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Abstract. The Piire orchard is one of the oldest apple orchards in the Baltic, where thousands of varieties of fruit
trees from throughout the world are grown and tested. Over time, a huge knowledge base has been accumulated,
but most of the observational data are stored in archives in paper format. We have digitized a small part of the
full flowering phenological data of apple trees (Malus domestica) over the period of 1959 to 2019 for 17 varieties
of apple trees, a significant step for horticulture and agricultural economics in Latvia. Climate change has led to
significant changes in the phenology of apple trees as all varieties, autumn, summer and winter, have begun to
flower earlier: from 2002 to 2019, on average full flowering was recorded to have taken place around 21 May,
whereas for the period 1959-1967 it occurred around 27-28 May.

To develop better-quality phenological predictions and to take account of the fragmentary nature of pheno-
logical data, in our study we assessed the performance of three meteorological data sets — gridded observation
data from E-OBS, ERA5-Land reanalysis data and direct observations from a distant meteorological station — in
simple phenological degree-day models. In the first approximation, the gridded E-OBS data set performs best in

our phenological model.

1 Introduction

Agriculture, including horticulture, plays an important role
in the economy of Latvia and Europe as a whole. Ongo-
ing and predicted climate change has had and will have
a significant impact on agricultural management, policies,
yields and, of course, phenology. Phenological changes in
the growth period of the varieties of apple tree (Malus do-
mestica) studied have been recorded in eastern and northern
Europe (Kalvane, 2011; Rivero et al., 2017; Romanovskaja
and BakSiené, 2020; Woznicki et al., 2019; Kondratenko
and Kondratenko, 2015), where the present study area is lo-
cated, as well elsewhere in Europe and throughout the world
(Chmielewski et al., 2004; Legave et al., 2008; Menzel et al.,
2020; Miller-Rushing et al., 2007).

In the study we have (1) digitized a small part of the full
flowering phenological data of apple trees (Malus domestica)
over the period from 1959 to 2019 for the Pure orchard, one
of the oldest apple orchards in the Baltics; (2) described phe-
nological trends for 17 apple varieties in Latvia, classifying
them according to their harvesting maturity: summer, autumn
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and winter apple varieties; (3) assessed (with the understand-
ing that the main driver of flowering is meteorological pa-
rameters) three sets of meteorological data (gridded E-OBS,
ERAS5-Land reanalysis and direct meteorological observa-
tions) in phenological models.

Horticulture in Latvia has immense potential, provides in-
formation on the impact of climate change, including for
modelling of future climate scenarios based on phenologi-
cal data, and can contribute to the further development of the
Latvian economy.

2 Data and methods

This study uses data on apple phenology collected and com-
piled by researchers of the Piire Horticultural Research Cen-
tre from 1959 to 2019 (consisting of field notes and reports
through 2002, including data gaps; after 2002 data recorded
digitally). The full flowering phase was recorded when 80 %
all flowers are open examining the state of up to 5 trees for
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each cultivar. The observations are along a transect every two
to three days.

Full flowering phenology of 17 apple cultivars, which
were classified according to the readiness of fruit harvest,
summer, autumn and winter apple cultivars.

The data set however was not a complete time series — it
has two major gaps from 1968 to 1975 and 1988 to 2001.
The breaks in data series were due to political reasons, and
changes in the authorities responsible for Pare orchard. We
grouped the available observations into three sub-periods: I,
1959-1967; 11, 1976-1987; 111, 2002-2019. Data processing
was done in the R environment (R Core Team, 2020), par-
ticularly using the tidyverse set of packages (Wickham et al.,
2019).

The direct meteorological observations (air temperature)
were obtained from the Stende Meteorological Station (data
source: Latvian Environment, Geology and Meteorology
Centre). In addition the E-OBS grided meteorological dataset
(Cornes et al., 2018), version 21.0e and ERAS5-Land reanal-
ysis (Muifioz Sabater, 2019) for the orchard location was ex-
amined.

The results of the two model fitting scenarios are presented
here. First, we compared three sources of 2m air temper-
ature: gridded daily temperature from the E-OBS data set
version 21.0e (Cornes et al., 2018), ERA5-Land reanalysis
(Muiioz Sabater, 2019) and direct observations from nearest
meteorological station located at Stende, about 25 km NW of
the Pure orchard. Full flowering dates of four apple tree vari-
eties with the most overlapping observations (18) were used.
We considered observations from 1981 to 2019, excluding
2010 to 2012, when data from the Stende station were not
available.

Second, we examined the air temperature data sources
to find that which yielded the best results for estimation of
model parameters for full flowering dates and the full set of
available phenological data, regardless of variety.

A simple degree-day phenological model was used assum-
ing the sinusoidal fluctuation of daily temperature, largely
following the methodology used by Kalvans et al. (2015).
The phase onset was expected to take place upon reaching the
sum of a certain active temperature (above base temperature
Ty,) — degree-days (DD) — accumulated from 1 January of the
respective year (see Kalvans et al., 2015, DDcos model de-
scription for more details). For each modelling scenario, 100
instances of the GenSA calibration algorithm (Xiang et al.,
2013) with random initial parameters in the R environment
(R Core Team, 2020) were invoked using approximately half
of the randomly sampled observation data for model calibra-
tion and the other half for model skill estimation. The model
was optimized for the root mean squared error (RMSE). In
addition, mean error (MA) and mean absolute error (MAE)
were calculated.
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3 Results

3.1 Phenological changes of Malus domestica

Changes in meteorological parameters in Latvia have had
an impact on both wild and crop phenology (Kalvane and
Kalvans, 2021) including at the Pare orchard. Air tempera-
tures in Latvia increased by 0.7 °C between 1961 and 2010;
the most significant changes were found for the winter and
spring seasons (Avotniece et al., 2017), which have had the
most direct impact on plants’ phenological development. For
the reference period from 1981 to 2010 the average air tem-
perature was 6.37 °C with warming trend of 0.4°C in 10
years. The average precipitation was 671 mm/yr and rather
evenly spread across the seasons. The average spring (March,
April, May) temperature was 5.2°C, with warming trend
about 0.2 °C in 10 years. The coldest month on average was
February (—2.91 °C), while July was the warmest (17.3 °C).
The changes in precipitation regime are rather obscure.

Although apple ripening times vary by cultivar, the full
flowering time for all varieties occurs almost simultaneously:
in the last week of May, over an interval of 4-5 d. Comparing
the median full flowering dates in the sub-periods, it appears
that in recent decades, the full flowering of apple trees has
taken place earlier: the full flowering took place on 28 May
(148 d of the year) in the first sub-period (1959-1967), while
it took place on 21 May (142d of the year) for 2002-2019
(Fig. 1).

There was large year to year variation of full bloom dates,
particularly, warmest years stand out from the average, as ob-
served elsewhere as well (Miller-Rushing et al., 2007). Sig-
nificant long-term changes have been observed. The trend of
earlier full flowering is noted across all apple varieties, and
in the last period (2002-2019), it is much more pronounced:
the change (slope value) is —0.32 d/yr (p-value < 0.001).

Plant development in the territory of Latvia is mainly
driven by air temperature as well as precipitation regime. We
performed a correlation analysis of monthly average air tem-
perature and precipitation amount with full flowering times.
Although apple flowering at the Piire orchard occur in May,
full flowering is even affected by the March temperature
regime (for some winter varieties), although obviously the
April and May temperature regimes play a greater role.

The chilling effects on apple tree flowering was not ex-
amined, however, no significant impact of delayed chilling
on spring phenology of bird cherry (Padus racemosa) — a
species in the same family as apple tree — in the study re-
gion was found previously (Kalvans et al., 2015). Given the
prevalence of moderate (around freezing) temperatures dur-
ing autumn and winter it is unlikely that the inadequate chill-
ing would influence the spring phenology.
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Figure 1. Short- and long-term fluctuations in full flowering of Malus domestica at the Pure orchard (1959-2019). Circles — observations
of different varieties; horizontal lines — median values for each sub-period; gaps in data set are due to lack of observations for specific time

periods.
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Figure 2. Results of model calibration ensemble for four apple tree varieties (Jelgavas vasaras, Krapes cukurins, Melba and Parastais cukurins
— all summer apples) with the most overlapping observations and three air temperature data sources: MAE — mean absolute error; ME — mean
error; RMSE — root mean squared error. Model was calibrated to minimise the RMSE.

3.2 Phenological modelling for orchard

We performed an application-driven comparison of three me-
teorological data sources: E-OBS, ERA-5-Land and temper-
ature observations from the 25 km distant meteorological sta-
tion at Stende. The phenological model driven by the E-OBS
daily minimum and maximum temperature performed better
in term of RMSE, MAE and ME than the same model driven
by other data sources.

The difference between the median RMSE for three me-
teorological data sources was up to 1.3d or 22 %, and the
E-OBS data set outperformed the ERAS-Land observations
from nearby Stende meteorological station (Fig. 2).

We found that the most appropriate base temperature
(Ty) for the phenological degree-day model, assuming si-
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nusoidal distribution of daily temperature (see the DDcos
model of Kalvans et al., 2015, for more details), was between
2.6 to 5.0°C, with temperature sum of 300 to 203 degree-
days (Fig. 3). Applying the model to full data set the least
RMSE was obtained with base temperature (73,) 3.1 °C and
281 degree-days (DD).

4 Discussion and conclusions

Changes in the phenology of fruit trees are found across Eu-
rope — bud development, leafing and flowering are starting
earlier, extending the growing season (European Environ-
ment Agency, 2017; Fujisawa and Kobayashi, 2010; Legave
et al., 2015).
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Figure 3. Distribution of fitted model parameters (7}, — base tem-
perature and DD — degree-days) and associated RMSE (root mean
squared error): results from individual calibration runs using ran-
domly selected half of the observations for model calibration and
the other half for validation.

The phenology of apple tree flowering at the Piire orchard,
Latvia, has changed significantly — the full flowering phase
for the 17 most horticulturally and economically important
species began earlier in recent decades than at the beginning
of the observation period, in the 1960s (in the period from
2002 to 2019, the slope value is —0.32 d/yr). Considering that
the location of the orchard and the observation methodology
have not changed, we can assume that the most important
influencing factor is climate change.

It is well established that air temperature is the main driv-
ing factor in spring phenology (Chmielewski et al., 2004;
Woznicki et al., 2019). We tested three meteorological data
sources — E-OBS gridded observation data, ERAS-Land re-
analysis data and meteorological station data — to see which
would yield the most accurate phenological model. All these
datasets have previously been used in phenological models
(for example, ERAS reanalysis by Oses et al., 2020; Stockli
et al., 2011 and E-OBS by Czernecki et al., 2018; Wang et
al., 2016). We obtained best results using the E-OBS gridded
meteorological data set. However, our analysis was limited
to a single site using only the daily minimum and maximum
temperature, not considering precipitation. Thus, the finding
is not universal, however it provides guidance for future work
for selecting data sources for meteorology-driven spatially
distributed modelling tasks.

We found that, for the phenological degree-day model of
apple tree full flowering, the optimal base temperature (7p)
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was 3.1 °C and cumulative heat sum (DD) 281 degree-days.
However base temperature values between 2.6 and 5.0°C
(corresponding to 300 and 203 degree-days) produced com-
parably good results. The obtained results allow for better
assessment of the impact of climate change and for better
modelling of future climate scenarios and can contribute to
the development of adaptation mechanisms and strategies in
the context of climate change.

Code and data availability. The examined apple tree flowering
phenology data and R-script is available at Zenodo repository
(Drudze et al., 2021).
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