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Advances in plant phenology
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2 School of Forestry, Northeast Forestry University, Harbin 150040, China

Abstract; Phenology shifts over time is known as “canary in the mine” when studying the response of terrestrial ecosystems
to climate change, and increasing global climate change has renewed widespread interest in plant phenological research.
With the development of observational techniques, the phenological observation data collected at various spatial and
ecological scales are rapidly accumulating. Although phenological changes have been observed at multiple scales ( species,
community, and landscape scale) , the mechanisms of phenological changes are still poorly understood. In order to improve
the understanding of plant phenology, in this review article, we briefly reviewed the development of plant phenology
research in China and abroad ; summarized the progress of phenology data collection technology and the major trend of global
phenological change; summarized the mechanism and driving factors of plant phenological change; and discussed the main
direction of phenological models research and phenology response to climate change. With the increasing application of
phenological observation techniques at different scales, phenological research has entered a new phase. In the future,
phenological research requires the development of standardized observational guidelines across regions, the integration of all
relevant disciplines, the improvement of phenological models, and expansion of research areas. At the same time, it is
necessary to integrate effective historical phenological data, and adopt new technologies and long-term collected phenological

data to provide the basis for plant phenological research in the era of big data.

Key Words: plant phenology; observation method; phenological change; phenological model ; temperature sensitivity
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Table 1 List of terrestrial phenological observation networks

i I FHE R

Region Phenology Networks Launch Date Web Links

#1E China gt::iz[:):e;jsicri] 2013 http://www.cpon.ac.cn/

HZA Japan Phenological Eyes Network 2003 http ://www.pheno-eye.org

EPRE India SeasonWatch 2018 https : //www.seasonwatch.in/

F[E USA USA-National Phenology Network 2007 https : //www-dev.usanpn.org/

JH USA Project BudBurst 2007 http://budburst.org/

Je[E USA A.T. Seasons 2014 http://scistarter. com/ project/970-A.T.%20Seasons
FH USA California Phenology Project 2010 https :// cpp-dev.usanpn.org/

F[E USA Wisconsin Phenological Society 2014 https : //people.uwm.edu/ wisconsin-phenological-society/
], %K USA, Canada Northeast Regional Phenology Network 2008 http;//www.nerpn.org/

FH &K USA, Canada PhenoCam Network 2012 https : //phenocam.sr.unh.edu/webcam/

FEH, &K USA, Canada PopClock 2013 http ://www-dev.usanpn.org/nn/popclock

MK Canada Alberta Plantwatch 2008 https ://www.naturewatch. ca/plantwatch/

JNE K Canada PlantWatch 2012 http : //www.naturesask.ca/what-we-do/ plantwatch
WAH Australia ClimateWatch 2009 http ://www.climatewatch. org.au/

BG4 New Zealand NZ Plant Conservation Network 2003 http://www.nzpen.org.nz/page.aspx? flora_phenology
BRI Europe PEP725 2011 http://www.pep725.eu/

M Europe International Phenological Gardens 2011 http://ipg.hu-berlin.de/

BHF] Austria Phénologie 2006 http://zacost.zamg.ac.at/ phaeno_portal/

FIPJET Estonia Hello, Spring! 2001 https : //terekevad.ee/? aasta=2019&leht =english

75 H France Observatoire des SAISONS 2008 http://www.obs-saisons.fr/

F /K2 Treland Nature's Calendar 2005 http ://naturescalendarireland.com/index. php

AT Portugal Serralves em Flora ZNE https ://cibio.up.pt/ citizen-science-serralves-em-flora
PABEF Spain #FenoDato 2016 http://www.fenodato.net/

#01E Germany Phanologie 2018 ?::: n : li) ;:_Nrm?jif;(‘kﬂ info/ vielfalt-studieren/ naturguckermonitoring/
Fii i Sweden Naturens kalender 2018 http ://www.naturenskalender.se/

%t Switzerland PhaenoNet within GLOBE 2012 https ://www.globe-swiss.ch/de/

BefE UK Nature's Calendar 2000 https : //naturescalendar. woodlandtrust.org.uk/

B UK Track a Tree 2014 http://trackatree.bio.ed.ac.uk/

23k Global GLOBE 2012 http ://www.globe.gov/web/ phenology-and-climate/ overview
4Bk Global Tulip Test Gardens 2019 https : //journeynorth. org/ tulips
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Table 2 The main driving factors of plant phenology change

eSSl AL el FALISEN
Type Factors Type Factors
S K Meteorological factors 2B AW & Biological factors T H L
e Y IAE TR R
Rk MO E
2R sk
Wi 5 & HASA
K PHER S NS
CO, e H B E Physiological factors JBE 5 TR
R RGRH
ey AT I
JE/RJE VRN I VPR
LRG3 il S5 2O
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Table 3 List of the different plant phenological models

A FAL 2 LIPS TERE/ 275 Sk
Model Types Model Input Variables Comments/ References
G AR R Mean Mean historical phenological records
Statstical Models Lincar r mpetes o b v oo
Log-linear T (42]
Quadratic T (42]
Multiple linear T, Pre, Pho, NAO [43]
Machine Learning T [46]
AR A Y Spring warming T [49]
Process-based Mechanistic Models ~ Alternating T [50]
Sequential T (51]
Parallel T (52]
Unified T =
Four-Phase T [54-55]
Deepening-Rest T [56]
Photosensitivit T, Pho (57]
Photothermal -time T, Pho (58]
CLM T, SM (59)
DORMPHOT T, Pho (60]
PIM T, Pho L61]
M1 T, Pho (62]
TP T, Pre [63]
Multiplicative T, Pho [64]
Stand scale T, Pho L6
Pyr T, Pho (31]
TPM T, Pho (66
SpaceSens T, Pho (67]
FEIS AR Synthetic theory LI, Rp (e8]
Theoretical Models Continential T, Pho, Pre, RAD, Tsoil (69
GSI T, VPD, Pho, NDVI (70
GMA T, Urban FC, NDVI (71
Satellite-based SW T (72]
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