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Abstract

Quercuspollen and meteorological data for several years from eight sites in Spain have been statistically analysed to select
the threshold temperature and calculate the mean heat accumulation for predictihgethaspollination start in different
climatic areas. The growing degree days method, which assumes the daily temperature varies as a sine wave, was used for hee
accumulation calculations. Threshold temperatures between 4 &@Miere chosen using linear regression equations forced
through the origin and their root mean square error (RMSE) of predicted against the observed dates for each observation
site. Above the threshold, the average growing degree days (up to 1999) for the studied years was taken as the predictor
value. Results showed a relationship between the selected threshold and elevation and a stronger and statistically significant
correlation between threshold and yearly mean temperature, for each site. Regression analysis indicated that the selectec
threshold and the calculated heat accumulation were optimum for most of the localities. The validity of the results was tested
using the meteorological data for the year 2000 as independent variable and this confirmed that there were only a few days
difference between the predicted and observed day of the first pollen release for most of the studied localities. © 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Adaptation of phenology to temperature is a topic
"+ Corresponding author. Tel+34-957-218-719: that is receiving increasing atten.uon (Hari and Hakki-
fax: +34-957-218-598. nen, 1991; Schwartz, 1999; Wielgolasky, 1999). In
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0168-1923/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.
PIl: S0168-1923(02)00003-5



248 H. Garda-Mozo et al./Agricultural and Forest Meteorology 110 (2002) 247-257

of vegetative and reproductive organs may vary cannot be used as a diagnostic trait for distinguishing
greatly both between and within the species (Larcher, between the species as they are stenopalinous which
1995; Snyder et al., 1999). In areas with non-tropical means they share the same morphological character-
climates, such as the Iberian peninsula, a number istics when viewed through a microscope. The main
of different climatic factors (including photoperiod, pollination period is in early spring, although it varies
rainfall and evapotranspiration) affect tree blooming. depending on the species, the zone, and the annual
Temperature seems to be the factor which most influ- climatic characteristics. Oaks are of great ecological
ences the timing of flowering in early-spring-flowering importance, being dominant species in three of the
tree species (Faust, 1989; Hunter and Lechowicz, main Iberian ecosystems (Roda et al., 1999): (1) in
1992; Heide, 1993; Frenguelli and Bricchi, 1998; the Mediterranean forest, with evergreen species such
Garda-Mozo et al.,, 2000; Galan et al., 2001). To as cork-oak Quercus subet..), holm-oaks Q. ilex
forecast the start of pollination it is necessary to con- subspilexL. andQ. ilexsubspballota(Desf.) Samp.),
sider when the plant begins to accumulate heat units and with deciduous species including gall oa®. (
(also known as growing degree days), and how much faginealL.) andQ. canariensidVilld in the wetter ar-
it requires. eas of this forest; (2) in the 11 “dehesa”, a semi-natural
The problems involved in estimating the best thresh- landscape for animal breeding which takes up large
old temperature for plant development in a range of areas of the lberian territorQ. ilex subsp.ballota is
climates have been discussed for several years boththe most abundant arboreal species; (3) finally, in the
in agronomy and botany, and more recently in pheno- oak forests in the north of the peninsula (where the
logy and aerobiology. Threshold temperatures actu- continental climate in some areas reflects Eurosiberian
ally vary according to several factors in both, the plant influences), predominat®uercusdeciduous species
and the environment (Snyder et al., 1999; Chuine such as the oald. roburL.), Q. pyrenaicaWilld, Q.
and Cour, 1999; Wielgolasky, 1999). In addition, in faginea Q. humilisMiller and Q. canariensis
recent years a slight increase has been recorded in The study of Quercus airborne pollen and its
global mean temperatures, which are expected to riserelationship with fruit production is great economic
by 1.5-4.5 C by the year 2030, and this increase is importance in Spain (Galan et al., 2000), given the
predicted to be greatest at high latitudes during winter earlier-mentioned widespread distribution of these
(Boer et al., 1990). One of the crucial consequences species and the importance of their fruits for ani-
will be a disturbance in the annual cycle of plants mal breeding and conservation ecology (Cecich and
(Hari and Hakkinen, 1991). Aerobiology is an inter- Sullivan, 1999; Roda et al., 1999). On the other
esting tool to study the reproductive phenology in hand, although it is traditionally assumed that Eu-
anemophilous species. Recent studies in aerobiologyropeanQuercuspollen has a low allergenic effect,
show that over the last 20 years the pollen seasonallergic sensitisation has yet to be fully clarified.
of some tree species has started substantially earlierRecent studies consider this pollen type responsible
in response to the recent warmer springs (Emberlin for some cases of allergy in areas with abundant
et al., 1997; Corden and Millington, 1999). Quercus vegetation. (Subiza et al., 1987; Negrini
The effects of temperature on oak pollen season and Arobba, 1992; Ross et al., 1996; Butland et al.,
start dates were studied at eight different locali- 1997).
ties (Barcelona, Cérdoba, Granada, Madrid, Malaga, The present paper reports on geographical varia-
Ledn, Priego and Santiago) in Spain. There are 10 tions in the start of th€uercuspollen season, deter-
indigenousQuercusspecies in Spain, all of which  mining the most accurate threshold temperature and
are anemophilous trees and shrubs widely distributed the heat accumulation required in different sites in
throughout the climatic zones of the country. They Spain. Several methods have been used in plant pheno-
produce and release considerable amounts of pollenlogy to find the best starting date and the best thresh-
grains (Tormo et al., 1996) that are recorded in large old temperature for growth (Zalom et al., 1983; Alcala
guantities by a high number of Spanish aerobiology and Barranco, 1992; Yang et al., 1995; Snyder et al.,
centres (Belmonte and Roure, 1991; Gai®lozo 1999; Garea-Mozo et al., 2000; Galan et al., 2001).
et al., 1999). The pollen grains duercusgenus In the present study, growing degree dais)(were
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calculated following the method proposed by Snyder
in 1985 from 1 January to the pollen start date every
year (from 1982 in the case of Cordoba and from
either 1992, 1993 or 1994 for other sites) above the
different thresholds. The threshold temperature of the
series ofD° with the lowest root mean square error

(RMSE) and the best linear regression forced through
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curve as follows:

D° =0, for . > Ty

D° l[ah—ru(%—GQ+Rcwwn]

e
forTy > TL > Tn

the origin between observed and predicted dates, waswhere

chosen as the most appropriate threshold temperature

for each area.

2. Materials and methods

Quercuspollen data from eight cities (Barcelona,
Coérdoba, Granada, Madrid, Malaga, Leén, Priego and
Santiago) situated in different climatic zones of Spain
were used in this study. In all these sites, pollen traps
were maintained by aerobiology centres that belong
to the Spanish Aerobiology Network (Red Espafiola
de Aerobiologa, REA) and take part in nationally
co-ordinated research projects to develop predictive
models for the occurrence of pollen and spores in
the atmosphere. Pollen data were recorded using
Hirst volumetric traps (Hirst, 1952) located about
15m above ground level. The pollen was counted
under light microscopy. Data management proce-
dures were the same at all sites, and followed the
rules proposed by Domguez-Vilches et al., 1992.
The start of the pollen season was defined as the
first day on which one pollen grainfiwas reached,
with subsequent days containing one or more pollen

-1
K . — T,
191=Y (TL m)
R

R =3 (T} — Tn)

D°=Tm—T., forTL. < Tn
whereTy, Ty, Tm andT, are the maximum, minimum,
mean and threshold temperature, respectivelyriisd
daily temperature range.

The most accurate threshold temperature was cho-
sen for each zone, taking into account:

e The best linear model through the origin in the
regression analysis. The observed against the pre-
dicted dates for all the tested threshold temperatures
were analysed.

e The lowest RSME of the predicteds) minus the
observed d) days for all the studied years)(

(dp—d)?
ERMSE = 4/ —

For identifying patterns in the time series data trend

grains/n? (Garda-Mozo et al., 1999, 2000). Data @analysis was used. The trend analysis was estimated
were available from either 1992, 1993, 1994 (de- DY the least squares method that calculates the linear
pending on the sites) to 2000, and from 1982 to 2000 equation which best fitted to the data. STATISTICA
(except for 1989) in the case of the city of Cérdoba a@nd SPSS for Windows 98 were the statistical com-
(Table 1). puter programs used for this work.

National weather centres supplied the meteorolog-
ical data used in this study. Heat accumulation before
the flowering period for each year was calculated 3. Results
using maximum, mean and minimum daily tempera-
ture data. Heat units are expressedih where 1D° The Quercus pollen season start date variation
is equal to TC above threshold temperature over among studied years at the different sites is repre-
24 h (Snyder, 1985). To determine the most accurate sented in Fig. 1. There is not a locality where the
threshold temperature for heat accumulation at each Quercuspollen season start firstly in all the studied
site a wide range of possible thresholds were tested years, although the cities situated in the southern part
(from 4 to 12°C). TheD* calculations were made us- of the peninsula tend to be the earliest. However, the
ing a sine wave to approximate the daily temperature year 1997 stands out because seven of the eight sites



Table 1

Site characteristics: geographical setting in the peninsula, elevation (metres above sea level), coordinates, mean air temperature, average annual rainfall in millimetres, years
of analysed data and the studied period and Quercus species present at each site

Zone Site Elevation Coordinates Mean air Mean annual Years of data Quercus species
(m) temperature (°C) rainfall (mm) (studied period)

Northwest Santiago 270 42°53'N, 8°32'W 12.9 1288 8 years (1993-2000) Q. robur L., Q. pyrenaica Willd

Northeast Barcelona 90 41°24'N, 2°9'E 16.5 595 7 years (1994-2000) Q. ilex subsp. ilex L., Q. humilis
Miller, Q. coccifera L., Q. suber L.

Center Ledn 830 42°34'N, 5°35'W 10.0 550 7 years (1994-2000) Q. ilex subsp ballota Desf,
Samp. Q. ovrenaica Willd,
Q. fainea Lamk

Center Madrid 600 40°27'N, 3°45'W 14.0 440 8 years (1993-2000) Q. ilex subsp. ballota Desf,
Samp Q. pyrenaica Willd, Q.
coccifera L., Q. fanea Lamk

South Cordoba 123 37°50'N, 4°45'W 18.0 600 18 years (1982-1989, Q. ilex subsp. ballota Desf, Samp

1990-2000) Q. coccifera L., Q. suber L.

South Priego 650 37°26'N, 4°11'W 14.4 650 7 years (1994-2000) Q. ilex subsp. ballota Desf,
Samp Q. coccifera L.

South Granada 685 37°11'N, 3°35'W 15.1 400 9 years (1992-2000) Q. ilex subsp. ballota Desf, Samp
Q. coccifera L., Q. suber L.

South Mailaga 5 36°47'N, 4°19W 18.0 575 9 years (1992-2000) Q. ilex subsp. ballota Desf, Samp

Q. coccifera L., Q. suber L.
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recorded the earliest start dates of the observation pe-
riod. The variation was plotted in three graphs repre-
senting the different sites grouped according to similar
start-date patterns. Fig. la provides start-dates from
Ledn and Madrid (inland north and central, respec-
tively). Of the different species present in these areas
(Table 1),Q. ilex subspballota is the first species of
flower. These sites displayed the latest start dates and
the greatest year to year variation. The difference be-
tween the earliest and the latest date is 47 days, (S.D.
7.7) in Ledn, and 37 days (S.D. 11) in Madrid. Fig. 1b
presents data for Cordoba, Priego and Granada. These
are in southern Spain, where the most abundant species
is the early-spring-flowering. ilex subsp.ballota.

The maximum differences are, 29 days (S.D. 11.8)
in Cordoba, 30 days (S.D. 11.8) in Priego and 20
days (S.D. 7.2) in Granada. Fig. 1c shows the coastal
cities of Malaga, Barcelona and Santiago, where to-
tally different species are present. The species, which
flower earliest, are. ilex subsp.ballota in Malaga,

Q. humilisin Barcelona andQ. robur in Santiago.

In these cases, even for different species, smoother
curves with a very similar pattern are observed. The
maximum differences are, 20 days (S.D. 7) in Malaga,
23 days (S.D. 7) in Barcelona and 26 (S.D. 7) in
Santiago.

In Fig. 1, the trend over the years is plotted for each
site. In all the localities (except for Barcelona) the reg-
ression equations present a negative slope coefficient
which indicates that the start of the flowering season
tend to be earlier in the later years. This characteristic
is more evident for Madrid, Priego and Granada, all
inland localities (data plotted in graphs a and b). The
R2-coefficients are not high because the start dates
varied among years, and logically, they are not well
adjusted to a linear model.

A wide range of possible threshold temperatures
(from 4 to 12°C) was tested, using intervals of 0.5C
to calculate theD° required for cumulative pollen
emission from 1 January up to the pollination start
date. Results are shown in Table 2. Selected thresh-
olds varied among sites. Logically, the number of
calculated averagd®° before oak pollination also

Fig. 1. Start date variations among the years at the eight studied Varied among ciFies, althOUQh differences . between
sites. Localities are grouped according to similar start-date patterns. computedD® for different years in the same city were
Linear line is represented by narrow lines in the same pattern. The not significant. It is noticeable that in Santiago and

estimation equations and the coefficient of determinati®?) for

each locality is also indicated.

Barcelona, coastal cities with different species, the
selected threshold was the saméC5and the calcu-
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Table 2

Average growing degree days above the selected threshold temperature and the relative coefficient of variation for the studied years date
set. The base temperature was chosen according to the better coefficient of regressions through the origin and the lowest RMSE of the
observed and expected start dates (Fig. 3)

Site Selected Average growing Coefficient of
threshold {C) degree days°C) variation (%)

Santiago 5 420.3 11.0

Barcelona 5 416.7 12.0

Lebn 4 352.5 12.4

Madrid 8 205.1 21.0

Cordoba 11 153.4 17.0

Priego 8 250.9 19.0

Granada 4 406.4 15.3

Malaga 9 309.3 11.0

lated D° were similar, 420.3 and 416.7, respectively. This correlation is strongest and significant at 95%
On the other hand, Ledn and Granada, situated in thefor the mean temperature and the threshold tempera-
different climatic areas although the same sped@es, ture. A parametric test was used due to the normality
ilex subsp.ballota, flowers first, presented the same of all the data (Table 3) which was measured by the

selected threshold temperatureéGlbut different cal- Shaphiro Wilks normality test using the relationship
culatedD®: 352.5 and 406.4, respectively. This could forced through the origin, i.ex = Axz
result from accumulate®® before 1 January. Predicted dates for each year were calculated using

Fig. 2 represents the elevation, the annual mean the cumulativeD° above the selected threshold tem-
temperature and the selected threshold for all sites. peratures at each site from 1 January, averaged over
For the highest elevation the threshold temperature all the studied years. The comparison between the
is the lowest value. For the correlation analysis we predicted and actual dates used a linear regression
used a relationship where the two biogeographical forced through the origin (Fig. 3). THe? represents
variables are multiplied together and forced through the proportion of explained variability about the ori-
the origin, i.e.y = Axz The results were assessed gin; this value cannot be compared to tR&value
using the Pearson correlation test. Results in Table 3 when the intercept is included.
indicates a possible association between the threshold Finally theD° accumulative method was tested for
temperature and the other two biogeographic features.the forecasting of the beginning of the oak pollen

1000 20
16
E
c 12
2 500 &
8 8
=
4
0 0

Fig. 2. The elevationd) (metres above sea level) (left hand axis), mean temperafufeand the selected threshold () (right hand axis)
for each observation site.
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Table 3
Shapiro Wilk’'s normality test and Pearson correlation (parametric test) comparing biogeographical parameters and threshold temperatures
selected from the eight studied sites. Mean temperature and the selected threshold show stronger and significant correlation

Shapiro Wilk’s normality test Pearson correlation test

Variables w plLevel Pair of variables P-value p-Level
T 0.89 0.257 T. ande -0.47 0.24

e 0.89 0.247 T and Ty 0.74 0.05
Tm 0.92 0.521

Tm: mean temperaturel : threshold temperatures elevation.

Table 4

Actual and expected dates of ti@iercusseason start for the year 2000 (not included in the model). The differences are shown in the
fourth column

Site Actual date (day of year) Expected date (day of year) Expeetactual (days)
Santiago 70 75 +5

Barcelona 83 77 -6

Lebn 116 110 -6

Madrid 61 74 +13

Cordoba 64 65 +1

Priego 70 74 +4

Granada 75 72 -3

Malaga 68 74 +6

Mean absolute value 55

season in the year 2000 (which was not included in the season in Spain starts in early April, although there
model data) for all the localities (Table 4). The aver- are annual temperature-related variations. From these
ageD* (Table 2) were computed daily in 2000 in order results, it is deduced that a similar pattern may be
to determine th&®uercuspollination start date in that  observed in cities with similar climatic conditions,
year. The difference between the expected and actualfor example Madrid and Le6n lie in the central
dates is shown in the fourth column of Table 4. Nega- and central-northern Spain, respectively. The same
tive and positive signs indicate in advance or delayed species,Q. ilex subsp.ballota, flowers first in both
previsions respectively. The mean absolute value was sites (Cabezudo, 1999), although as the graph shows,
5.5 days. The best forecast was obtained for the city this species always flowers earlier in Madrid, where
of Cérdoba, with a discrepancy of only 1 day. temperatures are higher. Both cities have severe
weather conditions with cold winters and hot sum-
mers. They register high intra-annual and inter-annual

4. Discussion temperature fluctuations. These fluctuations may be
responsible for the considerable variation in start dates
4.1. Start date variations over the study period. Cordoba, Priego and Granada

are situated in inland southern Spain, with hot sum-
In general, the results obtained reveal a clear rela- mers and warm springs. At all of these sites, the dom-
tionship between the oak pollination start date and inant species i€. ilex subsp.ballota, which flowers
air temperature. Specifically, the forecasting made first (Garéa-Mozo et al., 1999). Granada and Priego
should be useful foR. ilex subsp.ballota start date are situated in mountain chains and register low tem-
in central and southern Spain, f@. roburin north- peratures in winter (below T on several days). Nev-
western Spain and fof. humilis in northeastern  ertheless, a very similar pattern may be observed for
Spain (Cabezudo, 1999). In gener@iercuspollen the studied period. In Barcelona (northeastern Spain),
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Fig. 3. Linear regression forced through the origin of the predicted against the independent observed start of pollen releasemor (a) Le
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The linear regression line (not forced through the origin) is also shown.
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Q. humilisis the first to flower, in Santiago (north- own geographical area. Taking this fact into account
western area) the earliest and most abundant speciesnany possible threshold temperatures were tested in
is Q. robur whereas in Malaga (south area) it@ the present study. Results indicate that for each site
ilex subsp ballota (Cabezudo, 1999) and all of them a different threshold temperature provided the most
showed the same pattern. Moreover, for Barcelona accurate modelling. On this basis, the humbeD6f

and Santiago (both in north Spain) the same threshold computed can be seen to represent the average forc-
temperature, 5C, was selected and a similar number ing temperature for the start @uercuspollination

of D° were calculated. Different threshold armf at each site. The same trend of the selected threshold
were calculated for Malaga, which is also a coastal city temperature, inverse of elevation and mean annual
of South Spain, with a warm climate all year. These temperature at each site has been detected. A possi-
results suggest that geographical conditions and con-ble correlation has been found between elevation and
sequently climate may be even more important than threshold, this correlation is strongest and statisti-
species when determinir@uercuspollen season start  cally significant at 95% for the mean temperature and
dates. threshold.

It is noticeable that most of the localities uniformly Regions such as Spain present many different
display slightly earlier start dates. TR8-coefficients types of vegetation and landscape due to particular
are not high because the start dates among years argeographic characteristics. Spain has many mountain
not adjusted to a linear model, but the negative slopes systems and three coastal zones (Atlantic, Cantabrian
indicate earlier pollen release dates along the period and Mediterranean), and thus a wide range of micro-
of study. Other authors in north Europe have already climates. Trees that flower in early spring, such as
described this phenomenon fQuercus(Corden and Quercusspecies, require a period of stress in order to
Millington, 1999) and also for other species (Emberlin break the dormancy of their buds (formed in the pre-
etal., 1997), being attributed to global climatic change. vious summer). Summer temperature, winter chilling
Moreover, the adaptation of other tree species phenol- units and forcing temperature or heat accumulation
ogy to a supposed climate warming is being widely in trees have been widely researched by numerous
accepted (Murray et al., 1989; Hari and Hakkinen, authors (Arnold, 1959; Frenguelli and Bricchi, 1998;
1991; Kramer, 1995). The low coefficient of variation Chuine et al., 1999; Gaia-Mozo et al., 2000; Galan
of the D° recorded every year in our work indicates et al., 2001) in order to clarify their involvement in
that the same amount of heat is recorded in a shorterthe settlement and intensity of dormancy as well as
time. The amount of analysed years in our work is not cold acclimatisation. In Mediterranean climates, the
enough for establishing a clear relationship between temperatures of the preceeding summer seem to have
global temperature increase and phenology changes,no significant effect on the timing of budburst, and
but this first approach could be fundamental in order someQuercusspecies have been found to show a very

to plan future phenological studies in Spain. weak response to the duration of chilling (Chuine
et al., 1999). On the other hand, our results indicate

4.2. Different thresholds in that they have a systematic response to a determinate

different studied areas amount of heat. In the Iberian peninsula, the coldest

temperature is recorded during November, Decem-

In plants, in general, and more specifically in the ber and January. The date 1 January was taken as a
case of non-cultivated plants, climatic variables seem reference date for the end of the chilling period be-
to be the major factor influencing the production and causeD° was calculated in all the studied cities from
release of pollen and therefore the fruit production both of the dates (actual end of chilling period and 1
(Cecich and Sullivan, 1999). Moreover, in temperate January) and little difference was detected (data not
climates, it is generally agreed that temperature is shown). It could be because the end of the chilling
the most important variable (Faust, 1989; Frenguelli time is always near early January and in this short
and Bricchi, 1998; Alcala and Barranco, 1992; Galan period the plant can accumulate few heat units. So,
et al., 2001). The phenological characteristics of each 1 January was selected as the reference day for heat
species are adapted to the climate conditions of its summation in order to simplify the calculations.
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4.3. Adapted responses to the environment sites for computing the average growing degree days

(D°) has been demonstrated to be very useful in
A wide range of mean annual temperatures is modelling the start oQuercuspollen season.

recorded in the Iberian peninsula, including warm  Different thresholds have been selected for differ-

winters and damaging frost temperatures during ent localities. These threshold are related to the mean

spring (Garga-Mozo et al., 2001), so the use of dif- air temperature for each site. The average estimated

ferent threshold temperatures for forecasting the start D° were tested using the independent meteorological

of the pollen season is useful. The most relevant ex- data for the year 2000 and difference of a few days

ample of climate adaptation 3. ilex subsp.ballota. between the predicted and observed dates were de-

This species is found in six of the study sites (not in tected. Therefore, the model that we proposed here

either Santiago or Barcelona), where it flowers be- can be used in future aerobiological and phenological

fore the other species. The same species in differentprediction forQuercusflowering in Spain.

localities show adaptations to different environmen-

tal conditions. This phenomenon has been observed

in other studies (Spano et al., 1999; CastieD  Acknowledgements

and Montsserrat-Mairt 1998). This species is very

well adapted to most of the climates of the Iberian  The authors wish to thank the CICYT for provid-

peninsula. Similar behaviour is reported in France for ing financial support for projects AMB-0457-CO7

seedlings oR. humilisgrown at two sites at different  and PB96-0513. They wish to thank the anonymous

altitudes under different climates (Chuine and Cour, reviewers for their helpful comments and to Prof.

1999) and in California forQ. agrifolia Neé and Paul Comtois of the University of Montreal for his

Q. lobataNeé (Fairley and Batcheler, 1996). valuable comments on the revised manuscript.
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