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Background 

In most climatic zones of the world, there are seasons characterized by different 

combinations of environmental factors, which may directly regulate the timing of 

phenological events, or they may act as cues that set the organisms’ internal 

biological clock (Forrest and Miller-Rushing, 2010). Growth stages of plants 

therefore reflect environmental conditions, genetic factors and the characteristics of 

the climate (Koch et al., 2009). Additionally, phenological phases can be applied as 

biological indicators of climate change (Donnelly et al., 2004; Koch and Scheifinger, 

2004).  

The phenophases of living organisms’ (e.g. the date of emergence of leaves and 

flowers, the first flight of butterflies, or the egg-laying dates of birds) show shifting 

trends (advances or delays) worldwide (Menzel et al., 2006; Kauserud et al., 2010; Ge 

et al., 2015). Climate change is shown to be among the main reason for these shifts. 

As a consequence, many intraspecific interactions (e.g. plant-pollinator interactions) 

are at risk due to timing mismatches that may disrupt communities (Solga et al., 

2014). Phenological events also affect a wide range of ecological processes, including 

species demography (Miller-Rushing et al., 2010), species distribution (Chuine, 

2010), and success of exotic species against native ones (Wolkovich et al., 2013). 

These have evolutionary consequences since organisms respond to climate change via 

acclimation (Hofmann and Todgham, 2010) and adaptation (Gienapp et al., 2008). 

Due to the immense public attention to the potential consequences of climate change, 

phenological research has recently gained new impetus. There are several areas of 

research that contribute to the advances of phenological research. Most studies focus 

on the detection of climate change impacts, i.e. they seek scientific evidence on 
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directional shifts in phenological data and attempt to understand the drivers and 

consequences of phenological changes. Statistical analysis also plays a major role in 

the prediction of human impacts (e.g. pollen release, agricultural plant development) 

and reconstruction of paleoclimate. All research fields need reliable data of 

phenological observations, which is a major issue in a world of limited financial 

resources. Citizen science can offer a modern solution for this problem by integrating 

modern technologies and a broad range of enthusiastic non-professionals into data 

collection and even scientific research.  

 

Objectives 

The main purpose of the studies in this dissertation is to contribute to the major 

ongoing fields of research in plant phenology. This thesis is an undertaking to apply 

popular statistical tools in order to discover spatio-temporal patterns in phenological 

data. Focus areas involve (from the phenological point of view) less intensively 

researched parts of Europe, such as Hungary and eastern Central Europe. Through the 

estimation of heat conditions, the development of a method that is of interest for 

climate reconstruction is possible. Furthermore, this thesis intends to provide a 

projection of what the future holds for European phenological monitoring. 

Accordingly, the following questions were raised: 

1. Have there been significant trends in plant phenology in Hungary during the 

last decades (Chapter 2)? Have there been any in East-Central Europe along a 

North–South transect (Chapter 3)? Are they similar to the trends observed in 

other parts of the world? 

2. What are the main drivers of these phenological trends? Which month's 

climate exerts the greatest effect on the timing of flowering in Hungary 

(Chapter 2) and along the North-South transect of East-Central Europe 

(Chapter 3, Chapter 4)? 

3. Can Cox proportional hazards models be efficiently applied in phenological 

research? Do they have a stronger predictive power than traditional methods? 

(Chapter 4) 

4. Which plants could be used for climate reconstructions (as proxies) based on 

the temperature sensitivity of their flowering time? (Chapter 5) 
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5. Is citizen science a potential “recipe” for the survival of phenological 

networks in Europe? (Chapter 6) 

 

Materials and methods 

The thesis focuses on the analysis of phenological patterns based on three 

independent long-term phenological data sets. 

The first study (Chapter 2) is based on paper-based phenological observation sets 

(1952–2000) of six plant species (lily of the valley (Convallaria majalis L.), common 

dandelion (Taraxacum officinale L.), common lilac (Syringa vulgaris L.), black elder 

(Sambucus nigra L.), black locust (Robinia pseudoacaica L.), and small-leaved lime 

(Tilia cordata Mill.), collected and digitized by the thesis author from printed data 

records originally published yearly in the Meteorological Yearbooks of the Hungarian 

Meteorological Service. In order to cope with inhomogeneity in the data series 

(uneven distribution of the stations and fluctuations in the species were observed), 

observations were grouped according to macro-regions of Hungary (Alföld – Great 

Hungarian Plain; Nyugat-magyarországi peremvidék – West Hungary; Dunántúli-

középhegység – Transdanubian Mountains). This way, the analysis was conducted at 

a regional level. 

For the second study (Chapter 3), phenological data of six plant species (the same 

species as in Chapter 2) were collected (1970–2010) in the context of a scientific 

collaboration coordinated by the thesis author. The resulting database (NS–pheno 

database) contains phenological observations of twelve North- and East-Central 

European countries located along latitudes 40.9–67.9°N, and ranging between 

longitudes 13.6–32.1°E. In order to deal with the uneven distribution of datasets, we 

grouped the observations according to the biogeographical regions of Europe (Boreal, 

Continental, Alpine, Pannonian and Mediterranean (Roekaerts, 2002), which provide 

the basis for further analysis.  

The third study (Chapter 4) applies data from the same (NS–pheno) database in a 

method development context. In order to model the influence of climate variables on 

the timing of flowering as a survival analysis problem, we have selected data of one 

plant species (common dandelion, Taraxacum officinale L.) from the NS–pheno 

database. 
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The fourth study (Chapter 5) uses phenological data of sixteen plant species (partly 

overlapping with those that were studied in Chapter 2 and 3) recorded by Ludwig 

Reissenberger (a local teacher deeply interested in natural science) in the 19th century 

(1851–1891) near Hermannstadt (Nagyszeben, Sibiu) in Romania. 

In all of these studies observations are based on the same standard definitions of 

phenological events (the BBCH system), and the dates of phenophases were 

converted to day of the year (doy), i.e. the number of days elapsed since the 1st of 

January of the given calendar year. Basically, four types of models were applied to 

test various aspects of flowering phenology.  

• To estimate trends in the date of flowering, we used traditional linear (Chapter 

2 and 5) and MM-type robust (Chapter 3) regression models (Maronna et al., 

2006). In addition, Mann-Kendall trend tests (Mann, 1945) were applied 

(Chapter 3) to assess the magnitude and the level of significance of the 

flowering trends over time for each species and within each biogeographical 

region of Europe.  

• To show the statistical relationship between phenological data and climate 
variables, linear regression models (Chapter 2), more sophisticated (less 
sensitive to outliers) MM-type robust regression models (Chapter 3) and Cox 
proportional hazards model (Chapter 4) were utilized.  

• In an attempt to adapt more efficient methods for the study of plant 

phenology, we fitted Cox proportional hazards models (Cox, 1972) with time 

dependent covariates (Chapter 4), which were compared to traditional 

regression models. Cox models are used to calculate hazard ratios, which can 

be regarded as the probability ratio that an event (in our case the phenological 

event, i.e. flowering) will occur at a certain moment. This way, we could 

estimate a relative “flowering time risk”, as well as the predictive power of 

Cox models. 

• Finally, to evaluate the accuracy of using plant phenophases as proxy 

estimations, the following strategy was taken (Chapter 5). We characterized 

the effect of mean temperatures in various time periods (monthly, bi-monthly, 

tri-monthly, etc.) on flowering onset dates using a moving-window technique, 
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and determined the effective temperature values (Teff) estimated from the 

responses of each species. Based on the temperature sensitivity of first 

flowering dates the plant species were ranked; thus we obtained the most 

accurate plants that can be used as proxies for air temperature. 

The modeling studies in Chapters 2-5 (original research articles) are complemented 

with a different type of study: an essay in the form of a “viewpoint” article. In the last 

Chapter (6), no data or modeling technique was used, however, an overview about the 

history of traditional phenological observations compared to practices in the USA is 

given. Furthermore, a possible vision for the future of European phenological 

networks is outlined with regards to the viability of traditional data collection 

practices that has been challenged by a number of socio-economic factors. 

 

Theses  

In my dissertation, several applications of mainstream approaches of phenological 

research to new data in relatively weakly studied regions (Hungary and a North–

South transect involving several Baltic, East-Central European and Balkan countries) 

are presented. The studies highlight important findings about flowering phenological 

patterns in response to climate change detected in Hungary and along a considerable 

North–South transect in Europe. Furthermore, new approaches to phenological data 

are adapted, and participated in discussions about the future of phenological 

monitoring networks in Europe, which are also presented in the dissertation.  

Accordingly, the following main results and conclusions can be highlighted:  

1. Significant negative phenological trends (onset of flowering gradually shifting 

earlier) characterized the period 1952–2000 in several macro-regions of 

Hungary (Chapter 2). The strongest advancements (2.8–4.4 days/decade) are 

shown for T. cordata.  

2. The analyses of flowering trends (1970–2010) along an East-Central European 

transect also revealed significant advancements in flower appearance of 

several plant species in certain biogeographical regions. Most species showed 

significant changes in the Continental, Alpine and, to the largest extent, in the 

Boreal regions (Chapter 3).  
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3. It is shown that woody species (R. pseudoacacia and T. cordata) have stronger 

advancements in their flowering time than the herbaceous species (T. 

officinale, C. majalis) in certain biogeographical regions of Europe (Chapter 

3).  

4. In Hungary, both short-term (influence of the variable immediately preceding 

the typical date of the phenological event) and long-term (delayed influence of 

past meteorological conditions) climate variables influence the flowering time 

(Chapter 2). The most influential meteorological predictors were March–April 

temperature in the case of T. officinale, S. vulgaris and C. majalis, April–May 

temperature in the case of T. cordata, and March–May temperature in the case 

of R. pseudoacacia and S. nigra.  

5. While most studies use mean temperature in their models to explain 

phenological patterns, we highlighted (Chapter 4) that if available, the 

distribution of minimum and maximum temperatures is also reasonable to be 

considered as an explanatory variable. 

6. We have shown that Cox proportional hazards model have stronger predictive 

power in plant phenological research than traditional regression methods 

(Chapter 4). 

7. Our proposed climate reconstruction method (Chapter 5) is appropriate for a 

simple but robust estimation of heat conditions, which is useful when no other 

records are available. Based on the temperature sensitivity of the flowering 

times, the most accurate (1–1.5°C) “phyto-thermometers” are Robinia 

pseudoacacia and Vitis vinifera among the species tested. 

8. We envision the future of phenological monitoring encompassing citizen 

science through internationally coordinated programs at the National 

Meteorological and Hydrological Service of each country (Chapter 6).  
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Conclusions 

This PhD thesis features the application of several mainstream and experimental 

modeling techniques on international long-term phenological databases. The diversity 

of results helps to understand not only the temporal and spatial patterns of flowering 

phenology, but also the role of potential climatic drivers in Hungary and across a 

North-South transect in East-Central Europe. A new method is proposed for broader 

use, namely Cox proportional hazards models. They offer the possibility of improved 

prediction of plant phenological events. Furthermore, a simple procedure that allows 

to estimate temperature data (climate reconstruction) at locations where no 

instrumental records are available is introduced. And last but not least, an outlook for 

the future of European phenological observations related to citizen science is given. 
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