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Abstract

1. Reliable phenological observations are needed to quantify the impact of climate change on tree phenology. 

Ground observations remain a prime source of phenological data, but their accuracy and precision have not 

been systematically quantified. The high subjectivity of ground phenological observations affects their 

accuracy, and the high within-population variability of tree phenology affects their precision. The magnitude of 

those effects is unknown to date.

2. We first explored the inter-observer variability in the timing of bud development and leaf senescence in trees 

using a unique dataset of seven observer inter-calibration sessions. Then, using tree phenological data collected 

in three European forests (n= 2346 observations for budburst, n= 539 for leaf senescence), we quantified how 

the "observer uncertainty" (accuracy of the observations) and the "population sampling uncertainty" (precision 

of the observations) combine to affect the estimates of the budburst and the leaf senescence dates.

3. The median observer uncertainty was 8 days for budburst (BBCH=7) and 15 days for leaf senescence 

(BBCH=95). As expected, the population sampling uncertainty decreased with increasing sample size, and was 

about 6 days for budburst and 10 days for leaf senescence for a sample of 10 individuals monitored per 

population (corresponding to the median sample size in the phenological literature). As a whole, the overall 

uncertainty of phenological observations could reach up to two weeks for budburst and one month for leaf 

senescence.

4. Synthesis. This paper quantifies for the first time the accuracy and precision of ground phenological 

observations in forest trees and as such offers tables to estimate the uncertainty of phenological data. We show 

that reliable estimates of budburst and leaf senescence require three times (n= 30) to two times (n= 20) larger 

sample sizes as compared to sample sizes usually considered in phenological studies. We further call for an 

increased effort of observer inter-calibration, required to increase the accuracy of phenological observations. 

These recommendations reduce the uncertainty of phenological data, thereby improving the estimation of 

phenological trends over time, the response of phenology to temperature or the inference of phenological 

model parameters.

Keywords: ground phenological observations, observer uncertainty, accuracy, sampling uncertainty, precision

1. Introduction

Monitoring and collecting time series of phenological events is of crucial importance to understand how 

ecosystems respond to climate, as the phenology of living organisms is strongly determined by environmental A
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conditions, and highly responsive to the ongoing climate change (Menzel, 2013b, Parmesan & Yohe, 2003, 

Root et al., 2003). Most of the phenological data collected to date, with the earliest records having reached our 

epoch dating back to the 9th century (Aono & Kazui, 2008), were and are still obtained by visual observation 

from the ground (Chmielewski et al., 2013, Rutishauser et al., 2007). Most of the data currently used in 

phenological studies are of this kind, although remote sensing and phenological cameras are increasingly used 

to track the timing of phenological events (Ahrends et al., 2008, Graham et al., 2010, Richardson et al., 2007, 

Zhang et al., 2003). These ground observation data are collated in phenological databases consisting of 

hundreds of thousands observations (e.g., for trees >770,000 budburst and >380,000 leaf senescence 

observations in pep725.eu; >160,000 budburst and >150,000 leaf senescence observations in data.pheno.fr). 

Classically, plant phenological observations consist in dates of occurrence of key events, such as budburst, leaf 

unfolding, first flowering, full bloom, leaf coloration and leaf fall, which are scored visually. These events (or 

phenological stages) are point events in continuous sequences of phenological development or “phenophases” 

(e.g., one would consider one tree to have reached budburst when 50% of its buds have opened, Suppl. Mat. 

S1). Visual scoring depends on the point of view, observer’s vision and the seeing of the observer (Bush et al., 

2018). For example, the distance or position held from observers and size and color of the object observed are 

likely to influence the visual scoring. If the phenological event is difficult to see (e.g., small buds, held high in 

the canopy and opening over a few days), it is likely to be scored differently by different observers. Moreover, 

this kind of ground observation is also sensitive to the personal experience of the observer, of the species and 

even the individual tree observed. Hence, the quality of the phenological observation is prone to subjective 

inaccuracy and depends heavily on the observational skills and effort of the observers. Thus, the ground 

observations are observer-biased (Kharin, 1976, Menzel, 2002, Schaber, 2002). Moreover, to boost current 

research that requires large amount of data obtained at large scales, that scientists cannot produce on their own 

in a reasonable time (Feldman et al., 2018), there is an increasing contribution of volunteers in collecting 

phenological observations worldwide (e.g. USA National Phenology Network, Budburst Project, Phenoclim, 

Observatoire Des Saisons) (Asse et al., 2018, Chandler et al., 2017, Dickinson et al., 2010, Fuccillo et al., 2015, 

Mayer, 2010). These phenological data are obtained by multiple observers and are thus naturally prone to 

observer bias. This observer bias (i.e. the accuracy of phenological date) has not been quantified to date, owing 

to the rarity of cross-observer campaigns. 

Another prominent source of uncertainty in phenological observations is population sampling. Within a tree 

population, one usually observes a large variability in the timing of spring and autumn phenophases among 

individuals, due to the influences of microclimate and genetics (Cole & Sheldon, 2017, Delpierre et al., 2017, A
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Doi et al., 2010, Rousi & Heinonen, 2007). This within-population variability of phenology is remarkable with 

a mean within-population amplitude (i.e., time interval between the earliest and latest observed individual) of 

19 days and 26 days for spring and autumn phenology respectively (Delpierre et al., 2017), varying from year 

to year in relation to temperature conditions (Denéchère et al., 2021). For phenological observations at the 

population scale, it is usual to select a limited number of individuals to represent that population, and take the 

average date as representative of the phenological event. Obviously, the precision of the average date estimate 

depends on the sample size considered. Schwartz et al. (2013) reported that the phenological variations among 

individual trees in a specific microclimate can be adequately represented with a sample of 30 or more 

individuals. We made a literature survey of the number of individuals observed within one population in 

current tree phenological studies, and found the median number of sampled individual tree is around 10 (Table 

1). This is much lower than 30, and the uncertainty associated with this sampling effect (i.e., the precision of 

phenological dates) remains unknown, though concerning most of the studies. 

Table 1. Number of trees observed (i.e., sample size) per population, as reported in published papers.

Phenophase Sample size in one population Reference

10 (Vitasse et al., 2009b)

6 - 10 (Hall et al., 2007)

6 - 41 (Vitasse et al., 2009a)

27 (Rousi & Heinonen, 2007)

3 (Donnelly et al., 2017)

12 (Augspurger & Bartlett, 2003)

5 (Fu et al., 2013)

3 (Richardson et al., 2006)

3 - 10 (Xie et al., 2018)

1 - 45 (Yu et al., 2016)

70 (Dantec et al., 2015)

27 (Delpierre et al., 2017)

10 - 222 (Chesnoiu et al., 2009)

220 (Scotti-Saintagne et al., 2004)

36 (Crawley & Akhteruzzaman, 1988)

38 (Dongen et al., 1997)

10 (Wesołowski & Rowiński, 2006)

5 (Basler & Körner, 2014)

Budburst

3 (Keenan & Richardson, 2015)A
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98 (Fox et al., 1997)

~20 (Menzel, 2013a)

3 - 5 (China Meterological Administration, 1993)

3 - 5 (Archetti et al., 2013)

10 (Pérez de Lis et al. 2010)

10 (Laube et al., 2013)

19 - 30 (Capdevielle-Vargas et al., 2015)

170 (Kramer et al., 2008)

6 - 10 (Hall et al., 2007)

6 - 41 (Vitasse et al., 2009a)

3 (Richardson et al., 2006)

12 (Augspurger & Bartlett, 2003)

1 - 45 (Yu et al., 2016)

3 - 5 (Archetti et al., 2013)

3 (Keenan & Richardson, 2015)

27 (Delpierre et al., 2017)

30 (Capdevielle-Vargas et al., 2015)

36 (Delpierre et al., 2009)

3 - 5 (China Meterological Administration, 1993)

3 - 10 (Xie et al., 2018)

5 (Fu et al., 2014)

4 (Naschitz et al., 2014)

Leaf 

senescence

3 - 12 (Rosenthal & Camm, 1996)

The uncertainty of phenological ground observations, resulting from the combination of low accuracy (due to 

inter-observer variability) and low precision (due to insufficient tree population sampling) may significantly 

affect the assessment of phenological responses to climate change. Indeed, to be detected, a trend signal must 

be higher than the noise (uncertainty) of the data, and trends in phenological dates are of a few days per decade 

(Menzel, 2013b). Consequently, estimating the uncertainty of phenological data would increase the robustness 

of our assessments of phenological changes.

In this study, we aimed at quantifying the uncertainty of phenological observation due to the variability among 

observers and to population sampling. To this aim, we used phenological observations coming from two 

different datasets: the cross-observer scoring of trees collected during seven inter-calibration sessions of A
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observers, and observations of budburst and leaf senescence collected in large tree populations for several years. 

We specifically addressed four questions: (1) Does the inter-observer difference in phenological score vary for 

spring (continuous opening of buds in tree crowns) and autumn (continuous coloration and fall of leaves in tree 

crowns) phenophases? (2) How large is the uncertainty of the date of occurrence of these phenological stages 

due to the observer? (3) How large is the uncertainty due to sample size for tree population sampling? and (4) 

How large is the overall (i.e., observer plus population sampling) uncertainty in current phenological studies? 

2. Materials and methods

2.1 Observer inter-calibration data (dataset #1)

This dataset was obtained during seven inter-calibration sessions of observers conducted in France during 

2007-2017, three of which concerned budburst observations, and four of which concerned observation of leaf 

senescence (Table 2). The sessions took place in different locations each year and concerned different tree 

species. An average of 30 individual trees (from 12 to 49 trees) were observed by 10 to 37 observers each time 

following the same protocol and scoring scale (here a modified version of the BBCH scale originally published 

by (Meier, 2001) was used, see supplementary Table S1). The observers were scientists, technicians and 

doctoral students in biological sciences, and most of them participated all the sessions, which lasted one and a 

half day each. The inter-calibration sessions were organized as follows. At the first session, all participants 

were trained to the BBCH scoring scale and protocol. At all sessions, all participants first trained altogether on 

a set of tree individuals. Participants subsequently also scored another set of tree individuals independently. 

They used binoculars for observing tree crowns. Observers were instructed not to exchange information or 

discuss during this scoring in order to guarantee the independence of the scoring. The data obtained with this 

independent scoring were used for this study.

Table 2. Characteristics of the observer inter-calibration sessions.

Phenophase Site (lat., lon.) Year
Number of 

observers

Number of 

trees observed

Vincennes (48.8°N, 2.4°E) 2007 12 35

Antibes (43.6°N, 7.1°E) 2013 10 49Budburst

Bordeaux (44.8°N, 0.6°W) 2014 22 12

Leaf senescence
Nogent-sur-Vernisson

(47.8°N, 2.8°E)
2008 12 23
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Mont Ventoux

(44.2°N, 5.3°E)
2011 27 44

Nancy

(48.7°N, 6.2°E)
2015 37 30

Saint-Michel-l’Observatoire

(43.9°N, 5.7°E)
2017 23 35

2.2 Ground phenological observations in tree populations (dataset #2)

We used three sets of ground phenological observations (Table 3), conducted in different forests: (1) 

observations of two species (Quercus petraea, Carpinus betulus) in the Fontainebleau-Barbeau forest (France) 

from 2013-2017 (Delpierre et al., 2017, Delpierre et al., 2016); (2) observations of three species (Quercus 

petraea, Carpinus betulus, Castanea sativa) in the Orsay forest (France) from 2012-2015 (Delpierre et al., 

2017); (3) observations of six species (Quercus robur, Fraxinus excelsior, Fagus sylvatica, Betula pendula, 

Corylus avellana, and Acer pseudoplatanus) in Wytham Woods (Oxfordshire, UK) in 2013 and 2014 (Cole & 

Sheldon, 2017). The three datasets share the particularity of documenting the whole sequence of spring 

budburst or leaf senescence at the individual tree scale. This means that each tree was monitored from winter 

state (all buds closed) to 100% budburst and from mature green summer leaves to all leaves colored or fallen. 

In Fontainebleau-Barbeau and Orsay, the same tree individuals were monitored during spring and autumn. The 

three sets of observations were each collected consistently by a small group (less than five, Table 3) of 

observers who have been trained and inter-calibrated before data collection, such that the observer variability in 

dataset #2 is minimal.

At the Fontainebleau-Barbeau and Orsay forests, the percentage (on a 10%-step scale) of open leaf buds (in the 

upper-third of the tree crown), leaf coloration and leaf fall (over the whole tree crown) for individual trees were 

monitored with binoculars 2-3 times a week from March to June and once a week from September to 

December. All observations on the 10%-step scale were converted to modified BBCH scores (Table S1) before 

further processing. In spring, the budburst date of an individual tree was assumed to occur at the date when 50% 

buds were open (BBCH=7). In autumn, the progress of leaf senescence was estimated by the combination of 

leaf coloration and leaf fall (Vitasse et al., 2009a). The leaf senescence date (BBCH=95) occurred when 50% 

leaves were either colored or fallen according to the following equation:

 (equation 1)𝐿𝑆𝑡 =
𝐿𝐶𝑡 × (100 ― 𝐿𝐹𝑡)

100 + 𝐿𝐹𝑡

Where, LSt is the percentage of leaf colored or fallen in the selected tree at date t, LCt is the percentage of 

colored leaf (i.e., non-green) in the selected tree at date t and LFt is the percentage of leaf shed from the A
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selected tree at date t. We mention here that the functional interpretation of this leaf senescence index, which is 

widely used in the phenological community, is not straightforward. Establishing links between phenological 

scores and the functioning of leaves is an active field of research (e.g., Bauerle et al. 2012, Märien et al. 2019).

At Wytham Woods, the development of buds was scored over whole tree crowns using a key of phenological 

stages (Hinks et al., 2015) different from BBCH, at a 3-day interval from March to May (Cole & Sheldon, 

2017). A seven-stage key (stage 1 = small dormant buds, 2 = larger, slightly elongated buds, 3 = larger, 

loosened greenish brown buds, 4 = further elongated buds with leaves starting to erupt, 5 = leaves emerging but 

still tight, 6 = leaves loosening and extending outwards, 7 = leaves fully emerged and unfurled) was used for 

Quercus robur and a five-stage key (stage 1 = dormant bud, 2 = elongated/swollen buds, 3 = budburst, 4 = 

leaves emerging and extending outwards, 5 = leaves fully emerged and unfurled) used for the other species.

The scale used for the observation of budburst in the Fontainebleau-Barbeau and Orsay forests differed with 

that used in Wytham Woods. Indeed, bud observations in the Fontainebleau-Barbeau or Orsay forests started 

from the first signs of buds opening (0% buds opened), and ended when 100% buds were open, corresponding 

to the interval from stage 4 to stage 7 using the seven-stage key and stage 3 to stage 5 using the five-stage key 

in Wytham Woods. In order to homogenize protocols, we scaled the Wytham Woods observations of budburst 

to a 0-100% scale similar to the one used in Fontainebleau-Barbeau and Orsay, setting stage 3 (or 4 depending 

on the species) of the Wytham Woods scale to 0% and setting stage 5 (or 7, depending on the species) to 100%. 

Thereafter all data were converted to the modified BBCH scale (Suppl. Mat. S1) to match the scale used during 

the intercalibration sessions of observers. 

We ensured that the tree individual phenological sequences collected at Fontainebleau-Barbeau, Orsay and 

Wytham woods were monotonically increasing with time. If a phenological observation record was less than 

the previous record, we corrected it to be equal to the previous record (affects 0.25% / 7.8% of all budburst/leaf 

senescence data). Last, the actual phenological observations conducted 2-3 times per week (budburst) to once a 

week (leaf senescence) were linearly interpolated at a daily time scale, in order to construct daily phenological 

observation time series (Fig. 2, black lines).

Table 3. Description of the phenological datasets acquired in tree populations.
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Site 
Latitude 

(◦N) 
Longitude 

(◦E) 
Number of 

observers 
Phenophase Species 

Observed 

year 

Number 

of trees 

Barbeau 

(France) 
48.5 2.8 

2 Budburst 

Carpinus betulus 2013 28 

Quercus petraea 
2013, 2015, 

2016, 2017 
25-66 

1 
Leaf 

senescence 
Quercus petraea 

2015, 2016, 

2017 
24-31 

Orsay 

(France) 
48.7 2.2 

3 Budburst 

Carpinus betulus 
2012, 2014, 

2015 
29-49 

Castanea sativa 
2012, 2014, 

2015 
30-62 

Quercus petraea 
2012, 2014, 

2015 
26-59 

1 
Leaf 

senescence 

Carpinus betulus 
2011, 2012, 

2014, 2015 
30-46 

Castanea sativa 
2012, 2014, 

2015 
28-56 

Quercus petraea 
2011, 2012, 

2014, 2015 
31-58 

Wytham 

Woods 

(UK) 

51.8 1.3 5 Budburst 

Acer pseudoplatanus 

2013, 2014 

109-111 

Betula pendula 93-96 

Corylus avellana 145-156 

Fagus sylvatica 69-71 

Fraxinus excelsior 194-195 

Quercus robur 196 
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2.3 Estimation of the uncertainty due to the observer

2.3.1 Identifying “early” and “late” observers during inter-calibration sessions

During each inter-calibration session, observers estimated the phenological stage of a given number of 

individual tree crowns (see Table 2) using the modified BBCH scale. For each of those trees, we computed the 

average, 5th centile and 95th centile (Fig. 1) of BBCH scores across observers. The 5th centile (blue points on 

Fig. 1) corresponds to low BBCH scores attributed to a tree individual. Such low scores originate from 

observers prone to report events late (called hereafter “late observers”). The 95th centile (orange points on Fig. 

1) corresponds to high BBCH scores attributed to an individual tree. Such high scores originate from observers 

prone to report events early (hereafter “early observers”). From these data, we constructed a conversion rule 

between the “true” (we assumed the average of actual observations to be the true observation) phenological 

state (x-axis on Fig. 1) and the phenological state reported by early and late observers (y-axis on Fig. 1).
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Figure 1. Among-observer variability of phenological observations during inter-calibration sessions for budburst (a) 

and leaf senescence (b). The y-axis represents the 5th centile (blue, produced by a “late observer”) and 95th centile (orange, 

produced by an “early observer”) of the among-observer distribution of BBCH score established during the inter-

calibration sessions. The x-axis represents the average BBCH scores of all observers. The orange and blue line and open 

circles represent the binned BBCH scores of early and late observers (binning was done per unit step on the BBCH scale).

2.3.2 Observer uncertainty: from inter-calibration sessions to scoring in tree populations

We applied the among-observer variability quantified during inter-calibration sessions (from dataset #1, see 

2.3.1) on ground phenological data collected in tree populations (dataset #2) to construct artificial phenological 

sequences that would be produced either by a late or by an early observer (Fig. 2). We then determined, e.g., 

the date of budburst by an early (late) observer when the “early (late) observer” phenological sequence reached 

50% buds opened (BBCH=7; orange (blue) arrow on Fig. 2). We defined the difference, in days, between the 

early and the late observer dates as the maximum observer uncertainty. 

We calculated the observer uncertainties for all individual trees observed in Fontainebleau-Barbeau, Orsay and 

Wytham Woods forests, and we estimated the density distributions of the observer uncertainty for each 

population-year1 and all population-years using non-parametric Kernel smoothing (Bowman, 1984). In order to 

explore the observer uncertainty further, the budburst (BBCH=7) and leaf senescence (BBCH=95) speeds of 

each individual tree in the three forests were computed as the linear slope of the front and back two points 

closest to the point at BBCH=7 or 95. The speed was measured in percentage of phenological development per 

day.

1 A “population-year” refers to one tree population being observed during one year.A
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Figure 2. Estimating the date of budburst (a) and leaf senescence (b) in an individual tree from the point of view of 

an “early” or a “late” observer. The black line is the actual development process in the tree crown; the orange (blue) 

line is the estimation of development process in the tree crown for early (late) observers. The black arrow points to the 

actual observed budburst/leaf senescence date; orange and blue arrows point to the budburst/leaf senescence date observed 

by an “early” and “late” observer respectively. 

2.4. Estimation of the population sampling uncertainty

In a given tree population of N individuals, we sampled n (from 1 to N) individuals and calculated the sampling 

uncertainty in determining a phenological date associated to this sample size. To this aim, we randomly picked 

a sample of n individuals out of the N individuals in the population, and we calculated the mean e.g., budburst 

date for this sample. We repeated the sampling of n individuals 100 times. This resulted in 100 average 

budburst dates obtained for a sample size of n. We calculated the 95th percentile (called “A”) and 5th percentile 

(called “B”) of these 100 budburst dates. We defined the difference between the 95th percentile date and 5th 

percentile date (A-B) as the uncertainty of the budburst date related to the population sampling (i.e., this is the 

time interval, in days, containing 90% of the estimates of the average budburst date established over a number 

n of trees sampled in the population). We calculated the population sampling uncertainty for budburst in 

Wytham Woods (six species in 2013 and 2014) and for leaf senescence of Carpinus betulus (2011), Castanea 

sativa (2011, 2012) and Quercus petraea (2011, 2012) in Orsay, given that these populations have data for a 

large number of individual trees (Table 3), i.e. large enough to be considered representative of the true average 

date over the tree population.

2.5. Estimation of the overall uncertaintyA
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We also estimated the overall uncertainty, combining the uncertainties due to the observer and the 

populations sampling. For this, we proceeded similarly to our estimation of the population sampling 

uncertainty. First, for a sample size of n trees, we computed 100 mean, e.g., budburst dates based on data 

observed by an early or by a late observer. Then we averaged those 100 mean budburst dates for early (called 

“C”) and late (called “D”) observers. The difference between the averaged budburst dates for early observers 

and that for late observers (D-C) was defined as the observer uncertainty for a sample size of n trees. Since 

both the observer (D-C) and population sampling (A-B) uncertainties are independent (Schaber, 2002), we 

added them to quantify the overall uncertainty of phenological observations. The overall uncertainties were 

calculated at the same site-years as the sampling uncertainties. 

One aim of this work was to provide a quantification of the uncertainty of phenological observations for 

its incorporation in the analysis of phenological data. To this aim, we calculated the 5th, 25th, 50th, 75th, 95th 

percentiles of the sample sizes found in the literature survey summarized in Table 1 which were used to 

establish populations’ average dates of budburst and leaf senescence (Table 4). We estimated the sampling and 

total uncertainties of phenological dates for sample sizes corresponding to these percentiles.

Table 4. Percentiles of sample size for budburst and leaf senescence in current phenological studies of trees. The 

percentiles are derived from the sample sizes of natural tree populations appearing in Table 1. The approximate values of 

sample size are shown in parentheses.

Percentile 

(%)

Sample size for 

budburst

Sample size for leaf 

senescence

5 3 3

25 5 5

50 12 (~10) 8 (~10)

75 29 (~30) 27 (~30)

95 41(~40) 39 (~40)

3. Results

3.1 The variability of phenological observations among observers varies with phenological development stages

The uncertainties on bud development (BBCH from 5 to 10) and leaf senescence development (BBCH from 90 

to 99) observed by multiple observers during inter-calibration sessions are shown in Figure 3. The mean 

standard deviation in the beginning (BBCH around 5 or 90) and the end (BBCH around 10 or 99) of the bud 

development and leaf senescence sequence was low, while it was high in the middle stage (i.e., BBCH around A
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7 or 95) (Fig. 3). For budburst, the mean standard deviation could reach up to 2.0 BBCH units at BBCH= 7; but 

the standard deviations were near zero for trees with few (BBCH= 5) or all buds open (BBCH= 10) (Fig. 3a). 

Similarly, observers differed most in the estimation of intermediate stage of leaf senescence (BBCH= 95) with 

a standard deviation of scoring of 1.7 BBCH units. They tended to agree more for trees just entering 

senescence (BBCH= 91) or fully senescent (BBCH= 99) (Fig. 3b). In conclusion, the phenological observation 

variation among observers varied along phenophases: observers tended to reach an agreement on early and late 

stages, and differed the most for intermediate stages.

Figure 3. The standard deviation of budburst (a) and leaf senescence (b) scoring established among observers 

during inter-calibration sessions. The black line is a quadratic fitting curve based on the observations, plotted for 

visualization purpose.

3.2 Uncertainty on budburst and leaf senescence observations due to the observer

In Figure 4, we report the densities of observer uncertainties calculated for each population-year in our dataset. 

The observer uncertainty varied among individual trees for a given population-year. The observer uncertainty 

in determining the date of budburst of a particular tree ranged from zero to 28 days, with a median of 8 days 

(Fig. 4a). For leaf senescence, the observer uncertainty ranged from 2 to 53 days with a median of 15 days (Fig. 

4b).
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Figure 4. Density distribution of observer uncertainty in determining budburst (BBCH 7) (a) and leaf senescence 

(BBCH 95) (b) in different population-years. Each colored line represents one population-year, and the black line is the 

kernel density over all population-years. Please note differences on the x-axis scale of panels (a) and (b).

The observer uncertainties were significantly related to the speed of development of budburst and leaf 

senescence (Fig. 5), with a rank correlation coefficient of -0.78 (p<0.05). Thus, faster development rates of 

budburst or leaf senescence generated smaller observer uncertainties.

 

Figure 5. Relationship between observer uncertainty and phenological development speed for budburst and leaf 

senescence.

3.3 Population sampling and overall uncertainties of phenological observationsA
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The population sampling and overall uncertainties at the population scale varied with the number of sampled 

trees (Fig. 6). With the increasing number of sampled trees, both the population sampling and overall 

uncertainties of phenological observations decreased for budburst (Fig. 6a) and leaf senescence (Fig. 6b). 

When observing three individual trees of a population, the population sampling uncertainty was about 10.5 

days and 19.1 days for budburst and leaf senescence, respectively. Adding the observer uncertainty, the overall 

uncertainty reached up to 19.7 days (budburst) and 37.6 days (leaf senescence). But when the number of 

observed trees reached 40, the population sampling and overall uncertainties respectively dropped to 2.5 days 

and 11.6 days for budburst, and 2.5 days and 21.0 days for leaf senescence. Current tree phenological studies 

use a median of 10 individual trees to determine the average phenological date of a population (Table 4). 

According to our calculations, the sampling uncertainty for this sample size is 5.6 days for budburst, and 9.6 

days for leaf senescence. Taking further into account the effect of the observer, the overall uncertainty reaches 

14.8 days for budburst (Fig. 6a) and 28.0 days for leaf senescence for this sample size (Fig. 6b).

 

Figure 6. The population sampling and overall uncertainties for different tree sample sizes, established for budburst 

(a) and leaf senescence (b).

4. Discussion

4.1 The observer uncertainty of phenological observations

We used data collected during seven phenological inter-calibration sessions to quantify the among-

observer variability in evaluating the progress of budburst and leaf senescence. The observer uncertainty was 

the largest in identifying intermediate stages (50% buds open or leaf senescence), and the lowest in identifying 

the beginning and the end stages (Fig. 3). It is reasonable to imagine a consensus in observing bound stages of A
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the spring and autumn phenophases, i.e., all buds closed or all buds open, and all leaves green or all leaves 

colored or fallen. Yet, the middle stages of the spring (BBCH= 7) and autumn (BBCH= 95) phenophases are 

usually selected as representative of the occurrence of these phenophases (Bruns et al., 2003, Cole & Sheldon, 

2017, Jochner et al., 2013), probably because they represent best the transitions from dormant to fully 

developed canopy. We found that the observer uncertainties for individual trees were about 8 days for budburst 

at BBCH=7 and 15 days for leaf senescence at BBCH=95 (Fig. 4). 

This “observer uncertainty” has multiple causes. First, the interpretation of phenological protocols often 

leaves room for subjectivity (Schaber, 2002). Second, there are real difficulties in observing the target 

morphological changes at the bud/leaf scale (i.e. buds opening, coloration of leaves) at a distance of several 

(tens of) meters in the tree crown, even with binoculars, or quantifying those changes at the scale of a tree 

crown (e.g. try to distinguish a 40% from a 50% opening of buds throughout a tree crown). These difficulties 

increase the probability of discrepancies among observers. 

Interestingly, we observed lower observer uncertainties on budburst, as compared to leaf senescence. 

First, the spreading of budburst within a tree crown occurs more rapidly (budburst progressed at an average 

speed of 14% per day, Fig. 5) than the coloration and shedding of leaves (leaf senescence progressed at an 

average rate of 4% per day), and we have found that uncertainty decreased with the speed of a phenophase (Fig. 

5). Second, the higher uncertainties in the evaluation of leaf senescence might stem from the higher subtlety of 

morphological and color changes occurring during leaf senescence. Indeed, the observation of budburst 

requires distinguishing the emergence of leaf tips from the bud (form change) when the observation of leaf 

senescence requires quantifying both changes in leaf color (that human eye perceives less precisely than form 

changes, Chuine & Régnière, 2017) and the percentage of leaves remaining in the canopy (eq. 1). Overall, this 

results in a lower quality of autumn phenology data, as compared to spring data, which may help to explain the 

less-accurate performance of autumn phenological models, when compared to spring phenological models 

(Delpierre et al., 2009, Vitasse et al., 2011, Yang et al., 2012). 

4.2 The population sampling uncertainty of phenological observation

As expected from basic statistical rules, the population sampling uncertainty of phenological 

observations decreased with the increasing sample size (Fig. 6). We found that a minimum sample size of 29 

(budburst) or 18 (leaf senescence) individuals (on average for all population-years) was necessary to estimate 

the population average date of the budburst or leaf senescence with an uncertainty of 3 (budburst) or 7 (leaf 

senescence) days, corresponding to the usual time resolution of phenological observation for these phenophases. 

Compared with these “ideal” sample sizes, we found that about 76% of the budburst and 81% of leaf A
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senescence studies collated in our literature survey used lower sample sizes (Table 1), with a median sample 

size of 10 individuals (Table 4). We thus suggest that researchers double (from 10 to 20) for leaf senescence 

and triple (from 10 to 30) for budburst, the sample sizes used in phenological studies. For budburst, our 

recommendation is in line with Schwartz et al. (2013) who proposed n= 30 as an adequate sample size. The 

population sampling uncertainty for a sample size of 10 was about 5.6 (~6) days for budburst and 9.6 (~10) 

days for leaf senescence. Obviously, the population sampling uncertainty related to the within-population 

variability of the phenological events owes to micro-environmental and genetic variations among trees (Rousi 

& Heinonen, 2007, Cole & Sheldon, 2017, Delpierre et al., 2017, Denéchère et al. 2021).

The combination of inter-observer and sampling uncertainty yielded overall uncertainties of two weeks 

(14.8 days) for budburst and one month (28.0 days) for leaf senescence, considering a sample size of 10 

individuals. The overall uncertainty for leaf senescence is nearly twice larger than that for budburst, implying 

again that spring phenological observations are more reliable than autumn phenological observations. 

Furthermore, and logically, the overall uncertainties of phenological observations decreased with the number of 

tree sampled. The observer uncertainty did not change with the sample size, contrary to the population 

sampling uncertainty (Fig. 7). Hence when the sample size was small, the population sampling uncertainty 

formed the largest part of the uncertainty; while the observer uncertainty became the main contributor to the 

overall uncertainty when the sample size increased (Fig. 7).

 

Figure 7. Examples of observer uncertainty and population sampling uncertainty varying with the observed 

number of sampled trees for the budburst date of Acer pseudoplatanus in 2014 at Wytham Woods (a) and leaf 

senescence date of Quercus petraea in 2011at Orsay (b).

4.3 Suggestions on how to reduce the uncertainty of phenological observations

We demonstrated that ground phenological observations of tree phenology are subject to high uncertainties. A
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However, the influence of such uncertainties on the calculation of phenological trends with time, or in 

establishing the response of phenological events to environmental variability remains to be quantified. We do 

not mean that all ground phenological data should be tarnished by an overall uncertainty of 14.8 days for 

budburst or 28.0 days for leaf senescence. These are maximum indicative uncertainty values that do not apply 

in the case of phenological data acquired over years by the same observer and over the same, be it small, 

number of trees, as long as they are representative of the population distribution of phenological dates (i.e., no 

bias to early or late individuals; Miller-Rushing et al., 2008). This is because (1) we expect an individual 

observer to be consistent with their own observations across years and (2) trees have a “phenological identity” 

that repeats from year to year (early vs. intermediate vs. late trees; Delpierre et al. 2017). Yet these uncertainty 

estimates should be considered when working with phenological data acquired over varying tree individuals 

across time and/or by different, not cross-checked, observers. 

Other means to obtain accurate phenological data do exist beside ground observation. Phenological indexes 

obtained from remote sensing, digital webcam or unmanned aerial vehicles (UAVs) may help solve the 

problem of observation subjectivity. But they have their own caveats, such as issues with the signal processing 

and the establishment of correspondences with ground phenological observations. Moreover, the challenge of 

mixed vegetation types remains a major limitation for remote sensing (Richardson et al., 2018b) and data 

derived from satellite still depend on ground-based measurements for validation (Fisher & Mustard, 2007, 

Hmimina et al., 2013, Soudani et al., 2008, Testa et al., 2018). The use of digital webcam and UAVs 

(Klosterman et al., 2018; Berra et al., 2019) to generate phenological data is still developing and data records 

are short as compared to ground phenological observations. Thus, to date, ground phenological observations 

remain central for the quantification and understanding of tree phenology. This is why the phenological 

community should make efforts to reduce the uncertainty of phenological observations in future observations 

campaigns. To this aim, we propose the following recommendations: 

(1) Converge to standardized and illustrated protocols in order to reduce the subjectivity of phenological 

observations (see e.g., Denny et al. (2014) for a detailed example). In order to minimize the inter-observer 

variability in the interpretation of protocols, very detailed and illustrated (with photographs) protocols should 

be used. Ideally, a unique phenological scale should be used in order to allow for cross-comparison across 

networks of observers. This is why the BBCH scale (Meier, 2001) was designed for herbaceous and tree crops, 

but its adaptation to forest trees is missing to date. An adaptation of the BBCH scale to forest trees would 

further require addressing the question of upscaling: indeed, scoring tree phenology requires scaling to the tree 

crown of observations conducted at the scale of the organ (e.g., what percentage of all buds present in the 

crown has reached a desired development stage).A
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(2) Promote the combination of camera-based with ground phenological observations. The objectivity 

and repeatability of the processing of camera images could help to constrain the subjectivity of human eye 

appreciations of phenological stages. Digital cameras have been used successfully in recent years for tracking 

phenological events (Klosterman et al., 2014, Richardson et al., 2018a, Zhang et al., 2018). This technology 

could provide a valuable support for ground phenological observations provided increased efforts on the 

comparability of both approaches. One way to proceed is to systematize ground observation campaigns at sites 

equipped with phenological cameras (e.g., Keenan et al., 2014, Delpierre et al., 2020). 

(3) Train observers and inter-calibrate them. Training the observers prior to data collection is critical to 

reduce the observer bias, which reached 8 days for budburst and 15 days for leaf senescence, and was the main 

source of phenological uncertainty (Fig. 6, 7) in our dataset acquired by professional scientists. Organizing 

inter-calibration sessions can be challenging if a large number of observers is concerned, but it is worth the 

effort. This is especially important for citizen science programs where limited training can lead to poor and 

unreliable data quality (Foster-Smith & Evans, 2003, Kosmala et al., 2016, MacKenzie et al., 2017), yet the 

return on investment is large since data recorded by trained citizen scientists are usually more accurate and 

precise than untrained professional observers (Fuccillo et al., 2015).

(4) An adequate number of individual trees must be monitored to ensure adequate sampling of a 

population. In order to reduce the sampling bias, future phenological observations should double or triple the 

number of trees observed. On the basis of our results, we recommend a minimum of about 30 trees for budburst 

and 20 trees for leaf senescence in order to get a precision of the same order as the usual time resolution of 

observations (3 days for spring, 7 days for autumn). We have not stressed here the role of the sampling 

frequency, but it is clear that degrading the sampling interval from twice a week in spring / once a week in 

autumn impacts the estimate of phenological dates (Schwartz et al., 2013; Miller-Rushing et al., 2008).
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