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1. Introduction  
 

Since the 10th century B.C.E. humans have tracked phenological shifts in their 
environment and endeavored to understand them. Plant phenology is the study 
of the timing of recurring lifecycle events in biotic organisms (Forrest and Miller-
Rushing, 2010; Flynn and Wolkovich, 2018). Historically, plant phenology has 
been rigorously monitored in agriculture, where anticipating the commencement 
of seasonal monsoons or late spring frosts played a pivotal role in food 
production (Piao et al., 2019).  However, plant phenology encompasses a far 
wider range of topics, spanning both contemporary and evolutionary time (Zhang, 
2012; Forrest and Miller-Rushing, 2010). Because it concerns the timing of 
lifecycle events commensurate with changes in environment, occurrences such 
as vegetative bud formation, budburst (see Appendix 1-7), flowering, fruit 
production and leaf-drop are all key indicators of vegetation phenology (Brearley 
et al., 2007; Gallagher and Campbell, 2017; Flynn and Wolkovich, 2018). 
Additionally, it is now well-documented that the timing of phenological events, 
such as vegetative budburst, has shifted in concert with rapid anthropogenic 
climate change (Forrest and Miller-Rushing, 2010; Glaum et al., 2021). This 
essay aims to elucidate the following areas pertinent to plant phenology: (1) the 
mechanistic basis of phenology, (2) phenological research methodology and (3) 
phenological alterations due to anthropogenic climate change.  

2. The mechanistic basis of phenology 

The proximate drivers of plant phenology are temperature, photoperiod, and 
precipitation (Forrest and Miller-Rushing, 2010; Hänninen et al., 2019). Within 
temperature, there are two primary factors: forcing and chilling, or warming 
temperatures in spring and duration and intensity of cold winter temperatures 
(Flynn and Wolkovich, 2018). Temperature can alternatively be grouped into soil 
temperature and air temperature, the effects of which differ depending on habitat. 
In boreal forests, for instance, Hänninen et al. (2019) noted that air temperature 
is the primary factor in vegetative budburst. Another effect of temperature forcing 
is the release of endodormancy, or the physiological state where growth is 
inhibited even in the advent of ordinarily suitable growing conditions (Jewaria et 
al., 2021). In boreal and temperate forests this release from endodormancy into 
the state of ecodormancy and was found to be triggered by sustained 
temperatures of 4°-8° C (Jewaria et al., 2021).   

The second major factor affecting plant phenology is photoperiod, and in 
particular changes in day-length (Caffarra et al., 2011). According to Caffarra et 
al. (2011), short days (ShDs) are one of the primary triggers for plants to enter 
endodormancy and begin to downregulate their metabolism for winter. Finally, 
there is precipitation. In a fascinating 10-year study (1990-2000) by Brearley et 
al. (2007), it was found that in the three years following drought– 1991, 1994 and 
1997–   more than half of tropical trees (primarily dipterocarps) underwent 
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general flowering (GF) events. Interestingly, this reproductive activity was 
synchronized and correlated to recurring changes in the El Niño Southern 
Oscillation (ENSO). Flynn and Wolkovich (2018) examined phenological factors 
such as photoperiod and temperature forcing and found that they often work in 
confluence. Bale et al. (2002), however, found they did not always work in 
tandem. To gain a broader perspective, scientists have increasingly adapted new 
research methodologies.  

Phenological technology and research methodology 

With a clear understanding of the proximate drivers of plant phenology, the role 
of technology and research methodology can be elucidated. The core 
methodologies employed to study plant phenology can be grouped into two 
designations: (1) in situ observations and (2) remote sensing (RS) (Liang and 
Schwartz, 2009). However, these methodologies contain both limitations and 
advantages. The primary limitations of in-situ observation are its 
incomprehensiveness. As Donnelly et al. (2022) noted, in-situ studies are limited 
by incomplete spatial coverage, uneven focus on dominant species, and 
temporal limitations including an overemphasis on start of season (SOS) and end 
of season (EOS) events. The strengths of in-situ methodologies are acuity of 
resolution, individual species identification and the ability to implement on-the-
ground technology like PhenoCam for physical monitoring, Kriging estimation for 
temperature/ precipitation and LiDAR DEM for microtopography. More traditional 
in-situ observation has been used to monitor budburst via photography (see 
Appendix 1-11). However, due to the limitations of this methodology, researchers 
have turned to RS technology.   

RS has become increasingly common in the past 25 years. Integral to the 
function of LSP, a type of RS, are reflectance-based ‘greenness’ proxies that 
detect reflected solar radiation (Helman, 2018; Donnelly et al., 2022). Plants emit 
or absorb solar radiation at different spectral frequencies, absorbing lower 
frequencies (~620 nm) and reflecting solar radiation at near infra-red (~800 nm) 
(Helman, 2018). This ‘greenness’ is detected using enhanced vegetation index 
(EVI) and converted into data sets used to monitor phenological shifts. Another 
benefit of RS methodology is the vast increase in both spatial and temporal 
scale. RS data also integrates topographical complexity, is easier to apply and 
quicker to gather (Donnelly et al., 2022).  However, interpretation of data—
especially in landscapes containing multi-canopy layers— can pose real 
difficulties in RS data gathering. Additionally, the process of ‘smoothing,’ or 
removing erroneous visual data, can further confound RS datasets (Helman, 
2018). In the past few decades, phenological data has formed a fundamental 
component of the Coupled Model Intercomparison Project (CMIP) implemented 
by the Intergovernmental Panel on Climate Change (IPCC). 
 

4. Phenological alterations: anthropogenic climate change 

Because phenological shifts can be used as bioindicators of anthropogenic 
climate change, plant phenology has come into sharp focus in the past two 
decades (Macgregor et al., 2019). There is now incontrovertible evidence that the 
biogeochemical feedback loops set off by climate change have affected 
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population dynamics and breeding cycles throughout the world (Matthysen, 
Adriaensen and Dhondt, 2010). Because of this, phenology has been studied to 
anticipate future changes to ecosystems and the services they provide (Piao et 
al., 2019).  Events such as premature budburst, for example, increases the 
likelihood of the plants incurring damage from late season frosts (LSFs) (Zohner 
et al., 2020; Hänninen et al., 2019). Further well-documented examples include 
the mismatch of songbirds’ first egg-laying dates compared with the availability of 
invertebrate food supply, the effect of which can deprive fledglings of their 
primary food source, thereby negatively impacting population abundance (Both et 
al., 2009). A recent paper by Macgregor et al. (2019) also revealed that the range 
and distribution of 130 species of Lepidoptera shifted poleward in conjunction 
~0.5 °C mean temperature rise between 1995 and 2014. In another study 
spanning 29 years, the egg-laying dates of two sympatric species, Cyanistes 
caeruleus and Parus major were examined. The results showed that the first 
egg-laying date of these species retreated at rate of 0.1 day/yr−1, or a total of ~3 
days over the course of their study (Matthysen, Adriaensen and Dhondt, 2010). 
This research has led researchers like Vitasse et al. (2021) to conclude that 
current phenological shifts under climate change are having a profound impact 
on biodiversity loss and species redistribution. 

 
 
5. Conclusion  

Plant phenology addresses a wide range of areas from understanding plant-
pollinators co-adaptations to global shifts in species abundance and distribution. 
(Zhang, 2012; Glaum et al., 2021). Comprehending the mechanistic basis, 
research methodology and phenological alterations due to anthropogenic climate 
change has helped scientists and citizens better understand the present and 
project into the future. Because vegetative phenology can be used in a variety of 
fields, from agriculture and land use to conservation and climate modelling, it is 
imperative that researchers continue to develop an understanding of this 
important field of study.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Eamon Durkan  
19 March 2023 

 
Word Count: 1198 
 
References 

Bale, J.S., Masters, G.J., Hodkinson, I.D., Awmack, C., Bezemer, T.M., Brown, V.K., 
Butterfield, J., Buse, A., Coulson, J.C., Farrar, J., Good, J.E.G., Harrington, R., Hartley, 
S., Jones, T.H., Lindroth, R.L., Press, M.C., Symrnioudis, I., Watt, A.D. and Whittaker, 
J.B. (2002). Herbivory in global climate change research: direct effects of rising 
temperature on insect herbivores. Global Change Biology, [online] 8(1), pp.1–16. 
Available at: https://onlinelibrary.wiley.com/doi/abs/10.1046/j.1365-2486.2002.00451.x. 

Both, C., van Asch, M., Bijlsma, R.G., van den Burg, A.B. and Visser, M.E. (2009). 
Climate change and unequal phenological changes across four trophic levels: 
constraints or adaptations? Journal of Animal Ecology, 78(1), pp.73–83. 

Brearley, F.Q., PROCTOR, J., NAGY, L., DALRYMPLE, G. and VOYSEY, B.C. (2007). 
Reproductive phenology over a 10-year period in a lowland evergreen rain forest of 
central Borneo. Journal of Ecology, 95(4), pp.828–839. 

Brelsford, C.C., Trasser, M., Paris, T., Hartikainen, S.M. and Robson, T.M. (2022). 
Understorey light quality affects leaf pigments and leaf phenology in different plant 
functional types. Physiologia Plantarum, [online] 174(3), p.e13723. Available at: 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9328371/ [Accessed 19 Oct. 2022]. 

Burkle, L.A., Marlin, J.C. and Knight, T.M. (2013). Plant-Pollinator Interactions over 120 
Years: Loss of Species, Co-Occurrence, and Function. Science, 339(6127), pp.1611–
1615. 

Caffarra, A., Donnelly, A., Chuine, I. and Jones, M. (2011). Modelling the timing of 
Betula pubescens budburst. I. Temperature and photoperiod: a conceptual model. 
Climate Research, 46(2), pp.147–157. 

Donnelly, A., Yu, R., Jones, K., Belitz, M., Li, B., Duffy, K., Zhang, X., Wang, J., 
Seyednasrollah, B., Gerst, K.L., Li, D., Kaddoura, Y., Zhu, K., Morisette, J., Ramey, C. 
and Smith, K. (2022). Exploring discrepancies between in situ phenology and remotely 
derived phenometrics at NEON sites. Ecosphere, 13(1). 

Fang, X. and Chen, F. (2015). Plant phenology and climate change. Science China 
Earth Sciences, 58(6), pp.1043–1044. 

Flynn, D.F.B. and Wolkovich, E.M. (2018). Temperature and photoperiod drive spring 
phenology across all species in a temperate forest community. New Phytologist, 219(4), 
pp.1353–1362. 

Forrest, J. and Miller-Rushing, A.J. (2010). Toward a synthetic understanding of the role 
of phenology in ecology and evolution. Philosophical Transactions of the Royal Society 
B: Biological Sciences, 365(1555), pp.3101–3112. 



Eamon Durkan  
19 March 2023 

 
Gallagher, M.K. and Campbell, D.R. (2017). Shifts in water availability mediate plant-
pollinator interactions. New Phytologist, 215(2), pp.792–802. 

Glaum, P., Wood, T.J., Morris, J.R. and Valdovinos, F.S. (2021). Phenology and 
flowering overlap drive specialisation in plant–pollinator networks. Ecology Letters, 
24(12), pp.2648–2659. 

Greenwell, M.P., Botham, M.S., Bruford, M.W., Day, J.C., Evans, L.C., Gibbs, M., 
Middlebrook, I., Roy, D.B., Watts, K. and Oliver, T.H. (2021). The influence of chalk 
grasslands on butterfly phenology and ecology. Ecology and Evolution, 11(21), 
pp.14521–14539. 

Hänninen, H., Kramer, K., Tanino, K., Zhang, R., Wu, J. and Fu, Y.H. (2019). 
Experiments Are Necessary in Process-Based Tree Phenology Modelling. Trends in 
Plant Science, [online] 24(3), pp.199–209. Available at: 
https://www.sciencedirect.com/science/article/abs/pii/S1360138518302681 [Accessed 
22 Mar. 2022]. 

Helman, D. (2018). Land surface phenology: What do we really ‘see’ from space?. 
Science of The Total Environment, 618, pp.665–673. 

Jewaria, P.K., Hänninen, H., Li, X., Bhalerao, R.P. and Zhang, R. (2021). A hundred 
years after: endodormancy and the chilling requirement in subtropical trees. New 
Phytologist, 231(2), pp.565–570. 

Jin, H., Jönsson, A.M., Bolmgren, K., Langvall, O. and Eklundh, L. (2017). Disentangling 
remotely-sensed plant phenology and snow seasonality at northern Europe using 
MODIS and the plant phenology index. Remote Sensing of Environment, 198, pp.203–
212. 

Kuppler, J. and Kotowska, M.M. (2021). A meta-analysis of responses in floral traits and 
flower–visitor interactions to water deficit. Global Change Biology, 13. 

Liang, L. and Schwartz, M.D. (2009). Landscape phenology: an integrative approach to 
seasonal vegetation dynamics. Landscape Ecology, 24(4), pp.465–472. 

Macgregor, C.J., Thomas, C.D., Roy, D.B., Beaumont, M.A., Bell, J.R., Brereton, T., 
Bridle, J.R., Dytham, C., Fox, R., Gotthard, K., Hoffmann, A.A., Martin, G., Middlebrook, 
I., Nylin, S., Platts, P.J., Rasteiro, R., Saccheri, I.J., Villoutreix, R., Wheat, C.W. and Hill, 
J.K. (2019). Climate-induced phenology shifts linked to range expansions in species 
with multiple reproductive cycles per year. Nature Communications, [online] 10(1), 
p.4455. Available at: https://www.nature.com/articles/s41467-019-12479-w [Accessed 
24 Mar. 2021]. 

Maiti, R.K., Humberto González Rodríguez and Natalya Sergeevna Ivanova (2016). 
Autoecology and ecophysiology of woody shrubs and trees fundamental : concepts and 
their applications. Chichester, West Sussex, Uk Wiley Blackwell, pp.142–166. 



Eamon Durkan  
19 March 2023 

 
Matthysen, E., ADRIAENSEN, F. and DHONDT, A.A. (2010). Multiple responses to 
increasing spring temperatures in the breeding cycle of blue and great tits (Cyanistes 
caeruleus, Parus major). Global Change Biology, 17(1), pp.1–16. 

Nord, E.A. and Lynch, J.P. (2009). Plant phenology: a critical controller of soil resource 
acquisition. Journal of Experimental Botany, 60(7), pp.1927–1937. 

Piao, S., Liu, Q., Chen, A., Janssens, I.A., Fu, Y., Dai, J., Liu, L., Lian, X., Shen, M. and 
Zhu, X. (2019). Plant phenology and global climate change: Current progresses and 
challenges. Global Change Biology, 25(6), pp.1922–1940. 

Savage, J.A. (2020). It’s all about timing—or is it? Exploring the potential connection 
between phloem physiology and whole plant phenology. American Journal of Botany, 
107(6), pp.848–851. 

Silveira, E.M.O., Radeloff, V.C., Martínez Pastur, G.J., Martinuzzi, S., Politi, N., 
Lizarraga, L., Rivera, L.O., Gavier-Pizarro, G.I., Yin, H., Rosas, Y.M., Calamari, N.C., 
Navarro, M.F., Sica, Y., Olah, A.M., Bono, J. and Pidgeon, A.M. (2022). Forest 
phenoclusters for Argentina based on vegetation phenology and climate. Ecological 
Applications, 32(3). 

Vitasse, Y., Ursenbacher, S., Klein, G., Bohnenstengel, T., Chittaro, Y., Delestrade, A., 
Monnerat, C., Rebetez, M., Rixen, C., Strebel, N., Schmidt, B.R., Wipf, S., Wohlgemuth, 
T., Yoccoz, N.G. and Lenoir, J. (2021). Phenological and elevational shifts of plants, 
animals and fungi under climate change in the E uropean A lps. Biological Reviews, 
96(5), pp.1816–1835. 

Zohner, C.M., Mo, L., Renner, S.S., Svenning, J.-C., Vitasse, Y., Benito, B.M., Ordonez, 
A., Baumgarten, F., Bastin, J.-F., Sebald, V., Reich, P.B., Liang, J., Nabuurs, G.-J., de-
Miguel, S., Alberti, G., Antón-Fernández, C., Balazy, R., Brändli, U.-B., Chen, H.Y.H. 
and Chisholm, C. (2020). Late-spring frost risk between 1959 and 2017 decreased in 
North America but increased in Europe and Asia. Proceedings of the National Academy 
of Sciences, 117(22), pp.12192–12200. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



Eamon Durkan  
19 March 2023 

 
 
 
 
 
 
Appendix: Phenological events in four vegetation layers (January-March 2023) 
 
 
Canopy Layer:  
 
 
1.  Horsechestnut (Aesculus hippocastium)  
 

 
1a. Winter bud            1b. Pre-budburst 

 
1c. First bud burst           1d. Late-stage budburst  
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2. Sycamore (Acer psuedoplatanus)  
 

 
2a. Winter bud     2b. Pre-budburst 
 

 
2c. Pre-budburst                  2d. First bud burst   
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3. Hawthorne (Crataegus monogyna) 
 

 
3a. Winter bud        3b. Pre-budburst 
 

 
3c. First bud burst        3d. Late-stage budburst  
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Sub-canopy Layer 
 
 
 
4. Hazel (Corlyus avellana)  
 

 
4a. Winter bud        4b. Pre-budburst 
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4c. First bud burst        4d. Late-stage budburst  
 
 
 
 
 
 
5. Elderberry (Sambucus nigra ) 
 

   
5a. Winter bud     5b. Budburst 
 

  
5c. First leaves      5d. Late-stage leaves 
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Shrub layer: 
 
6. Blackberry (Rubus fructicosus) 
 

 
6a. First leaves      6b. Late-stage leaves 
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Ground/Field Layer:  
 
 
7. Bluebell (Hyacinthoides non-scripta) 
 

 
7a. Winter bud            7b. Budburst 
 

 
7c. First leaves              7d. Late-stage leaves 
 



Eamon Durkan  
19 March 2023 

 
 
 
 
 
 
 
 
 
 
 
8. Sycamore seedling (Acer psuedoplatanus)   
 

 
8a. Winter seed             8b. Seed-burst 
 

 
8c. First leaves             8d. Late-stage leaves 
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9. Bulbous buttercup (Ranunculus bulbosus) 
 

  
9a. First flowers   
 
10. Common nettles (Urtica dioica) 

 
10a. First leaves 
 
 
11. Heath bedstraw (Galium saxatile) 
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11a. First leaves 


