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A B S T R A C T

Chilean hazelnut (Corylus avellana L.) industry has been recently experiencing a solid development and nut pro-
duction is consistently increasing. Corylus avellana is subjected to strong inter-annual yield fluctuations, which
raise the issue of price predictability. In alternate bearing, a high fruit load hinders flower initiation thus leading
to a smaller fruits production in the following year. This suggests the use of pollen airborne concentration as a
proxy for flowers number to predict hazelnut irregular bearing. We addressed this question using high-resolution
yield and pollen data collected on four hazelnut plantations located in Central Chile, and three hazelnut culti-
vars. Pollen parameters were calculated from modelled and non-modelled pollen seasons, after selecting the best
modelling approach. An alternate bearing index was calculated to characterize hazelnut biennial bearing and to
select plots with high yield variability. The calculated pollen parameters were then correlated with yield data.
Significant correlations were found between pollen parameters and nut yields, with stronger relationship when
alternate bearing was higher. The modelled peak of the pollen season presented the highest variability (average
CV=81 %) and its positive correlation with crop production (ρ=0.45) was consistent across sites and cultivars.
Our results support the integration of airborne pollen data in hazelnut yield prediction systems, as predictors of
alternate bearing and to forecast annual yield.

1. Introduction

European hazelnut (Corylus avellana L.) is an important economic
nut crop worldwide. Following the common trend in nuts, the global
hazelnut cultivated area intensively enlarged in the last five years, ex-
ceeding 670,000ha in 2017 (FAOSTAT, 2020). Moreover, hazelnut cul-
tivation recently expanded outside the native range of the species, i.e.,
Europe and Western Asia, when farmers in the Southern Hemisphere
started to plant new hazelnut orchards.

C. avellana was firstly exported in South America by European immi-
grants more than 200 years ago and was recently introduced in Chile,
where commercial orchards were established in the 90s and which
nowadays is the seventh hazelnut top producing country (Nuts and
Dried Fruits Statistical Yearbook, 2020). The hazelnut area in Chile
13,700ha in 2017 has progressively expanded at an average rate of
2500ha year−1 since 2010. The Chilean in-shell hazelnut production
has consequently increased from around 1000 tons in 2007 to

more than 18,000 tons in 2017 FAOSTAT, 2020). As a recently intro-
duced crop in this country, hazelnut is experiencing new agro-environ-
mental conditions in terms of climatic variability and pedologic char-
acteristics, whose impacts on yield variability has not been yet investi-
gated.

Despite the long domestication history and breeding activities
(Molnar, 2011; Boccacci et al., 2013), both hazelnut wild accessions
and cultivated varieties share a marked irregular bearing, leading to
large inter-annual variation of global hazelnut yields (FAOSTAT, 2020).
This phenomenon, which is common to other fruit crops, is known
as alternate or biennial bearing and consists in a higher fruit produc-
tion in the ON year which inhibits flowering in the OFF year, hence
leading to lower fruit load (Smith and Samach, 2013). Many authors
suggest that airborne pollen concentration could be then used as an
early indicator of ON and OFF growing seasons, e.g., on holm-oak
(García-Mozo et al., 2007), as well as a predictor in yield forecasting
systems, e.g. in olive (Galán et al., 2008; Orlandi et al., 2010; Oteros
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et al., 2014; Ribeiro et al., 2017), grapevine (Cunha et al., 2016), and
walnut (Prentović et al., 2014).

C. avellana is a monoecious, wind pollinated species (Germain,
1994). Pollen dispersal is strongly influenced by local climatic condi-
tions and can start as early as middle November in early cultivars flow-
ering in mild climates and last until the beginning of March in colder
conditions and late cultivars, in the Northern Hemisphere (Solar and
Stampar, 2011; Cristofori et al., 2018). Self-pollen is rejected by the
stigmas due to sporophytic self-incompatibility, and compatible cross
pollen is required to fertilize the ovules (Heslop-Harrison et al., 1986;
Hampson and Azarenko, 1993), even if partial or complete self-com-
patibility was observed in some cultivars (Mehlenbacher and Smith,
1991, 2006). Self-incompatibility, which is controlled by a single S-lo-
cus with 33 alleles (Mehlenbacher, 2014), requires either that com-
patible pollinators are planted inside the orchards, or that compati-
ble cultivars are planted close to each other in surrounding orchards.
Chilling requirements are different for catkins and pistillate flowers
(i.e., the glomerules) and different degrees of dichogamy are frequently
observed (Mehlenbacher, 1991). Some cultivars are generally protog-
ynous and other protandrous, but hazelnut dichogamy can also be
influenced by local edaphic and climatic conditions (Mehlenbacher,
1991; Solar and Stampar, 2011; Cristofori et al., 2018). Glomerules
can grow along the shoots as lateral buds, at the terminal part of
each shoot or on catkins peduncles (Germain, 1994). The percentage of
glomerules at each position is cultivar-dependent (Hosseinpour et al.,
2013), with high-yielding cultivars presenting pistillate flowers associ-
ated with catkins (Thompson et al., 1996). This evidence supports the
use of pollen concentration as a proxy of the abundance of both male
and female flowers. Other factors can contribute to weaken the rela-
tionship between released pollen and hazelnut yield, i.e., biological (e.g.
pests, diseases) and environmental constraints, (e.g. weather) or agricul-
tural management (e.g. pruning, Pearse et al., 2016).

We aimed here at using pollen data collected in four Chilean hazel-
nut orchards in the period 2013–2017 to fit statistical models, whose pa-
rameters were correlated with yield variability. Our objectives are three-
fold: i) to select the best suited modelling approach for reproducing sea-
sonal pollen concentrations, ii) to identify the patterns of alternate bear-
ing in the hazelnut yield data and iii) to quantify the relationships be-
tween the hazelnut pollen data and yield variability. This work repre-
sents a fundamental step towards the realization of an operational hazel-
nut yield forecasting system, considering aerobiological, agronomic and
meteorological as input data.

2. Materials and methods

The methodological workflow followed in this study is presented in
Fig. 1. Hazelnut airborne pollen concentration and high-resolution yield
data were collected in four Chilean hazelnut plantations (Camarico,
CAM, Los Niches, LOS, San Sebastian, SAN, Caracas, CAR), consider-
ing three main cultivars (Barcelona, Barc, Tonda di Giffoni, TG, Tonda
Gentile delle Langhe, TGdL), in the growing seasons 2013/2014–2017/
2018. Pollen data were modelled using gaussian and logistic functions,
and the parameters of the best-performing model in reproducing sea-
sonal pollen concentration were computed. Hazelnut alternate bearing
was characterized by analyzing yield data series, separately for each cul-
tivar and site. Finally, the parameters from both modelled and observed
pollen concentrations were correlated with hazelnut yields, to quantify
the strength of their relationships and to reveal any geographical or cul-
tivar pattern.

2.1. Experimental data collection

Hazelnut airborne pollen concentration data were collected in four
hazelnut orchards located in the fertile longitudinal valley be

Fig. 1. Methodological workflow followed in this study. Please see the main text for com-
plete explanation.

tween Maule (CAM, LOS SAN) and Araucanía regions in central Chile
(CAR, Fig. 2). The hazelnut orchards were planted between the mid-90 s
and the early 2000s, and their extension ranges from 146ha LOS to
1461ha CAM. Each orchard is divided in multiple plots sharing the
same irrigation systems, with dripline irrigation as the most frequent
method. Soil nutrients were supplemented ranging 90−110N, 30−40P
and 50−80K (kg ha−1 year−1), while mechanical and chemical control of
suckers and weeds were usually performed 3–4 times a year. Main pests
were generally controlled by 2–3 applications a year for insect and 3–4
applications for bacterial infections.

The three hazelnut plantations in the Northern region are character-
ized by a Mediterranean climate, while CAR has a Marine West Coast
climate according to the Köppen–Geiger classification (Sarricolea et al.,
2017). The four plantations present a dry and warm summer, with pre-
cipitations concentrated mainly during the cool winter season, espe-
cially in CAR. Soils are generally sedimentary, with volcanic sediments
originating from different geological eras (Casanova et al. 2013). Par-
ticularly, in CAR the soil is characterized by a higher organic matter
content (local agronomists, personal communication). Different culti-
vars were planted in each orchard, aiming at increasing pollination ca-
pability and at differentiating hazelnut production. Effective pollination
is granted by cross-compatibility between plots or by the interposition
of compatible cultivars along rows. A multi-stem training system has
been employed in the four plantations, with planting density ranging
from 666 plants ha−1 (5mx3m) to 333 plants ha−1 (6mx5m). We fo-
cused our analysis on the three main hazelnut varieties cultivated in
the four orchards (91.7 % of the yield data), i.e, Barc (S1 S2, 35.7 %
of the yield data), TGdL (S2 S7, 28.3 % of the yield data) and TG (S2
S23, 27.7 % of the yield data). These cultivars were present in CAM,
LOS and SAN, whereas in CAR, TGdL was missing. Hazelnut airborne
pollen concentration was monitored by volumetric spore traps (Lanzoni
VPPS® Hirst-type sampler), which were placed at canopy level (Fig. 2).
The volumetric traps (air suction rates=10 l min−1) contained an ad-
hesive tape (33.3cm) moved at 2mm h−1, where pollen grains were
deposited, and were weekly inspected. Each tape was cut into daily
segments and placed on microscope slides with a mounting medium
containing basic fuchsin (0,08 % gelatin, 0,44 % glycerin, 0,015 % liq-
uefied phenol, 0,0015 % basic fuchsin in aqueous solution) to selec
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Fig. 2. Geographical distribution of the four Chilean hazelnut plantations and of spore trap locations.

tively stain pollen walls (Ogden et al., 1974). Daily pollen concen-
trations (pollen m-3) were estimated following the standard protocol
used by the Italian Association of Aerobiology (Mandrioli, 2000). Pollen
grains coming from different hazelnut cultivars (and species) cannot be
distinguished based on morphological differences. Therefore, the mea-
sured airborne pollen concentration referred to the flowering of all the
cultivars present in each plantation. Hazelnut production (kg) has been
collected separately for each plot by mechanized harvesting, and the
corresponding yield (kg ha−1) was calculated by dividing the production
by the harvested area.

2.2. Statistical models of hazelnut airborne pollen concentrations

The data of hazelnut airborne pollen concentrations were fitted by
alternative forms of the gaussian (Eq. 1, Eq. 4) and logistic (Eq. 2, Eq.
3) models using the day of the year (DOY) as independent variable
(Kasprzyk and Walanus, 2014). This procedure was iteratively applied
at each site and growing season, (i) on airborne pollen spectra (APS,
pollen grains m−3, Eq. 1, Eq. 2), as done by Kasprzyk and Walanus
(2014) in modelling atmospheric dynamics of pollen grains and fungal
spores, and (ii) on cumulated pollen concentrations (CPC, cumulated
pollen grains m−3, Eq. 3, Eq. 4), as described by Cunha et al. (2015) for
Vitis pollen season.

(1)

(2)

where P(d) is the daily pollen concentration (pollen grains m−3 d-1);
k is the peak of the pollen dispersal (pollen m−3); μ is the day of the

year corresponding to the pollen season peak; σ estimates the standard
deviation of the distribution, as a measure of pollen season length.

(3)

where cP(d) is the cumulated pollen grains concentration (pollen grains
m−3) up to the current DOY; α, is the distance between the two asymp-
totes, as an estimate of the total amount of cumulated pollen (cumulated
pollen m−3); β is a correction factor (unitless); γ represents the rate of
increase of pollen dispersal (unitless). Finally, the equivalent gaussian
cumulated density function was computed (Eq. 4):

(4)

where cP(d) is the cumulated pollen grain concentration (pollen grains
m−3) up to the current DOY; µ is the DOY at which the cumulated pollen
is halved; k corresponds to the amount of cumulated pollen up to µ (cu-
mulated pollen grains m−3); σ estimates the model standard deviation,
as a measure of pollen season length. The peak of pollen dispersal is
not a parameter that could be directly extracted from the logistic or the
gaussian models fitted on CPC, therefore the first derivatives of the Eq.s
3 and 4 were calculated. The maximum value of the first derivative (i.e.,
the maximum rate of change) was assumed as the peak of the mod-
elled pollen season (Fig. 3). All the statistical models were fitted (Fig.
3) on pollen data with least square regression using the ‘nls tools’ pack-
age (Baty et al., 2015) in R environment (R Core Team, 2018). The ob-
jective function was the Residual Sum of Squares (RSS) and the fitting
process was carried out avoiding eventual local minima by the inspec-
tion of RSS contours through Beale’s criterion (Milliken et al., 1990)
as implemented in ‘nls tools’. The Bayesian Information Criterion (BIC,
Schwartz, 1978) was computed for each model and the one obtaining
the minimum BIC was assumed as the best model.

3
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Fig. 3. Logistic and gaussian models fitted on cumulated pollen concentrations and on airborne pollen spectrum together with the estimated first derivative of the logistic model fitted on
cumulated pollen concentrations. Sample data of 2016/2017 growing season from San Sebastian (SAN) spore-trap.

2.3. Characterization of the alternate bearing in hazelnut plantations

We analyzed continuous hazelnut yield data series in 2013–2018,
coming from mature plots, with tree age above 8 years. The presence
of alternate bearing on the yield data was tested using the alternate
bearing Index (I) developed by Hoblyn et al. (1937), which was already
adopted for the evaluation of yield variability in different crop species
(Rosenstock et al., 2010; Guitton et al., 2012; Sanderson and Treeby,
2014):

(5)

where I is the total sum of the absolute difference between two consec-
utive yields (|yi – yi-1|) divided by their sum (yi + yi-1), averaged by the
number of yield data (n). According to this formula, I=1 corresponds
to no hazelnut yield in the OFF year (maximum alternate bearing) and
I=0 indicates constant yield (no alternate bearing). A significance test
on I values was then applied to assess their statistical relevance (Huff,
2001): hazelnut yields were resampled with replacement 5000 times
and a new index was calculated from each series of resampled values
(5000 I values × 92 plots). The frequency the values of resampled I ex-
ceeded or equalled original I values corresponds to the probability (P) of
random alternate bearing in the original data. In other terms, the higher
the P, the lower the likelihood that I computed from actual yields de-
scribes an actual alternate bearing attitude. The distribution of P was
clustered using k-means algorithm in order to select only the plots with
an evident biennial bearing (low P values). The best number of clusters
was found using the R ‘NbClust’ package (Charrad et al., 2015). Sig-
nificant differences between clusters was tested with Generalized Linear
Models (GLMs) and pairwise comparison within cluster means were per-
formed using Tukey’s post-hoc test (P<0.05).

2.4. Correlations between pollen concentration and hazelnut yield

Observed and modelled pollen concentration data were used to es-
timate the parameters, which were correlated with yield data. The pa-
rameters describing the start and finish of the pollen season, and its
middle, length and peak were derived from observed APS data using
the R package ‘pollen’ (Kasprzyk and Walanus, 2014) following the ap-
proach described by Andersen (1991). Pollen season start (oSTART, day

of year) and finish (oFINISH, day of year) were defined when the 2.5 %
and 97.5 % of total pollen concentration was reached. Pollen season
length (oLENGTH, days) included the 95 % of pollen data. The peak
(oPEAK, pollen grains m−3) and the middle of the pollen season (oMID-
DLE, day of year) were considered in the day when the maximum pollen
concentration was reached. Finally, the sum of the seasonal pollen con-
centration was computed (oTOT, pollen grains m−3). The parameters es-
timated using modelled pollen data were computed according to Cunha
et al. (2015). The first, second and third curve inflection points cor-
responded respectively to the modelled start (mSTART, day of year),
middle (mMIDDLE, day of year) and finish (mFINISH, day of year) of
the pollen season. mSTART and mFINISH were used to calculate pollen
season length (mLENGTH, days), while the modelled peak (mPEAK,
pollen grains m−3) was derived from the model first derivative (Fig. 3).
The sum of modelled pollen concentrations was then estimated (mTOT,
pollen grains m−3). After checking for data normality, the pollen para-
meters calculated on modelled and observed data were correlated with
hazelnut yields using non parametric Spearman’s rank correlation. The
analysis was distinctly performed on each plantation (i.e. CAM, LOS,
SAN and CAR) and cultivar (i.e. Barc, TGdL and TG). The correlation
coefficients (ρ), the two tailed probability of t (P<0.05) and the proba-
bility of replication (Prep, Killeen (2005)) for each correlation were com-
puted using the R ‘psych’ package (Revelle, 2015). The Prep is the proba-
bility that an exact replication study will find the same significance level
P.

3. Results

3.1. Hazelnut pollen season modelling: model selection and pollen
parameter characterization

The pollen dynamics in 2013/2014–2017/2018 growing seasons in
the four Chilean plantations were best represented (lowest BIC values)
by the logistic function fitted on CPC data (Eq. 3). The first derivative of
this model (Eq. 4) was able to correctly reproduce APS in all sites and
years (

Fig. 4), providing the best estimate of the peaks of the pollen season.
The models directly fitted on the airborne pollen spectra (Eq. 1,

Eq. 2), albeit almost identical in fitting performance, were not capa-
ble to reproduce pollen seasons where either a main pollen peak stood
out against the remaining spectrum, or when multiple pollen peaks
were present (Fig. S1). Both gaussian and logistic models (Eq. 3, Eq. 4)
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Fig. 4. Logistic models fitted in 2013/2014-2017/2018 growing seasons on cumulated pollen concentrations and first derivative of the fitted models used to approximate airborne pollen
spectra. CAM=Camarico, LOS=Los Niches, SAN=San Sebastian and CAR=Caracas.

were able to correctly fit cumulated pollen observations (CPC) (Fig. S1),
resulting in similar performances (Table S2). Nevertheless, the lowest
BIC was obtained in most cases by the logistic model (Table S3), which
was retained in the following analyses.

Table 1 shows the comparison between the measured pollen con-
centration data and the values of the parameters of the logistic model.
The modelled peak and the pollen season length had the highest coeffi-
cient of variation (CV) compared to observed values (average values for
peak=81 % vs 68 %; average values for length=35 % vs 19 %). The
differences between average modelled and observed cumulated concen-
trations (TOT) were very low (Mean values=15, CV=0 %), therefore
only modelled values were retained for correlation analyses. On aver-
age, the CAR plantation, situated in the Araucanía region where winter
precipitations are more abundant with cooler temperatures, led to the
highest modelled pollen amount (4870 grains m−3). The three sites LOS,
SAN and CAR had strong CVs for modelled pollen peaks during the stud-
ied years (71 %, 93 % and 93 %, respectively). The two northern sites of
LOS and SAN shared the same pattern of pollen variability, while CAR
showed the opposite behavior (

Fig. 4). CAM plantation presented a quite stable pollen production
(Fig. 4) and a lower CV for modelled peak (66 %) compared to the other
sites (Table 1).

3.2. Analysis of hazelnut alternate bearing

The estimation of the I index (Eq. 5, Hoblyn et al., 1937) computed
on consecutive yield data series and the clustering of the probabilities
(P) resulting from the resampling with replacement allowed identify-
ing three clusters corresponding to distinct patterns of alternate bearing
(Fig. 5).

Cluster I (average P=0.56 ± sd=0.07) and II (average P=0.33
± sd=0.06) included respectively 16.5 % and 24.8 % of the yield
data, and corresponded to plots with a limited alternate bearing. Con-
versely, cluster III grouped 58.8 % of the yield data, and corresponded
to a stronger alternate bearing attitude (average P = 0.1 ± sd = 0.05).
The average plant age increased from cluster I to III and the values
between clusters were significantly different (I=12.8 years, II=14.1
years, III=15.3 years, P<0.05), suggesting that older plots are as-
sociated with a more pronounced alternate bearing. The distributions
of hazelnut yields according to the three clusters are shown in Fig. 6
as boxplots. Although only 8.8 % of the plots showed significant val-
ues (P<0.05), the clustering algorithm allowed identifying the plots
characterized by an alternate bearing (cluster III), and the ones char-
acterized by more constant yields (cluster I and II). CAM pre

Table 1
Coefficient of variation (CV) and mean values for modelled (“m” prefix) and observed (“o” prefix) pollen parameters in the four Chilean hazelnut plantations. The last column holds overall
average values. (CAM=Camarico, LOS=Los Niches, SAN=San Sebastian and CAR=Caracas). Please see section 2.4 for the explanation of the acronyms.

CAM LOS SAN CAR Overall

CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean

mPEAK 66 100 71 142 93 41 93 193 81 119
oPEAK 62 385 41 484 78 170 89 795 68 458
mTOT 50 2574 70 3451 79 1204 81 4870 70 3025
oTOT 50 2578 70 3426 79 1199 80 4837 70 3010
mSTART 4 178 4 191 2 182 7 174 4 181
oSTART 5 170 6 183 5 175 8 173 6 175
mMIDDLE 2 195 3 206 2 201 8 192 4 198
oMIDDLE 6 192 4 210 5 199 5 183 5 196
mFINISH 3 212 3 220 3 220 10 209 5 215
oFINISH 3 222 2 225 3 225 4 228 3 225
mLENGTH 29 35 32 29 17 38 61 34 35 34
oLENGTH 11 53 25 42 9 50 30 54 19 50
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Fig. 5. (A) The distribution of probabilities of error (P) in rejecting the hypothesis that the alternate bearing in original data is a non-random phenomenon were clustered using k-means.
(B) Differences between cluster average fRoNRi as assessed using Generalized Linear Model (GLMs) and Tukey’s post-hoc test (P<0.05). (C) Alternate bearing values (I) for the identified
clusters.

Fig. 6. Hazelnut yield data in 2013-2018 grouped according to k-means filtering and by site (A) and by cultivar (B) in the northern plantations. (C) Effect of k-mean filtering of hazel-
nut yields in the southern plantation and relative cultivars. The sites were split to underline the opposite alternate bearing. Data from clusters I and II were combined. Fitted is a Loess
smoothing with 0.80 confidence interval. (CAM=Camarico, LOS=Los Niches, SAN=San Sebastian, CAR=Caracas, Barc=Barcelona, TG=Tonda di Giffoni, TGdL=Tonda Gentile
delle Langhe).

sented an overall regular hazelnut production (I=47 %, II=25 %,
III=28 % of yield data), while a stronger alternate bearing charac-
terized LOS (III=100 % of yield data), SAN (II=26 %, III=74 %
of yield data) and CAR (II=50 %, III=50 % of yield data). CAM,
LOS and SAN, sit

uated in the northern region, shared the same alternate pattern, with
2013/2014, 2015/2016 and 2017/2018 as OFF growing seasons. Con-
versely, the southern orchard CAR and the two main cultivars (Barc and
TG) presented the opposite biennial bearing (Fig. 6). TGdL (I=

6
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9 %, II=32 %, III=59 % of yield data) showed the strongest alternate
bearing, followed by TG (I=2.2 %, II=7.7 %, III=14 % of yield data)
and Barc (I=6 %, II=22 %, III=40 % of yield data), regardless of the
plantation.

3.3. Correlation between pollen parameters and filtered yields

The analysis of the correlations between the parameters of the sta-
tistical models fitted on the pollen concentration data and the corre-
sponding yield variability revealed significant correlations, consider-
ing the data grouped by site and cultivar. The yield-pollen correla-
tion was stronger when only data in cluster III were retained, rather
than using the whole yield dataset (Fig. 7, and Fig. S2). The average
absolute Spearman correlation coefficients (ρ) were higher both con-
sidering the data divided by plantation (ρ=0.36 vs ρ=0.29) and by
cultivar (ρ=0.35 vs ρ=0.27). The parameters describing the pollen
emission intensity (TOT, PEAK) were always positively associated to
yields, whereas parameters describing pollen season shape and posi-
tion (START, FINISH, MIDDLE and LENGTH) negatively correlated with
hazelnut yields (Fig. 7). Focusing on the correlations obtained with yield
data in cluster III, mPEAK obtained the highest average correlation co-
efficient (ρ=0.45) compared to TOT (ρ=0.38) and oPEAK (ρ=0.40).
The average power of the association was lower in CAM (ρ=0.21)
and higher in LOS (ρ=0.34), SAN (ρ=0.50) and CAR (ρ=0.39).
The yield alternate bearing more closely followed

pollen season trends in Barc (ρ=0.33) and TG (ρ=0.41) than in TGdL
(ρ=0.29). Detailed results with significance levels (P), replication prob-
abilities (Prep) and sample sizes (n) are presented in the supplementary
Table S2 (by site) and Table S3 (by cultivar).

4. Discussion

4.1. Unravelling the relationships between hazelnut airborne pollen and
yield

Airborne pollen concentrations collected in the four Chilean hazel-
nut plantations showed a clear inter-annual variability in the consid-
ered growing seasons (Fig. 3). A strong alternate bearing also charac-
terized hazelnut yields grouped by sites and cultivars (Fig. 6). More-
over, yield and pollen production were significantly related (Fig. 7).
Following the “wind-pollination” hypothesis, mast seeding, i.e., the si-
multaneous and variable fruit production between years of perennial
plants (Pearse et al., 2016), would be more beneficial for wind-polli-
nated, self-incompatible species as a mean to guarantee cross-pollina-
tion, and to produce higher quality seeds while decreasing in-breed-
ing depression (Kelly et al., 2001). The results of our study agree with
this hypothesis, as the correlations between yields and pollen peaks
were positive, while the ones with pollen season duration were negative
(Fig. 7), indicating that a short and intense male flowering is benefi-
cial to fruit production. A positive correlation between the annual sum

Fig. 7. Spearman correlations (ρ) between yields in cluster three and parameters calculated from modelled pollen data (“m”) and parameters from non-modelled pollen data (“o”). (A)
Orchards situated in Maule, (B) Cultivars planted in the orchards located in Maule, (C) Orchard situated in Araucanía and relative cultivars. Significance levels: *** < 0.001, ** < 0.01,
* < 0.05,. <0.1 (CAM=Camarico, LOS=Los Niches, SAN=San Sebastian, CAR=Caracas, Barc=Barcelona, TG=Tonda di Giffoni, TGdL=Tonda Gentile delle Langhe).
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of daily pollen concentrations and acorn yields was also observed in
Quercus ilex (García-Mozo et al., 2007). Conversely, our results tend to
exclude detrimental effects of excessive pollen concentrations on female
flower viability, as observed in Juglans spp., where pollen data were
negatively associated to fruit-set (Prentović et al. 2014). We also rule
out yield limitations due to excessive amounts of self or incompatible
pollen on stigmas that would have contributed in undermining the rela-
tionship between pollen and crop production.

Spore-traps and hazelnut harvest also allowed detecting an oppo-
site alternate bearing in the two Chilean regions were plantations are
located. Further investigations should try to disentangle whether local
precipitation patterns or extreme weather events could influence local
hazelnut biennial bearing and the relationships between airborne pollen
and crop yield.

Finally, our results estimate the dependence of pollen-yield corre-
lation on alternate bearing power (Fig. 7 and Fig. S2), making pollen
concentrations a putative parameter for the modelling of yield variabil-
ity. Airborne pollen has been used as a predictor to increase the per-
formance of many yield forecasting systems. A high percentage of yield
variability was explained when the total amount of released pollen was
used to forecast wine production in Portugal (Cunha et al., 2016). Olive
annual pollen concentrations were also strongly associated to yields in
the Mediterranean basin both at a national and regional level (Oteros et
al., 2014).

4.2. Assumptions in modelling airborne pollen concentrations

The approach followed by Kasprzyk and Walanus (2014) who di-
rectly applied logistic and gaussian models to fungal spores and pollen
emission spectra, failed to correctly represent APS in our study when the
pollen season was characterized by strong multimodality or in presence
of an evident maximum peak (Fig. S1, supplementary material). In those
cases, multimodal distributions would have been more appropriate al-
though adding complexity in the process of parameter selection. Con-
versely, cumulated pollen concentrations were suitably approximated
by both gaussian and logistic distributions (Fig. 4). Our data support
the use of the logistic model as the best approach to describe cumu-
lated pollen concentrations, as found by other authors (Ribeiro et al.,
2007; Cunha et al., 2015).

The calculation of curve inflection points (Cunha et al., 2015) al-
lowed excluding the noise associated with pollen season start and finish
and resulted in higher CVs of the pollen season length (average CV=35
%). Moreover, the peak of the pollen season calculated from the model
first derivative, was found to maximize CVs in all the considered sites
(average CV=81 %), making it a better proxy for flowering inter-an-
nual variability.

Several studies proposed alternative indicators to describe the main
features of the pollen season, and used them as input in yield forecasting
models. Some authors relied on actual pollen data, selecting cumulated
pollen concentrations as the main predictor (García-Mozo et al., 2007;
Oteros et al., 2013). Nevertheless, other researchers have underlined the
limits of considering the sum of cumulated pollen concentrations as es-
timator of flowering intensity, as it is usually affected by locally re-sus-
pended pollen (Fornaciari et al., 2002; Orlandi et al., 2005). A refined
approach consisted in applying statistical models on pollen concentra-
tion data, and adopting the derived parameters to explain yield vari-
ability, leading to a higher accuracy in yield forecasting (Cunha et al.,
2016). Our results support this evidence, showing that a proper model-
ling approach bring benefits in characterizing pollen seasons with vari-
able duration and intensity.

4.3. A methodology to identify hazelnut alternate bearing

The k-means clustering approach used in this study allowed identi-
fying 58.8 % of hazelnut yield data series with a strong alternate bear-
ing, although only 8% were significant. The computation of the alter-
nate bearing index and the adoption of the resampling technique (Huff,
2001) have been used for the estimation of alternate bearing in pista-
chio, where 58 % of the analysed plants showed significant alternate
bearing (Rosenstock et al., 2010). During the analysis of de-trended or-
ange yield data, an evidence of alternate bearing was found in three out
of twelve cultivars (Sanderson and Treeby, 2014). Huff (2001) demon-
strated that increasing yield trends in the tree juvenile phase affect
the statistical significance of the alternate bearing index. Smith et al.
(2004) also showed that I (Eq. 5) increases and P decreases in man-
darin, demonstrating that alternate bearing is intrinsically related with
tree age.

Although only yield data from plants at least eight years old were
considered in our analysis, an increasing yield trend was still visible
in clusters II and I, where alternate bearing was smaller. Moreover,
the plant age increased from cluster I to III, meaning that some of the
analysed plants were still in an active growth phase. An alternate bear-
ing attitude clearly emerged when plants were around 15 years old
(cluster III). TGdL cultivar was particularly affected by alternate bearing
as confirmed by the expertise of hazelnut growers.

Overall, our data confirmed the value of using the alternate bearing
index coupled with resampling (Hoblyn et al., 1937; Huff, 2001). Re-
cently, the consecutive disparity index (D) was introduced as a measure
of temporal variability and has been applied to evaluate mast seeding of
European forest trees (Fernández-Martínez et al., 2018). Further analy-
sis of hazelnut alternate bearing should compare the performance of dif-
ferent indices over longer time series and on different cultivars to better
characterize this phenomenon.

5. Conclusions

Investigating the relationships between airborne pollen concentra-
tion and yield is fundamental in nut crops, where fruits number depends
on the flowering intensity, in turn subjected to a marked alternate bear-
ing. The methodology proposed here allowed providing evidences of the
bearing attitude in Chilean hazelnut plantations, and led to quantify-
ing the strength of the association between pollen concentration data
and yield variability considering the main cultivars. The consideration
of aerobiological parameters emerges as a crucial aspect to refine hazel-
nut yield prediction, as integrated in a forecasting system considering
the impact of agronomic management and of weather conditions during
the growing season.
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