differences in flower traits of plant 

species. However, observations on a larger set of plant species covering a wider range of 

flower shapes and colours as well as a more controlled study design like a common garden 

would be necessary to confirm this hypothesis. Flower visitation patterns were shaped by a 

combination of direct effects of temperature on pollinator activity and indirect effects of 

temperature and solar radiation on nectar quantity and quality. Additionally, the composition 

of flower visitors that were observed at the focal plant species influenced these direct and 

indirect responses, as different insect groups have different requirements and adaptations to 

temperature and nectar quantity and quality. Botanical gardens offer good opportunities to 

study flower visitation on various plant species, as many plant as well as pollinator species 

co-occur in a small area and under comparable conditions (Nordt et al., 2021; Vilella-Arnizaut 

et al., 2022). In order to understand impacts of climate change on pollination we need to 

consider that flower traits and pollinator composition might be crucial aspects that will 

influence species-specific responses to changing abiotic conditions. Thus, this study 

contributes to a better understanding of the factors influencing biotic interactions (i.e. 

pollination), which is essential for understanding and predicting the impacts of climate change. 

More experimental studies (like e.g. Descamps et al., 2021) on a variety of plant species, 

covering different functional groups and flower types investigating the effects of climate 

change on plant-pollinator interactions are needed to estimate the manifold impacts of 

changing abiotic conditions on plants, their flower visitors as well as plant-pollinator 

interactions. 
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Figure S IV.1: Aerial view of the systematic part of the Botanical Garden in Halle (Saale) 

where the study was conducted. Patches of ~1m² of the study plants are marked. 
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Figure S IV.2: Microsite conditions measured at the four observed plant species. a) 

Temperature [°C], b) photosynthetic active radiation abbrev. PAR [µmol/m²s]. Letters indicate 

differences among species patches (derived from a Tukey post hoc test).  



Chapter IV 
Abiotic conditions affect nectar properties and flower visitation in four herbaceous plant species 

153 
 

Test for the effect of abiotic factors on the presence or absence of flower visitors 

We initially tested whether the absence of flower visitors could be explained by abiotic factors. 

Thus, the data was transformed to presence/absence information (0/1). A generalized linear 

mixed model (package lme4, function glmer; family binomial) was used containing visitation 

(0/1) as response variable and temperature, the quadratic term of temperature and solar 

radiation (PAR) as explanatory variables. The number of flowers on the observation day was 

included as co-variate in the model. All explanatory variables were tested in interaction with 

plant species. Date of the observation was used as random factor.The model explained 99 % 

of the variation (R²marginal=0.99, R²conditional=0.99). There was no significant effect of the tested 

abiotic factors temperature and solar radiation (PAR) and the covariate ‘number of flowers’ on 

the presence or absence of flower visitors (Figure S IV.3, Table S IV.1). Thus, observation 

intervals with no flower visitor were excluded from further analysis. 

 

 

Figure S IV.3:  Effect of a) temperature b) PAR and c) the number of flowers on the presence 

(1) or absence (0) of flower visitors during observation intervals across all plant species.  
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Table S IV.1: Model output for generalized mixed model (glmer) testing the effect of abiotic factors 

on the presence/absence of flower visitors 

 
Estimate  Std. error z Value p-Value 

(Intercept) 3.704e+01 2.084e+01 1.777 0.0755 

Temp 1.463e+00 8.700e-01 1.682 0.0925 

I((Temp)^2) -2.582e-01 4.119e-01 -0.627 0.5308 

PAR -6.531e-01 1.352e+00 -0.483 0.6291 

No_of_flowers 7.218e+01 4.282e+01 1.686 0.0919 

speciesLA -1.999e+01 2.358e+01 -0.848 0.3965 

speciesSO 1.132e+02 5.153e+05 0.000 0.9998 

speciesVH -3.481e+01 2.087e+01 -1.668 0.0954 

Temp:speciesLA -2.141e-01 1.075e+00 -0.199 0.8422 

Temp:speciesSO -6.268e+01 1.619e+06 0.000 1.0000 

Temp:speciesVH 3.078e-02 1.728e+00 0.018 0.9858 

I((Temp)^2):speciesLA 3.331e-01 6.252e-01 0.533 0.5942 

I((Temp)^2):speciesSO 1.169e+02 6.317e+06 0.000 1.0000 

I((Temp)^2):speciesVH 1.647e-01 1.010e+00 0.163 0.8704 

PAR:speciesLA 3.185e-01 1.408e+00 0.226 0.8211 

PAR:speciesSO 1.443e+02 5.147e+05 0.000 0.9998 

PAR:speciesVH 3.259e+00 1.921e+00 1.697 0.0898 

No_of_flowers:speciesLA -3.815e+01 4.825e+01 -0.791 0.4291 

No_of_flowers:speciesSO -3.243e+01 3.944e+05 0.000 0.9999 

No_of_flowers:speciesVH -7.968e+01 4.311e+01 -1.848 0.0646 
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Correlation between nectar properties for the focal plant species 

 

 

Figure S IV.4: Correlation between nectar parameters, solid lines indicate significant 

correlations (see also Table S IV.2). 

 

 

Table S IV.2: Results of Pearson´s correlation test between nectar properties for each plant 

species 

Dictamnus albus        Lamium album       

nectar volume 0.93 -0.45    nectar volume 0.94 -0.40   

sucrose concentr. -0.11   **  

sucrose 
concentr. -0.07   ** 

sucrose mass   n.s. ***  sucrose mass   n.s. *** 

  
sucrose 
mass 

sucrose 
concentr
. 

nectar 
volume    

sucrose 
mass 

sucrose 
concentr
. 

nectar 
volume 

         

Salvia officinalis        

Vincetoxicum 
hirundinaria     

nectar volume 0.91 -0.64    nectar volume 0.63 -0.61   

sucrose concentr. -0.26   ***  

sucrose 
concentr. 0.20   *** 

sucrose mass   n.s. ***  sucrose mass   n.s. *** 

  
sucrose 
mass 

sucrose 
concentr
. 

nectar 
volume    

sucrose 
mass 

sucrose 
concentr
. 

nectar 
volume 
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Figure S IV.5: Differences in nectar properties among the four observed plant species. 1) 

nectar volume per flower in µl, 2) sucrose concentration in mg/ml, 3) sucrose mass per flower 

in mg. Letters indicate species differences (derived from the Tukey post hoc test) 
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Chapter V 

Synthesis 

In this thesis, I investigated the relationship between phenology and functional traits, with a 

special focus on floral traits, to understand patterns of interspecific phenological variation and 

phenological shifts due to changing climate in herbaceous plant species. To further assess 

potential consequences of changing climate for plant-pollinator interactions direct effects of 

abiotic conditions on floral resources and pollinator visitation rates were observed. The main 

findings of this thesis and connections between the Chapters are summarized in Figure V.1. 

 

Figure V.1: Graphical overview of the main results of this thesis. Colored boxes in the middle 

refer to chapters II-IV and arrow colors correspond to the results of the respective chapters. 

The arrows indicate the identified relationships between the investigated variables and drivers 

with solid lines indicating pronounced and dashed lined indicating weak relationships.  

Summary of Results 

In Chapter II, I examined the relative importance of floral and vegetative traits in 

explaining interspecific phenological variation. I could show that traits played a significant 

role in explaining interspecific phenological variation and were generally more influential than 

phylogenetic relatedness. Among the investigated traits, vegetative traits were stronger 

predictors of phenological patterns than floral traits (Figure V.1). Plant height emerged as a 

key trait, showing a strong positive relationship with both flowering and fruiting phenology, 
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explaining a substantial proportion of the variation. Leaf senescence was more strongly 

associated with LDMC, indicating that resource conservation strategies influenced the timing 

of late-season phenological events. Floral traits contributed to explain phenological variation 

but were of overall minor importance. Phenology-trait relationships were consistent across 

different environmental backgrounds represented by the Botanical Gardens.  

In Chapter III, I investigated interacting effects of climate and land-use type on the 

flowering phenology of herbaceous plants and the role of functional traits in mediating 

phenological responses. First, I found that climate and land-use type (mowing or grazing) 

individually affected the flowering phenology of herbaceous plants in very species-specific 

ways (Figure V.1). Second, phenological climate responses were not modulated by land-use 

type. However, microclimatic conditions on meadows and pastures were affected differently 

by future climate scenarios, suggesting the potential for interactive effects of climate and land 

use on plant phenology. Third, phenological shifts under future climate were explained by 

traits related to an acquisitive growth strategy (e.g. SLA) and the phenological niche (i.e. 

flowering time and duration), with acquisitive, late and long flowering species showing 

decreases in flowering duration (Figure V.1).  

In Chapter IV, I investigated how temperature and solar radiation influence plant-

pollinator interactions by affecting nectar traits and flower visitation rates. Nectar quantity 

and quality responded species-specifically to abiotic conditions, with nectar volume generally 

decreasing under higher temperatures or increased solar radiation. The species-specific 

patterns are potentially influenced by floral traits such as flower shape and color. Similarly, 

flower visitation rates responded species-specifically to abiotic conditions but were primarily 

driven by flower abundance (Figure V.1). While nectar traits played a secondary role in 

shaping insect visitation patterns, their influence likely depended on the pollinator composition 

associated with each plant species. Furthermore, the lack of a clear correlation pattern 

between nectar traits and flower visitations may result from the complex interplay of direct and 

indirect effects of abiotic factors influencing pollinator activity. 

General discussion 

Phenology-trait relationships in the face of climate change 

Functional traits serve as proxies for key ecological strategies, reflecting plant growth 

dynamics and resource use efficiency (Díaz et al., 2016; Westoby et al., 2002). This thesis 

highlights that plant height and growth strategy-related traits were crucial in explaining 

interspecific variation in phenology (Chapters II and III, Figure S III.2) and species-specific 

phenological shifts in response to climate change (Chapter III). Especially plant height that 
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positively related to later reproductive phenology was a key trait for explaining interspecific 

phenological variation in Chapter II and III, confirming previous research (Bolmgren and D. 

Cowan, 2008; Du and Qi, 2010; E-Vojtkó et al., 2022; Huang et al., 2018; Jia et al., 2011; 

Segrestin et al., 2020; Sporbert et al., 2022; Sun and Frelich, 2011a). This frequently observed 

relationship reflects a time-size trade-off, where taller plants require more time to reach 

reproductive height and, as a result, flower later (Bolmgren and D. Cowan, 2008; Sun and 

Frelich, 2011a). The "time-size" trade-off involves balancing the benefits of growing larger 

before reproduction or reproducing earlier, with early flowering leading to a smaller plant size 

but offering more time for seed development, germination, and juvenile growth (Bolmgren and 

D. Cowan, 2008). Huang et al. (2018) propose plant size (involving height and foliage volume) 

as most important trait to consider in phenological studies, especially regarding phenological 

niche differentiation, as it is the key factor influencing biotic interactions, determining an 

individual’s survival and reproduction. While considering a large variety of traits including floral 

traits, my findings underscore the key role of plant height in mediating phenological patterns. 

It must be noted that the relationship between plant height and phenology varies by growth 

form (König et al., 2018). This thesis focuses on herbaceous species, where the relationship 

is evident, while in woody species, it was observed to be weaker, absent, or inverse (Bolmgren 

and D. Cowan, 2008; Du and Qi, 2010; König et al., 2018). The phenological stages primarily 

explained by plant height were mainly associated with reproductive phenology, while 

vegetative stages were more closely linked to different traits or were more strongly influenced 

by phylogenetic relatedness (Chapter II), suggesting that distinct processes govern vegetative 

and reproductive phenology. While plant height well explained interspecific phenological 

variation it did not play a role for explaining phenological shifts explored in Chapter III. This 

contrasts to König et al. (2018) that found that smaller plants stronger advanced flowering 

under climate change, indicating other traits, such as leaf economics, being more important 

for mediating phenological responses in the investigated grassland system. 

This thesis demonstrates the importance of growth strategy-related traits in explaining 

phenological variation and shifts. Traits associated with the fast-slow growth and high-low 

resistance continua, such as SLA, LDMC, and mowing tolerance (Bucher et al., 2019; Pérez-

Harguindeguy et al., 2016; Reich, 2014; Wright et al., 2004), explained interspecific variation 

in phenology (Chapter II) and responses to climate (Chapter III). An acquisitive growth 

strategy, characterized by fast growth and high resource use efficiency, was linked to earlier 

flowering (Chapters II, III; Figure SIII.2) and stronger phenological shifts under changing 

climate conditions (Chapter III), a pattern also reported in other studies (Bucher et al., 2018; 

Dorji et al., 2013; König et al., 2018). From this I conclude that the greater plasticity associated 

with acquisitive strategies (Atkin et al., 2006; Zhang et al., 2023) may facilitate a higher 
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phenological responsiveness to climate change. In contrast, conservative growth 

strategies—associated with slower growth, longer leaf lifespan, and higher stress resistance 

(Pérez-Harguindeguy et al., 2016) —were linked to later flowering, fruiting, and senescence 

(Chapter II) (see also Bucher and Römermann, 2021) and exhibited weaker phenological 

shifts (Chapter III). Notably, some species with conservative traits were even able to extend 

their flowering duration under future climate conditions (Chapter III, Box 1), suggesting that 

drought-resistant species may have an advantage when drought limits the growth and 

development of acquisitive plants. 

Grassland indicator values (Briemle et al., 2002) proved to be useful tools for understanding 

phenological responses in grassland systems, as they integrate traits related to growth 

capacity, plant height, and nutrient content—key components of plant growth strategies. 

However, these values are currently available only for common Central European grassland 

species, limiting their applicability to other regions. However, if indicator values are not 

available for the target species, key traits such as SLA, LDMC, plant height, growth form and 

nutrient content— which are encompassed within these indicators—could be used as 

alternatives in similar analyses. 

The timing and duration of flowering summarized as the phenological niche played a key 

role in determining the extent and direction of phenological shifts under future climate 

conditions (Chapter III). While previous studies have found that early-flowering species exhibit 

the strongest advances in phenology (Fitter and Fitter, 2002; Lesica and Kittelson, 2010; 

Menzel et al., 2006; Miller-Rushing and Primack, 2008), this thesis identified an opposite 

pattern. Advances in early-flowering species are typically linked to early season warming and 

earlier snowmelt (linked to increased water availability), which individually or interactively 

accelerate plant development and flowering (Abu-Asab et al., 2001; Cornelius et al., 2013; 

Lesica and Kittelson, 2010; Rosbakh et al., 2021; Sherry et al., 2007; Stuble et al., 2021). 

However, in Chapter III, the warming treatment (~0.55°C mean increase) was relatively 

modest compared to regional climate projections (~2°C mean increase) (Schädler et al., 

2019), likely limiting its influence on plant growth and phenology. In contrast, altered 

precipitation patterns—including increased rainfall in spring and autumn (~10% increase) and 

reduced summer precipitation (~20% decrease)—likely had a stronger impact by promoting 

spring growth while imposing summer drought stress that constrained plant development and 

flowering. 

The most pronounced phenological shifts were observed in late and long-flowering species, 

suggesting that drought, rather than temperature, was the primary driver of phenological 

responses. While the combined effects of temperature and precipitation changes cannot be 
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fully disentangled due to the experimental setup, the results indicate a phenological drought 

escape strategy, where summer-flowering species shortened their flowering duration to 

enhance survival under drought conditions. These findings underscore that a species' 

phenological niche determines which climatic factors most strongly constrain its growth 

relevant for flowering (e.g., warming in spring vs. drought in summer), thereby shaping its 

phenological response to climate change. Overall, the findings of this thesis suggest that a 

species' phenological response is highly context-dependent, driven by the interaction 

between its functional traits (e.g., growth strategy, phenological niche) and the 

predominant limiting factor (e.g., temperature, water, light, nutrients) at or preceding the 

time of flowering.  

Floral traits played a secondary role for explaining phenological variation (Chapter II) and 

were not affected by climate and land-use in two plant species (Box 1). Chapter II presents a 

comprehensive assessment of floral traits, examining their coordination with widely studied 

vegetative traits and their relationship to detailed year-round phenological patterns. While 

previous studies have explored floral trait coordination, they have largely relied on database 

information or focused on different trait sets (E-Vojtkó et al., 2022). In contrast, this study 

integrates a diverse range of floral traits, including pollen and nectar traits, with detailed 

phenological data on the same plants, offering novel insights into trait-phenology relationships 

that have not been extensively investigated before. 

The weak relationship between floral traits and phenology highlights the dominant role of 

vegetative traits in regulating plant growth, development, and consequently, phenology and 

phenological responses (Chapter II, III). My findings support the idea that the leaf and flower 

economic spectra are largely decoupled (E-Vojtkó et al., 2022), likely due to the lower 

evolvability of floral traits compared to vegetative traits (Opedal, 2019) and the distinct 

selective pressures acting on them (E-Vojtkó et al., 2022; Murren, 2002; Zhang et al., 2017). 

However, floral organs remain physiologically integrated within the vegetative plant body, 

requiring resources for development and maintenance, they cannot be considered 

independently of vegetative traits (Galen, 1999). This integration is evident in the correlation 

patterns observed between vegetative and floral traits (Chapter II), also observed by E-Vojtkó 

et al. (2022).  

While abiotic factors undoubtedly influence floral traits, their evolution is primarily shaped by 

pollinator-mediated selection (Caruso et al., 2019; Galen, 1999), making them relatively 

decoupled from environmental constraints other than pollination. Pollination type—whether 

self- vs. cross-pollination or wind- vs. insect pollination—seems to shape flowering phenology 

and its responsiveness to climate change, with pollinator-dependent plants exhibiting stronger 

phenological shifts (E-Vojtkó et al., 2022; Fitter and Fitter, 2002; König et al., 2018; Segrestin 
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et al., 2018). Thus, incorporating categorical traits like mating system and pollination type 

could improve our understanding of phenological patterns and climate responses in future 

assessments. Additionally, including size-related floral traits as presented in Chapter II 

provides insights into a plant’s resource allocation between reproductive and vegetative 

structures, refining our understanding of different growth strategies (see also 

recommendations by Roddy et al., 2021). 

Box 1: Trait responses to climate and land use: Functional traits can respond to changes 

in climate (Kuppler and Kotowska, 2021; Valencia et al., 2016) and land-use practices (Díaz 

et al., 2007, 2001). While Chapter III focused on phenological responses, examining how 

climate change and land use influence functional traits could improve predictions of plant 

community dynamics under future conditions. Initially, this thesis aimed to assess in situ trait 

responses, including floral traits, at the GCEF (see Chapter III for details on the experimental 

setup). However, due to space limitations caused by side experiments in the GCEF plots and 

unbalanced species distributions across treatments (see also Box 3), adequate sampling was 

only possible for two species (Scabiosa ochroleuca L. and Taraxacum officinale L.). Flower 

size (diameter of flower head), the number of flowers (flower heads) and floral display size 

(i.e., flower size x flower number) were assessed on two individuals per plot (4 treatment 

combinations future vs. ambient climate x meadow vs. pasture x 5 repetitions per treatment = 

20 plots x 2 individuals = 40 individuals). For both species, flower size, number, and display 

size were not significantly affected by climate or land use, contrasting with previous findings 

(Kuppler et al., 2021; Kuppler and Kotowska, 2021) that reported reductions in flower size and 

number under drought conditions.  

However, when accounting for species abundance (number of flowers per individual weighted 

for species abundance = flower abundance), S. ochroleuca exhibited increased flower 

abundance in meadows under future climate but a decline in pastures, indicating an interactive 

effect of climate and land use (climate x land use interaction, p < 0.01). In contrast, T. officinale 

showed lower flower abundance in pastures (land use effect, p < 0.001) and a marginally 

significant decline under future climate (climate effect, p = 0.052), without an interaction effect 

(Figure V.2). As the number of flowers of both species were not significantly affected by 

climate or land-use type these patterns were driven by differences in species abundance 

rather than direct trait responses. These findings highlight that while the investigated floral 

traits may not be directly affected by climate or land-use type, flower abundance—a key 

determinant of pollinator resources—can be influenced by these factors. Consequently, 

species abundance serves as a useful proxy for estimating floral resource availability under 

changing environmental conditions as for example shown by Baude et al. (2016) for Great 

Britain. 
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S. ochroleuca appears to benefit from future climate conditions, particularly in meadows, 

where it exhibits increased flower abundance (Figure V.2). While Chapter III linked acquisitive 

growth strategies to shortened flowering under future climate conditions, S. ochroleuca follows 

a more resource-conservative strategy, characterized by low SLA (Table III.1), which 

enhances its resistance to water-limited conditions. Consequently, this species was able to 

advance and extend its flowering period under future climate scenarios marked by summer 

drought (Figure III.1, III.2). These findings suggest that drought-resistant species with 

conservative growth strategies may be more resilient to climate change, whereas acquisitive 

species relying on drought escape strategies may be disadvantaged, particularly if flowering 

duration serves as a proxy for pollination success.  

 

Figure V.2: Flower abundance of Scabiosa ochroleuca (left) and Taraxacum officinale (right) 

across climate and land-use treatments within the Global Change Experimental Facility 

(GCEF). Flower abundance is the number of flowers weighted for the species abundance (% 

cover) observed in the central 3m x 3m plot of the GCEF plots. For details on the experimental 

setup see Chapter III and Schädler et al. (2019). 

  

Identifying Relevant Traits for Phenology-Trait Research 

This thesis demonstrates that plant height and key leaf traits such as SLA and LDMC proof 

to work well for explaining interspecific phenological variation, and that the phenological 

niche and growth-strategy related traits such as SLA explain climate-driven phenological 

shifts in herbaceous species. However, for a more comprehensive understanding of 

phenological shifts pollination type should also be considered in future studies as discussed 

above. All these traits are widely available in floras and trait databases such as TRY, LEDA 

or BiolFlor (Kattge et al., 2020; Kleyer et al., 2008; Klotz et al., 2002), while vegetative traits 

are additionally easy and quick to assess, highlighting their broad applicability in phenology-

trait studies. Additional traits that could be of interest for studying phenology-trait relationships, 
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which were not addressed in this thesis, along with relevant practical considerations, are 

discussed in the following paragraphs. 

Floral traits did not show strong relationships with phenology as presented in Chapter II. As 

floral traits are still comparably time consuming to assess they should be wisely selected 

according to the respective research questions. To get, for example, a perspective on a plants’ 

resource investment in floral structures flower size, flower mass per area and flower longevity 

representing the main dimensions of the recently proposed flower economic spectrum 

(FES) could be used as baseline traits (Roddy et al., 2021). However, assessing flower mass 

per area is a destructive approach that incorporates the dry mass of the flower and might  thus 

not be applicable in all contexts. It was, for example, not possible to sample whole 

inflorescences within the Botanical Gardens (Chapter II). In contrast, flower longevity is more 

time consuming to assess as single flowers need to be tagged and observed throughout days 

or weeks. As the goal within this thesis was to include as many species as possible this 

approach was unfortunately not feasible within the scope of this thesis. 

Pollen traits showed no strong associations with phenological patterns (Chapter II), and the 

functional significance of their remarkable diversity remains poorly understood (Pacini and 

Franchi, 2020). However, pollen performance is a crucial determinant of reproductive success 

and is highly sensitive to temperature, making it particularly relevant in the context of climate 

change (Rosbakh et al., 2018). Future research should explore how the pollen traits examined 

in Chapter II influence pollen performance under varying abiotic conditions for a better 

understanding of the various functions of pollen traits.  

The relationship between visually attractive floral traits, such as flower color, and phenology 

remains largely unclear. However, some evidence suggests that flower color may be linked to 

flowering phenology (Berrached et al., 2017; Wang et al., 2020). E-Vojtkó et al. (2022) found 

a relationship between flower color and pollination vector and type, with blue colored, nectar 

rewarding flowers being associated to insect pollination while rather inconspicuous flowers 

were associated to abiotic pollination. It could be assumed that the phenological sequence of 

flower colors appearing throughout the season will be tightly linked to the phenology of the 

most important pollinators in natural communities, reflecting their interactions. Furthermore, 

Chapter IV suggests that flower color and shape may influence how abiotic conditions such 

as temperature affect nectar properties, though this pattern requires validation across a 

broader range of species. Color perception largely differs between humans and insect 

pollinators and categorial information from floras or databases would neglect relevant aspects 

of the color spectrum (Chittka, 1997; Chittka and Menzel, 1992; Peitsch et al., 1992). To 

measure flower color in a meaningful way, i.e. by assessing the whole floral spectrum relevant 
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to insect pollinator vision including UV patterns, spectroscopy techniques should be employed 

(see for example Sooraj et al., 2019). Detailed information on floral reflectance is still only 

available for a limited number of species, but databases like the Floral Reflectance Database 

(FReD) are constantly developing (Arnold et al., 2010), and might allow larger assessments 

of the relationships between phenology and flower color in the near future. 

The presence and degree of preformation in overwintering buds have only recently been 

explored within a broader ecological context (Schnablová et al., 2024, 2021). The degree to 

which a plant species preforms leaves and inflorescences within its renewal buds plays a 

crucial role in shaping its phenology—for instance, species with highly preformed 

inflorescences tend to flower earlier (Schnablová et al., 2024, 2021). Given its potential 

influence on phenological responses, bud preformation should be investigated across a wider 

range of species and integrated into future studies on phenological shifts.  

Belowground traits, particularly root traits, play a fundamental role in resource acquisition, 

storage, and plant growth (Freschet et al., 2021; Nord and Lynch, 2009), making them highly 

interesting traits when aiming at understanding interspecific phenological variation and plant 

responses to climate change. Despite their ecological significance, belowground traits have 

historically been underrepresented in studies on phenology-trait relationships, likely due to the 

methodological challenges and labor-intensive nature of their measurement (but see 

Berrached et al. (2017), Gahleitner et al. (2024)). However, recent years have seen increasing 

recognition of their importance, supported by the development of belowground trait databases 

and advancements in root trait research (Berrached et al., 2017; Guerrero-Ramírez et al., 

2021; Iversen et al., 2017). 

Findings from Chapter II suggest that belowground traits might contribute to explaining certain 

phenological patterns. Specifically, initial growth, flowering duration, and senescence were 

more strongly influenced by phylogenetic relatedness, likely due to differences between 

monocotyledonous spring geophytes—characterized by early growth onset, short flowering 

periods, and early senescence—and dicotyledonous species, which exhibited more variable 

phenological patterns within the investigated species set. Spring geophytes, which possess 

storage organs such as bulbs, tubers, or rhizomes, store carbohydrates that enable them to 

initiate growth and flowering early in the season, even before optimal growing conditions are 

established (Sheikh et al., 2022). In contrast, species lacking these storage structures must 

first accumulate carbohydrates under favorable conditions, often resulting in delayed growth 

and flowering. This distinction underscores the ecological advantage of storage organs in 

responding to seasonal changes (see also Schnablová et al. (2024). While the observed 

pattern in Chapter II remains a chance discovery requiring validation across a broader species 
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set and phylogenetic gradient, it suggests a potential relevance of belowground traits in 

phenological research. 

Despite the scarcity of phenological studies integrating root traits, recent research highlights 

their potential importance. A case study on two herbaceous species within the PhenObs 

network (Nordt et al., 2021) identified strong correlations between root traits—such as specific 

root length, root diameter, root branching density, specific root area, and root tips per dry 

weight—and phenological timing, with the strongest relationships occurring with reproductive 

stages (Gahleitner et al., 2024). Similarly, a study by Ye et al. (2024) reported a relationship 

between root dry matter content (RDMC) and autumn phenology, where high RDMC delayed 

senescence, analogous to the relationship observed for leaf dry matter content (LDMC) 

(Bucher and Römermann, 2021). These findings suggest that root traits, like leaf traits, align 

along an acquisitive-conservative spectrum, where acquisitive root traits facilitate rapid 

resource uptake, while conservative traits enhance resource retention strategies (Weigelt et 

al., 2021; Ye et al., 2024). Based on this framework, I hypothesize that plants with acquisitive 

root traits will be more strongly affected by climate-driven changes in resource availability, 

particularly water, leading to pronounced shifts in phenology—similar to patterns observed for 

leaf traits (see Chapter III). However, emerging research suggests that aboveground and 

belowground trait coordination may be largely independent (Carmona et al., 2021). While this 

remains a topic of debate, it appears to hold at least with respect to the ‘fungal collaboration 

gradient’ (Weigelt et al., 2023, 2021). This independence suggests that studies focusing solely 

on aboveground traits may overlook key belowground processes influencing phenology. 

In light of the ‘fungal collaboration gradient’ proposed by Bergmann et al. (2020), I further 

speculate that plants associated with mycorrhizal symbiosis—characterized by large root 

diameters—may be less affected by resource fluctuations and thus exhibit weaker 

phenological responses to climate change. In contrast, species lacking mycorrhizal 

associations, typically exhibiting high specific root length, must acquire all essential resources 

independently and may therefore show stronger phenological shifts in response to climate 

variability. Incorporating root traits into phenology-trait studies will likely enhance our 

understanding of plant phenological responses to environmental change, help explain 

previously unexplained variation, and improve predictions of climate change impacts on plant 

life cycles. 

While aboveground phenology is well studied, belowground phenological processes have 

received less attention. However, growing research highlights their importance, particularly in 

the context of climate change, where mismatches between above- and belowground 

phenology may have significant ecological consequences (Liu et al., 2022; Schwieger et al., 

2019; Xin-Yi et al., 2023). To fully understand climate change impacts on plants and 

ecosystems, future research should also emphasize belowground phenology. 
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Box 2: Temporal flower availability under future climate on meadows and pastures: As 

demonstrated in Chapter III, flowering phenology species-specifically responded to climate 

and land-use type. However, to assess the overall effect of climate and land use on the 

temporal availability of floral resources within the plant community, it is necessary to combine 

the flowering phenology with information on the species abundance and flowering intensity. 

The metric of ‘flower cover’ combines the weekly observed species abundances (% cover) 

with their respective flowering intensities (%), using the formula: flower cover (%) = 

(abundance [%] * flowering intensity [%]) / 100. The 'total flower cover' is derived by summing 

the species-specific flower cover across all species present. When tracking this measure 

throughout the year, it is evident that pastures consistently show lower flower cover than 

meadows (Figure V.3). Following land management in early summer, flower cover remains 

low in both land-use types, although meadows show a better recovery than pastures. Notably, 

pastures under ambient climate conditions exhibit an additional flowering peak in late summer, 

which is absent under future climate scenarios (Figure V.3). This suggests that floral resource 

availability is influenced by the interaction between climate and land-use type, with future 

climate conditions potentially reducing floral resources, particularly in pastures. 

Figure V.3: Temporal 

flower availability 

throughout the season on 

meadows and pastures 

under ambient and future 

climate. Shown is the flower 

cover that considers the 

species abundance (% 

cover) on the observed 3m 

x 3m plot and combines it 

with the weekly observed 

flowering intensity (%) of 

each species occurring in 

the same plot. The total 

flower cover shown here 

sums up these values for all 

occurring species per plot 

and gives a measure for the 

percentage of area covered 

by flowers.  
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Implications for pollinators 

Insect pollinators are in decline, facing multiple threats including climate and land-use change 

(Goulson et al., 2015; Hallmann et al., 2017; Potts et al., 2010; Vanbergen and the Insect 

Pollinators Initiative, 2013). While both plants and pollinators exhibit phenological shifts in 

response to climate change, research on plant-pollinator mismatches has yielded mixed 

results. Some studies suggest that synchronized shifts may minimize mismatches (Forrest, 

2015; Hegland et al., 2009; Ovaskainen et al., 2013), whereas others emphasize a greater 

risk, particularly due to temporal gaps in floral resource availability (Høye et al., 2013; Ogilvie 

et al., 2017; Ogilvie and Forrest, 2017). 

This thesis highlights the multiple ways in which climate and land use interact to shape 

flowering phenology and floral resource availability across different scales, including species-

level phenology, species and community-level flower abundances, and species-level nectar 

properties (Box 1, Figure V.2; Box 2, Figure V.3; Chapter III, IV). Climate projections indicate 

increasing temperatures, reduced summer precipitation and increased drought frequency in 

temperate biomes (European Environment Agency, 2015; Intergovernmental Panel on 

Climate Change (IPCC), 2023), a trend also reflected in the future climate scenario at the 

GCEF (see Chapter III, Figures S III.1, S III.12). The findings of this thesis suggest that climate 

change, particularly increased summer drought, will reduce the floral resource 

availability in temperate grasslands, with potential consequences for pollinators. First, the 

phenological responses observed in Chapter III suggest that particularly acquisitive and late-

flowering plant species, may shorten their flowering period as a strategy of drought escape. 

Second, flower abundance declined under future climate conditions, particularly in pastures, 

where disturbance through grazing likely intensifies the effects of drought stress (Box 1, Figure 

V.2; Box 2, Figure V.3). Many species despite commonly occurring across treatments did only 

rarely or never flower, a pattern that was especially pronounced on pastures that were 

characterized by a combination of disturbance through grazing and warmer and drier 

conditions (Box 3). While no significant effect of climate on flower size and number were 

detected (Box 1), changes in species abundances and flowering intensities influenced the 

overall floral resource availability (Box 1 and 2). In Chapter IV I showed that flower visitation 

by insects was mainly driven by flower abundance. Thus, decreased flower abundances on 

the species and community level may might lead to pollen limitation through fewer flower visits 

(Knight et al., 2005).  Additionally, on the level of the individual plants nectar volume 

decreased with temperature and solar radiation, further limiting essential pollinator resources 

(Chapter IV). 
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Box 3: Flowering frequency of common species across climate and land-use types: Of 

the 95 species observed across the GCEF plots, 35 species occurred commonly across 

treatments, being present in at least 17 out of the 20 plots. However, only half of these species 

were flowering across plots and treatments, making them eligible for further analysis (see 

Chapter III). From Figure V.4 it is apparent that most of the rarely flowering species still flower 

in meadows but less often in the pasture plots particularly under future climate. An ANOVA 

testing the effect of climate and land-use type on the proportion of flowering plots revealed no 

climate but a land-use effect (estimated difference pasture-meadow = - 0.19; F-value = 6.29, p-

value = 0.014, Figure V.5). The observed pattern may be linked to land management practices 

that occurred too early for some plants to flower, particularly since the first grazing took place 

earlier than the mowing. Additionally, the combination of grazing disturbances and drought-

induced stress may have hindered the growth of certain species, preventing them from 

flowering.  

Figure V.4: Species that 

commonly occurred (in 

≥17/20 plots) but rarely 

flowered (in ≤15 plots), 

making them ineligible for 

analysis in Chapter III (18/35 

most common species). Bars 

show the number of plots 

where each species flowered 

(five repetitions per 

treatment). Colors represent 

GCEF treatments. Two 

species (Falcaria vulgaris 

Bernh., Agrimonia eupatoria 

L.) never flowered despite 

widely occurring. 

Figure V.5: Proportion of 

plots were common but 

rarely flowering species were 

flowering per treatment 

(compare Figure V.4). The 

proportion of flowering plots 

was significantly lower in 

pastures. For more details on 

the experiment and 

observation setup see 

Chapter III. 

 



Chapter V 
Synthesis 

170 
 

Altogether, my findings suggest a decline in pollinator resources under future climate by 

reducing and shifting the flower availability in the considered grasslands, especially on 

pastures (Chapter III, Box 1, 2, 3) and by changes in nectar properties through warming 

(Chapter IV). Pollinators could therefore be at least indirectly affected by climate change, as 

they have fewer floral resources available. Even though severe drought events, such as in 

2018 and subsequent years, can led to local (quasi-)extinctions of plant species (Andrzejak et 

al., 2025), plant communities in extensively managed grasslands are expected to remain 

relatively stable under changing climatic conditions (Korell et al., 2024). Andrzejak et al. (2025) 

found that perennial plants in the same study system (GCEF) still exhibited positive population 

growth rates despite their reproduction being constrained by climate and land-use pressures, 

suggesting their ability to persist even under increasingly stressful environmental conditions. 

In contrast, pollinators may experience earlier and more direct negative effects due to reduced 

floral resources. Ogilvie et al. (2017) demonstrated that interannual pollinator abundance is 

strongly driven by indirect effects of climate on the floral resource phenology. They showed 

that particularly the number of floral days (i.e., number of days above a certain flower density 

threshold), that is primarily influenced by precipitation, explained changes in bumblebee 

abundances. Given that pollinators are generally more vulnerable to declines in floral 

resources than plants are to pollinator decline, the reductions in flower availability observed 

within this thesis may disproportionately impact pollinator populations (Davila et al., 2012; 

Høye et al., 2013; Ogilvie et al., 2017; Schleuning et al., 2016). 

Limitations 

The findings of this thesis are limited to herbaceous species within the temperate biome. 

The magnitude of phenological shifts was shown to differ among growth forms (Ge et al., 

2015; König et al., 2018). König et al. (2018) showed that additionally phenology-trait 

relationships differ among growth forms and that the magnitude of phenological shifts also 

depends on the climatic zone especially in herbaceous plants. Thus, the transferability of the 

found phenology-trait relationships to other growth forms or other climatic zones is not clear 

and could be investigated in subsequent studies. The patterns observed in this thesis 

generally align with findings from previous research on herbaceous plants in temperate 

biomes, reinforcing the robustness of the thesis' conclusions (Bucher et al., 2018; E-Vojtkó et 

al., 2022; König et al., 2018; Sporbert et al., 2022; Sun and Frelich, 2011b). 

The herbaceous species examined in this thesis are predominantly perennials. In contrast to 

annual species were growth and phenology responds more rapidly to changing climate, and 

evolutionary rates are faster due to the short generation cycles, perennial species might 

respond delayed or to a lesser degree to changing climate and being rather influenced by 
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legacy effects from previous years e.g., related to warming or droughts (Fitter and Fitter, 2002; 

König et al., 2018; Nord and Lynch, 2009; Stuble et al., 2021). Although the effects of resource 

acquisition are expected to be similar between annuals and perennials, stored resources may 

play a more significant role than resources acquired in the current season for perennial plants 

(Bolmgren and D. Cowan, 2008; Nord and Lynch, 2009). Additionally, unlike annual species, 

perennial species are not reliant on flowering and reproduction within the same year. They 

can persist even in the absence of sexual reproduction, allowing them to withstand periods of 

limited reproduction over extended durations. This is in line with findings from a demography 

study on perennial plants within the GCEF. Andrzejak et al. (2025) showed that population 

growth rates were mainly positive under climate change while reproduction was identified as 

the key life stage mediating population growth. Additionally, many perennials are able of 

vegetative (clonal) reproduction and might favor vegetative before sexual reproduction 

especially under unfavorable conditions (Herben et al., 2015).  

Recommendations for practical implementation 

The following practical recommendations can be cautiously formulated from the results of this 

work. Land management practices like mowing or grazing and especially their timing and 

frequency should be adapted to the local climatic conditions to allow plants to flower and 

reproduce. Andrzejak et al. (2025) showed within the same experiment, the GCEF, that 

reproduction is the most crucial phase for long-term population growth rates and should thus 

be the focus of conservation practices. From the insights gained in Chapter III, were a big 

proportion of common species did not flower (50% of the 35 most common species flowered 

in <1/3 of the plots, two species never flowered, Box 3), I would recommend delaying land 

management in dry years (as was the study year 2020) to allow flowering and fruiting of more 

species. As the summer was characterized by drought that additionally constrained flowering 

of many species this decision needs to be carefully balanced (not too late, not to early). Also, 

the frequency of land management might need to be reduced according to drought conditions 

to allow recovery of  the plant community and decrease local extinctions, as described by 

Andrzejak et al. (2025). It is important to note that my study was not designed to compare 

different intensities of land management. Therefore, this recommendation should be 

considered within the context of the specific land management practices and local climatic 

conditions at the GCEF in Bad Lauchstädt.  

Plant phenology influences species interactions and coexistence and thus community 

assembly (Cleland and Wolkovich, 2024; Rudolf, 2019). In Chapter III I identified acquisitive 

growth strategies and the phenological niche as key traits that mediate phenological shifts to 

changing climate in a grassland system. Recent research has identified a potential link 
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between phenological responses to warming and species performance, with species that 

exhibit greater phenological shifts tending to perform better under warmer conditions 

(Alexander and Levine, 2019; Cleland et al., 2012; Kotilainen et al., 2024; Macgregor et al., 

2019). Thus, one could conclude that acquisitive plants might have a competitive 

advantage in future plant communities, while conservative plants might exhibit enhanced 

stability in flowering despite stressful conditions. When aiming at restoring grassland 

habitats these findings could be considered e.g., for selecting suitable species that represent 

diversity of strategy types.  

Conclusion and future perspectives 

This thesis highlights the central role of vegetative traits in shaping plant phenology. While 

plant height was the strongest predictor of interspecific phenological variation, traits 

associated with the growth strategy and phenological niche primarily mediated phenological 

shifts. Although floral traits played a secondary role in mediating interspecific phenological 

variation, their inclusion provides insight into an often-overlooked aspect of plant trait space, 

contributing to a broader understanding of the plant economic spectrum. Given the importance 

of leaf economics in phenological shifts, integrating floral traits from the flower economic 

spectrum (Roddy et al., 2021) could clarify whether flower economics are linked to leaf 

economics and contribute to phenological response strategies. Additionally, incorporating 

belowground traits—such as storage organs, root diameter, and specific root length—could 

provide a more comprehensive understanding of how resource-use strategies influence 

phenological patterns.  

The findings of this thesis further suggest that pollinators may be negatively affected by future 

climate conditions due to declines in floral resources at multiple scales, including shifts in 

species-level phenology, species and community-level flower abundances, and species-level 

nectar properties. Understanding how these factors interact with plant functional traits is 

crucial for predicting the ecological consequences of climate change. 

Future research should take a holistic approach by integrating key reproductive, vegetative, 

and belowground traits across the major axes of plant form and function as discussed above 

(para. Identifying Relevant Traits for Phenology-Trait Research). This would offer deeper 

insights into how traits collectively shape phenological variation, climate-induced phenological 

shifts, and their cascading effects on plant-pollinator interactions. 
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