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Abstract This study examined the impact of weather-related
variables on flowering phenology in the Cornicabra olive tree
and constructed models based on linear and Poisson regres-
sion to forecast the onset and length of the pre-flowering and
flowering phenophases. Spain is the world’s leading olive oil
producer, and the Cornicabra variety is the second largest
Spanish variety in terms of surface area. However, there has
been little phenological research into this variety.
Phenological observations were made over a 5-year period
(2009-2013) at four sampling sites in the province of Toledo
(central Spain). Results showed that the onset of the pre-
flowering phase is governed largely by temperature, which
displayed a positive correlation with the temperature in the
start of dormancy (November) and a negative correlation dur-
ing the months prior to budburst (January, February and
March). A similar relationship was recorded for the onset of
flowering. Other weather-related variables, including solar ra-
diation and rainfall, also influenced the succession of olive
flowering phenophases. Linear models proved the most suit-
able for forecasting the onset and length of the pre-flowering
period and the onset of flowering. The onset and length of pre-
flowering can be predicted up to 1 or 2 months prior to
budburst, whilst the onset of flowering can be forecast up to
3 months beforehand. By contrast, a nonlinear model using
Poisson regression was best suited to predict the length of the
flowering period.
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Introduction

The plant life cycle is closely linked to local weather
conditions (Garcia-Mozo et al. 2009), and plant reproduc-
tive patterns—Ilike other processes related to vegetative
growth—reflect the degree of adaptation to the local cli-
mate (Chuine et al. 2000). Moreover, meteorological gra-
dients associated with geographical features of the terrain
give rise to variations in plant phenology (Oteros et al.
2013; Rojo and Pérez-Badia 2014). Phenological monitor-
ing can thus help to assess the biological changes taking
place as a response to climate variations (Chung et al.
2011; Kramer et al. 1996; Menzel et al. 2006).

Analysis of the relationship between weather-related vari-
ables and flowering phenology enables the construction of
models to predict the onset and length of various phases of
the plant life cycle (Orlandi et al. 2010). So-called thermal
models are based solely on temperature variations (Chuine
et al. 1998, 1999), whilst other models take into account a
wider range of variables, including rainfall, relative humidity
and photoperiod (Fornaciari et al. 1998; Galan et al. 2001a;
Pefuelas et al. 2004).

To understand the dynamics of the floral phenology of the
olive is important since the olive (Olea europaea L.) is a
species of considerable agricultural and economic interest,
particularly in terms of olive oil production. The
Mediterranean area accounts for 98 % of the world’s olive
groves. Spain is the world’s largest olive oil producer, and
the Spanish region of Castilla-La Mancha has the second larg-
est surface area of olive groves in Spain after Andalusia. The
most widely grown variety in this region is “Cornicabra”,
which is endemic to the central Iberian Peninsula and it is
the second largest Spanish variety in terms of surface area
after “Picual”, grown mainly in Andalusia. Cornicabra olive
trees, grown on 270,000 ha, yield a much sought-after oil rich
olive (Barranco and Rallo 2000).
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Knowledge of flowering phenology in key crops with ag-
ricultural importance such as the olive, and of the influence of
weather-related variables on the succession of phenophases, is
of great value for good crop management, enabling producers
to optimise irrigation, fertilisation, pruning and pest control,
amongst other things (Chmielewski 2003; Chung et al. 2011;
Garcia-Mozo 2011). Recent research, moreover, has focused
on olive phenology in terms of the allergenic capacity of this
crop (Bonofiglio et al. 2013), whose pollen is a major cause of
allergy in the Mediterranean area (Subiza et al. 2007).

A number of studies have reported that the weather-related
variable most influencing olive flowering is temperature dur-
ing the months prior to anthesis (Bonofiglio et al. 2008;
Orlandi et al. 2010; Osborne et al. 2000), and olive flowering
phenology has been modelled by various authors (De Melo-
Abreu et al. 2004; Galan et al. 2001a; Garcia-Mozo et al.
2009; Orlandi et al. 2009, 2010), taking into account the rela-
tionship between meteorological variables and successive
phases of the olive life cycle (Crepinsek et al. 2006; Ruml
etal. 2011).

A key consideration when constructing olive phenology
models is that such models can rarely be extrapolated be-
yond the area for which they were constructed, since
weather-related variables affect different varieties differently
(Ayerza and Sibbett 2001; Orlandi et al. 2002), and thus
phenological behaviour differs depending on the olive culti-
var (Alcala and Barranco 1992; Barranco et al. 2008). In
most growing areas, including central Spain, few studies of
Cornicabra olive phenology have investigated the relation-
ship between weather variables and either phenological
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observations in the field (Saenz-Lain et al. 2003) or aerobi-
ological data (Garcia-Mozo et al. 2008).

This study sought to analyse the influence of weather-
related variables on Cornicabra olive phenology and to con-
struct models based on linear and Poisson regression to predict
the onset and length of the pre-flowering and flowering
phenophases.

Materials and methods
Study area and phenological sampling

The study was carried out in the province of Toledo
(Castilla-La Mancha, central Spain). The area has a conti-
nental Mediterranean climate, characterised by marked sea-
sonal contrasts: winters are cold, and summers are hot and
dry; annual rainfall is between 350 and 600 mm. In Toledo
City, situated in the centre of the study area (Fig. 1), the
annual mean temperature is 15.4 °C; January is the coldest
month (mean 6.4 °C), and July the warmest, with a mean
temperature of 26.0 °C (INM 2008).

Phenological sampling was conducted at four sampling
sites in Cornicabra olive groves, in La Puebla de Montalban,
Toledo, Olias del Rey and Mascaraque (Table 1). The selected
sites are in the same area of Toledo, and they have the same
biogeographical characteristics and covered a range of alti-
tudes from 440 to 750 m (Fig. 1). Sampling was carried from
2009 to 2013, except in La Puebla de Montalban and Olias del
Rey, where sampling started in 2010.
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Table 1  Phenological sites in the study area. Sampling sites and
geographical characteristics

Site (code) Elevation  Coordinates Studied

(m.a.s.l.) period
La Puebla de 440 39°50°N,4°22°W 20102013
Montalban (LPue)

Toledo (To) 470 39°51°’N,3°59° W  2009-2013
Olias del Rey (Oli) 590 39°56°N,3°59°W  2010-2013
Mascaraque (Mas) 748 39°40° N,3°49°W  2009-2013

At each sampling site, flowering phenology was
monitored over the whole canopy of a total of 10 trees.
Observations were made weekly from the beginning of
March to the end of June, and every 3 days during the
flowering phase.

The phenophases used in the BBCH (Biologische
Bundesantalt, Bundessortenamt and Chemische Industrie)
scale for olive (Meier 2001) were adapted to a scale from 0
to 8 from dormancy to the start of fruiting, which marks the
end of flowering. Phenophases were grouped into the follow-
ing periods: dormancy: winter bud status (0/BBCH 50); pre-
flowering: swelling buds (1/BBCH 51), flower cluster devel-
opment (2/BBCH 54), petals just visible (3/BBCH 55) and
petals whitening (4/BBCH 59); flowering: appearance of sta-
mens (5/BBCH 60), full flowering (6/BBCH 65) and end of
flowering (7/BBCH 68); and fruiting: non-fertilised flowers
fallen and fruit set (8/BBCH 69).

Phenological data were processed using the Weighted
Plant Development (WPD) method, which yields a phe-
nological mean for the canopy as a whole and for all the
individuals in each population, taking into account the
percentage of buds or flowers on each tree during each
phenophase, since at any given moment, up to four dif-
ferent phenophases may simultaneously coincide on a sin-
gle tree. Following this method, the phenological devel-
opment is calculated by linear interpolation between the
values of two consecutives dates (Cornelius et al. 2011).
This data enables constant monitoring of the progress of
olive flower phenology (Rojo and Pérez-Badia 2014); the
start dates of each phenological period were defined as the
dates midway between phases (Cornelius et al. 2011)
(Fig. 2). Using the 0-8 scale indicated earlier, the onset
of pre-flowering was established as the date when 40—
50 % of buds were swollen (threshold 0.5); the onset of
flowering was considered when 15-35 % of flowers were
fully open (threshold 4.5) and at this point pre-flowering
finished; and the end of flowering was established as the
date by which only the last 5-10 % of flowers were open,
whilst 30-40 % had wilted and the rest were fruiting
(threshold 7.5). The results are comparable to those re-
ported by other authors, since phenophases were
established using similar criteria (Maillard 1975).

Weather data

Meteorological data were obtained from weather stations
close to phenological sampling sites (Fig. 1) belonging
to the Castilla-La Mancha Air Control and Monitoring
Network (http://pagina.jccm.es/medioambiente/rvca/
calidadaire.htm) and the Integrated Irrigation Advice
Network (SIAR, http://crea.uclm.es/siar/). The following
weather-related variables were analysed: maximum tem-
perature (Tmax), minimum temperature (Tmin), mean
temperature (Tm), solar radiation (SR), relative humidity
(RH) and accumulated rainfall (R). These variables were
calculated for months, seasons (DJF December—January—
February winter, MAM March—April-May spring) and
the periods from November and January to the onset
of both pre-flowering and flowering (Nov-PRE, Jan-
PRE, Nov-FLO, Jan-FLO), as well as during the pre-
flowering (PRE) and flowering periods (FLO).

Statistical analysis

Pearson and Spearman tests were used to test for corre-
lations between phenological data and weather variables,
depending the normality of the correlated variables (Zar
2010). This preliminary analysis enabled identification
of weather variables displaying some correlation with
reproductive phases in the olive life cycle (Orlandi
et al. 2010).

Linear regression models were constructed to predict
the onset and length of the pre-flowering and flowering
phases, by means of stepwise selection of weather var-
iables. Data for these variables fitted a normal distribu-
tion, thus enabling application of the linear model.
Regression models were constructed using data for the
years 2010 to 2013. Poisson regression models were
also constructed to predict the length of pre-flowering
and flowering phases (LengthPRE, LengthFLO), since
these variables were expressed as count data (number
of days) (Cameron and Trivedi 2013) and fitted a
Poisson distribution (checked using the Kolmogorov-
Smirnov test).

The validity of the models constructed was estimated
using the Akaike information criterion (AIC) based on
null models without independent variables which are
used only to assess the resulting models from the initial
AIC values. Models with the lowest AIC value were
selected to obtaining models displaying the greatest ac-
curacy and simplicity (Akaike 1974). Finally, models
were validated using data for 2009, and calculating dif-
ferences between predicted and observed data. Models
were constructed using R software (R Development
Core Team 2008).
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Fig. 2 Phenological development. The onset and end of the phenological phases were marked by the following thresholds: 0.5 onset of pre-flowering;

4.5 end of pre-flowering and onset of flowering; 7.5 end of flowering

Results
Phenological analysis

The onset of the pre-flowering period, marked by budburst,
was recorded between the second week in March and the third
week in April (72-109 Julian days (JD), Table 2). In 2009,
2011 and 2013, pre-flowering started earlier than in 2010,
whilst in 2012, it started later. This pattern was recorded for
all sampling sites (Fig. 2). Considerable year-to-year variation
was observed in the onset of pre-flowering.

Flowering started between the second week in May and the
second week in June (131-165 JD, Table 2); the mean length
of the flowering period was just 11+2 days (Table 2).
Flowering started earliest in 2009 and 2011.

The length of the olive pre-flowering and flowering
phases was similar in all years and at all sampling sites
(Fig. 2). Phenological development during the pre-
flowering phase was a long process, lasting a mean 57
+13 days (40-78 days, Table 2), but accelerating rapid-
ly over the days prior to the onset of flowering (Fig. 2).
Pre-flowering started early in 2013, and thus lasted lon-
gest (mean 75+6 days).

@ Springer

Correlations between phenology and weather-related
variables

Temperature was the weather variable that most significantly
influenced the start date and length of the phenophases studied
(Table 3). A positive correlation was observed between the
onset of the pre-flowering phase and maximum temperature
from the previous November to the onset of pre-flowering
(TmaxNov-PRE), i.e. for the dormancy phase. This indicates
that an increase in maximum temperature during dormancy
prompts delayed budburst in the olive. By contrast, a negative
correlation was observed between minimum and mean tem-
peratures in January, February and March (TminJan,
TminMar, TmJan, TmFeb) and the onset of the pre-
flowering phase. An inverse correlation was recorded between
temperatures during the pre-flowering phase (TmaxPRE,
TminPRE, TmPRE) and phenophase length (Table 3).

On the other hand, the onset of pre-flowering correlated pos-
itively with solar radiation during dormancy (SRNov-PRE) and
negatively with relative humidity (RHNov-PRE) (Table 3).

A negative correlation was observed between the flowering
onset and maximum and mean temperatures in February
(TmaxFeb, TmFeb), and also between flowering onset and
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Table 2 Onset data (day of year,

DOY standard deviation, SD) Data OnsetPRE LengthPRE OnsetFLO LengthFLO

and length (days+SD) of the (DOY=+SD) (days+SD) (DOY+SD) (days+SD)

pre-flowering (OnsetPRE,

LengthPRE) and flowering LPue2010 4 April (94+5) 50+5 24 May (144+1) 141

(OnsetFLO, LengthFLO) phases  LPue2011 16 March (75+5) 56+4 11 May (131+1) 1041

for the study area LPue2012 17 April (108+7) 40+7 28 May (149+1) 10+2
LPue2013 18 March (77+6) 71+4 28 May (148+2) 11+1
T02009 24 March (83+5) 5544 20 May (140+2) 14+2
To2010 3 April (93£6) 5445 27 May (147+3) 12+1
To2011 27 March (86+7) 49+5 15 May (135+3) 1142
To2012 18 April (109+8) 43+7 31 May (152+2) 6+2
To2013 18 March (77+5) 7442 31 May (151+4) 1242
012010 29 March (88+4) 603 28 May (148+3) 1342
0li2011 13 March (72+3) 6243 14 May (134+4) 1242
0li2012 14 April (105+7) 45+6 29 May (150+1) 8+1
012013 16 March (75+7) 7845 2 June (153+2) 12+1
Mas2009 23 March (82+3) 603 25 May (145+3) 1242
Mas2010 13 April (103+8) 5248 4 June (155+1) 13+1
Mas2011 23 March (82+4) 64+4 26 May (146+1) 9+1
Mas2012 18 April (109+7) 46+6 3 June (155+1) 11+1

LPue La Puebla de Montalban, 7o Mas2013 30 March (89+9) 75+9 14 June (165+1) 11«1

Toledo, Oli Olias del Rey, Mas Average 31 March (90+14) 57+13 27 May(147+8) 1142

Mascaraque

spring temperatures (TmaxMAM, TminMAM, TmMAM).
This indicates that a drop in February—May temperatures
prompts a delay in olive flowering. A negative correlation
was recorded between the length of the flowering period and
maximum temperatures from January to flowering onset
(TmaxJan-FLO) (Table 3). Flowering period length also cor-
related negatively with solar radiation in winter (SRDJF), but
positively with relative humidity in February (HRFeb).

Statistical models

Regression analysis (Table 4) revealed that the best linear
model for pre-flowering onset (L1, Table 4) accounted for
92 % of variance. The variables that influence this model were
mean temperature in January and February (TmJan, TmFeb)
with a coefficient of —5.1 and —3.8, respectively, maximum
temperature in November (TmaxNov) with a positive effect
on pre-flowering onset (coefficient of 3.3) and solar radiation
in January with a positive effect too (0.22SRJan).

A positive linear correlation was observed between pre-
flowering length and mean January temperature (TmJan), whilst
the correlation with maximum temperature from November to
pre-flowering onset (TmaxNov-PRE) was negative. This linear
model accounted for 77 % of variance in the length of the pre-
flowering period (L2, Table 4). The Poisson regression model
for this variable (P2, Table 4) highlights the positive nonlinear
relationship between minimum March temperature (TminMar)
and the length of the pre-flowering period.

The model obtained for flowering onset accounted for
87 % of variance (L3, Table 4). The variables included in
the equation were maximum temperature in February
(—4.4TmaxFeb) and accumulated rainfall in November, which
had a positive influence (0.1RNov).

In the linear regression model, the length of the flowering
period was negatively influenced by solar radiation in February,
which accounted for 63 % of variance in duration (L4, Table 4).
By contrast, the Poisson model (P4, Table 4) indicated a positive
nonlinear correlation between the flowering period length and
relative humidity in February (RHFeb).

Validation of models

In terms of the Akaike information criterion (Table 4), all the
models obtained proved statistically valid; however, not all
models guaranteed that the forecast would be accurate within
an acceptable range of error. Forecasts were validated using
data obtained in 2009 for Toledo (To2009) and Mascaraque
(Mas2009) (Fig. 3), which had not been used in constructing
the models.

The model for forecasting the onset of pre-flowering (L1,
Fig. 3) displayed a mean prediction error of 2.9 days. Since the
independent variables involved were linked to weather condi-
tions in November, January and February, this model would
enable the onset of pre-flowering to be accurately forecast in
March, i.e. 1 to 2 months prior to the actual start date. The best
model for forecasting the length of the pre-flowering period
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Table 3  Results of Pearson correlation test between phenological
variables and meteorological variables with a significance level of
»<0.01 and those included in the regression equations (»p<0.05)

OnsetPRE  LengthPRE  OnsetFLO  LengthFLO

TmaxNov 0.51%*

TmaxJan —0.59%*
TmaxFeb —0.82%**

TmaxMar —0.69%*

TmaxApr —0.78%**

TmaxMay —0.64%*

TmaxMAM —0.59** —().82%**
TmaxNov-PRE 0.68%* —0.70%*

TmaxJan-PRE —0.67**

TmaxPRE —0.91%**

TmaxJan-FLO —0.60**
TminJan —0.73%* 0.62**

TminFeb 0.67**
TminMar —0.77%%* 0.73%*

TminDJF —0.68**

TminMAM —0.66**

TminPRE —0.63%*

TmlJan —0.61** 0.66**

TmFeb —0.81%%* —0.65%*

TmApr —0.73%%*

TmMay —0.65%*

TmDJF —0.72%*

TmMAM —0.87%**

TmPRE —0.84%**

RNov 0.51%* —0.53*
RPRE 0.73**

SRJan 0.53* —0.58*
SRFeb —0.67**
SRMar 0.65%* —0.71**

SRDJF —0.63**
SRNov-PRE 0.72%* —0.69**

SRJan-PRE 0.77*%**  —0.70%*

RHFeb 0.65%*
RHMar —0.67** 0.79%**

RHNov-PRE —0.72%* 0.69**

RHJan-PRE 0.68**

For the variables TmaxMay, TmaxJan-PRE, TminFeb, RHFeb and
RHJan-PRE, the Spearman test was used due to the non-normality of
the data. Number of cases=18

Tmax maximum temperature, 7min minimum temperature, 7m mean
temperature, R rainfall, SR solar radiation, RH relative humidity, Nov
November, Dec December, Jan January, Feb February, Mar March, Apr
April, May May, DJF December—January—February, MAM March—
April-May, PRE pre-flowering phase, FLO flowering phase

£p<0.05; **p<0.01; **%p<0.001

was the linear model (L2, Fig. 3), which yielded a mean error
of 2.7 days.
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The model constructed to forecast flowering onset
displayed a mean error of 1.4 days. Moreover, on validation
the predicted value for Mascaraque in 2009 coincided with the
observed value (—0.1 days’ difference), suggesting that this
forecasting model was very accurate (L3, Fig. 3). Since the
variables influencing the forecast were linked to weather con-
ditions in February and November, this model would enable
the onset of flowering to be forecast in March, i.e. 2 to
3 months beforehand.

Finally, the best model for forecasting the length of the
flowering period, obtained by Poisson regression (P4,
Fig. 3), displayed a mean error of 1.7 days with respect to
observed data for 2009.

Discussion and conclusions

The average date of budburst, i.e. the onset of pre-flowering,
in Cornicabra olive groves coincided with the average date
reported for Picual groves (Aguilera and Ruiz 2009), and also
with the dates observed for the Italian varieties “Ascolana”
and “Giarraffa” (Orlandi et al. 2002, 2004). All varieties dis-
play considerable year-to-year variations in the timing of pre-
flowering onset depending on weather conditions. The
flowering period in the Mediterranean area generally starts
between April and June (Fornaciari et al. 2000; Orlandi et al.
2010); Cornicabra olives, a late cycle variety (Barranco et al.
2008) flower in late May and early June in Toledo province.
Budburst, marking the onset of the pre-flowering phase, is
governed largely by temperatures during autumn and winter,
when the chilling requirements ensuring bud induction are
reached (Garcia-Mozo et al. 2010; Orlandi et al. 2010). At
the start of dormancy, low temperatures are needed for floral
bud development (Denney et al. 1985; Rallo and Martin
1991), because after exposure to low winter temperatures, a
variation of endogenous inhibitors and promoters such as gib-
berellins, abscisic acid and other substances leads to the dif-
ferentiation of floral buds (Badr et al. 1970; Baktir et al. 2004;
Hartmann et al. 1967). In this period of dormancy, prior to
differentiation of flower buds, variations in the content of the
starch of the buds are also produced (De la Rosa et al. 2000).
Temperature plays an important role in the transition from
vegetative meristem to floral meristem. Plants must ensure
that the winter is over to bloom. In the months prior to
budburst, increased temperatures are required to bring buds
out of dormancy; an increase in temperature produces a great-
er photosynthetic and metabolic activity leading to the activa-
tion of the flower buds (Cesaraccio et al. 2004). Another var-
iable that affects the regulation of the processes that lead to the
initiation of the pre-flowering is the relative humidity. This
variable has a negative effect on the maximum temperature
(Dessens and Biicher 1995). Higher humidity during winter
implies lower maximum temperatures that will allow the
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Table 4 Models for forecasting phenological parameters (start dates and length)
Code Model AIC R?
Onset of pre-flowering L1 (Null model: OnsetPRE=89.69) 131.30
OnsetPRE=68.65—5.18TmJan—3.75TmFeb+3.27TmaxNov+0.22SRJan 99.73 0.92
Length of pre-flowering L2 (Null model: LengthPRE=57.44) 128.39
LengthPRE=100.79+7.47TmJan—6.41 TmaxNov-PRE 108.61 0.77
P2 (Null model: Log(LengthPRE)=4.05) 134.33
Log(LengthPRE)=3.59+0.12TminMar 114.07
Onset of flowering L3 (Null model: OnsetFLO=147.00) 117.78
OnsetFLO=196.82—4.36TmaxFeb+0.13RNov 89.54 0.87
Length of flowering L4 (Null model: LengthFLO=10.94) 70.80
LengthFLO=20.44—0.07SRFeb 56.94 0.63
P4 (Null model: Log(LengthFLO)=2.39) 75.63
Log (LengthFLO)=1.39+0.01RHFeb 74.10

Null models are regression models without independent variables, which are shown for the purpose of comparing the Akaike information criterion with

that of the models obtained

L linear model, P Poisson regression model

chilling requirements necessary for the subsequent differenti-
ation of flower buds.

Regarding the onset of flowering, the weather-related
factor most influencing was temperature over the
months prior to flowering. Similar findings have been
reported by other authors (e.g. Bonofiglio et al. 2008;
Garcia-Mozo et al. 2010; Orlandi et al. 2010).
Specifically, the results indicate that a drop in tempera-
ture between February and the onset of flowering was
found to prompt a delay in flowering onset. This effect,
as mentioned previously, is due to the need of heat
accumulation for the olive tree to break latency (Alba
and de la Diaz Guardia 1998; Bonofiglio et al. 2008;
Galan et al. 2001b). Also, once the development of the
flower buds starts, photosynthetic rate generally in-
creases with increasing temperature (Pallardy 2008).
Therefore, an increased in the metabolic activity causes
faster development of olive floral structures.

Although temperature was the weather-related vari-
able most influencing the onset and duration of olive
pre-flowering and flowering, as reported by other au-
thors (Orlandi et al. 2004, 2010), solar radiation also
exerted some effect: increased solar radiation during
dormancy contributed to a delay in pre-flowering onset.
Solar radiation influences the rate of photosynthesis and
the distribution of nutrients within the tree, thus affect-
ing reproductive phenology (Atwell et al. 1999; Privé
et al. 1993) and, in this case, budburst. Sunlight also
has an indirect effect on temperature, which may ex-
plain why an increase during dormancy prompts a delay
in budburst.

Our results show that rainfall at the start of dormancy
produces a delay on flowering onset; the same has been

documented by Aguilera et al. (2014). Connor and
Fereres (2005) demonstrated that, in olive groves locat-
ed in South America where there is no vernalisation,
water stress that occurs during dormancy seems to have
a similar effect to that produced by low temperatures in
the Mediterranean area. Therefore, the lack of rainfall,
the same as the accumulation of low temperatures,
would advance the onset of flowering and the opposite
conditions the delay.

Data obtained here for the length of the pre-flowering
and flowering periods were similar to those reported for
Picual olives (Aguilera and Ruiz 2009), confirming that
these two varieties share similar phenological behaviour
despite differences in the timing of flowering onset.

In selecting models for forecasting the timing of the
various olive phenophases, the Akaike information cri-
terion was used to identify the most statistically suitable
model (Akaike 1974). Given the continuous nature of
the variables of pre-flowering and flowering onset, the
best models were based on linear regression, which also
yielded the most accurate model for predicting the
length of the pre-flowering period, as confirmed by val-
idation using independent data. However, the most ac-
curate forecast of flowering period length was provided
by the Poisson model since this variable was expressed
as count data (number of days) and covers a small
number of values (Cameron and Trivedi 2013; Hardin
and Hilbe 2007).

Two key considerations when applying and assessing
predictive models are the accuracy achieved and how
far in advance they allow a given event to be forecast
(Ruml et al. 2011). Models performing well in these
respects are of enormous value in improving olive crop
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To2009 Mas2009 Average error
Model | Predicted Error Observed | Predicted Error Observed (days)
Onset of pre-flowering L1 80.9 -2.1 83 85.8 +3.8 82 2.94
. L2 56.2 +1.2 55 55.9 -4.1 60 2.66
Length of pre-flowering
P2 59.0 +4.0 55 51.0 -9.0 60 6.52
Onset of flowering L3 137.3 2.7 140 144.9 -0.1 145 1.42
. L4 9.9 -4.1 14 10.5 -1.5 12 2.82
Length of flowering
P4 11.9 -2.1 14 10.8 -1.2 12 1.65

Fig.3 Observed and predicted values for start dates (day of year, DOY) and length (days) of pre-flowering and flowering phases for independent study
data (To2009 Toledo year 2009; Mas2009 Mascaraque year 2009). The average error is calculated with the absolute value of the errors in both cases

management in major production areas. The findings of
the present study have a number of highly practical
direct applications, in that they indicate—several months
before the event—the optimum timing of certain agri-
cultural operations (Chmielewski 2003) such as pruning,
pest control and fertilisation, thus enhancing the efficacy
of treatments and optimising resource use.

The model obtained here for forecasting the date of
pre-flowering onset allows this event to be predicted
accurately between 1 and 2 months beforehand, and is
thus of great value for decision-making. In some cases,
the addition of essential nutrients to support the pre-
flowering is necessary, and these nutrients must be in-
corporated in a given date (Delgado et al. 1994;
Fernandez-Escobar et al. 2004; Guerrero 2002). This
period can be forecast accurately using the pre-
flowering time model, in order to optimise treatment.

@ Springer

On the other hand, the ability to forecast olive
flowering onset 2—-3 months prior to the event is partic-
ularly useful for planning pruning operations (Gucci and
Cantini 2000) and for improving the efficacy of treat-
ments aimed at controlling the pests that attack floral
tissues which are synchronised with the olive biological
cycle. For instance, in the case of the olive moth (Prays
oleae) (Civantos 1998; Kumral et al. 2005), the opti-
mum time for treatment is during the first few days of
flowering, when larvae are at their most vulnerable.

In addition to these crop management applications,
the findings of this study are of value in forecasting
events of allergy, given that olive pollen is considered
highly allergenic (Subiza et al. 2007). Using the models
obtained here, the periods of greatest risk to allergy
sufferers in central Spain can be identified 2—3 months
in advance.
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