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Abstract: Longleaf pine is an important tree species in the southeastern United States and studying the 
temporal patterns of pollen shedding is crucial to a better understanding of its phenology and seed produc-
tion. In this study, field observation data on the timing of pollen shedding from 1958 to 2013 were analyzed 
with reference to local weather conditions. Our results indicated that the time of peak pollen shedding after 
January 1 (TPPS) ranged from 53 days (about February 22) to 95 days (around April 5). There was no sig-
nificant trend of decreasing TPPS. The number of days with the maximum air temperature above 0 °C was 
close to the TPPS. The accumulated maximum daily air temperature for the TPPS approximated an average 
of 1,342 °C. The TPPS declined with an increase in the average air temperature during winters. The time 
of 80% accumulated pollen density (TAPD) varied from 5 to 32 days, with an average of 13 days. Taylor’s 
power-law was evident in the TAPD data, with the time group of 10–15 days having an interval time of 2 
years. Winter weather was not correlated with the TAPD. These results provide new information concern-
ing the pollen phenology for longleaf pine trees.
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Introduction

Pollen releasing, fertilization, and seed produc-
tion are critical steps in the reproduction processes 
of trees. Pollen dispersal is one of the most impor-
tant processes that affect the genetic composition of 
tree populations. It has been suggested that pollen 
hybridization between sister species and introgres-
sion promote species adaptation to extreme envi-
ronments for many taxa (Baskett & Gomulkiewicz, 

2011), and can effectively reduce variation among 
tree populations (Rusanen et al., 2003). Extending 
the time interval of pollen dispersal may improve 
the effectiveness of pollination and hence seed pro-
duction. However, such an increase might become 
problematic for human health, in that airborne pol-
len can contribute to air pollution and respiratory 
allergies (e.g., rhinitis, asthma, and skin rash), es-
pecially in urban and industrialized areas (Pawankar 
et al., 2013; Schmidt, 2016; Oduber et al., 2019). In 
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developed countries, about 15–30% of the popula-
tion is affected by pollen-induced allergies (Aas et al., 
1997). The severity of allergy symptoms depends on 
the tree species and the sensitivity of different people 
to these allergens (Damialis et al., 2019). Shortening 
the time interval of pollen dispersal may contribute 
to improving public health. However, increasing ev-
idence indicates that climate change is affecting the 
timing of the pollen shedding season (Ziska et al., 
2011; Bonofiglio et al., 2013). 

The beginning, peak discharge, and cessation of 
a pollen shedding time interval depend on the phe-
nology of its species, but it may also be influenced 
by weather conditions. Airborne pollen is consid-
ered to be a sensitive indicator of plant response 
to climate change (Clot, 2003; Oteros et al., 2015; 
D’Amato et al., 2016). As the global climate has con-
tinued to change, tree leaf-out time in the northern 
hemisphere has advanced about 4–5 days per decade 
on average since the 1980s (Xu et al., 2020). It is 
possible that pollen phenology for some trees has 
been changed. Many tree species show adaptation to 
the length of the frost-free growing season (Frewen 
et al., 2000); while for some trees, spring heat ac-
cumulation determines the phenology of bud burst 
and flowering, such as for white birches (Rousi et 
al., 2011; Rousi & Heinonen, 2007). The spring phe-
nology of silver birch is driven by the heat sum as 
growing degree days with a 5 °C threshold (Rousi et 
al., 2019), which is commonly used to evaluate phe-
nology. However, the critical variables for inducing 
pollen shedding and flowering can vary among dif-
ferent species and their habitat environments (Kelly 
& Sork, 2002; Kon & Noda, 2007). Some studies of 
pollen season reported an earlier onset (Orlandi et 
al., 2010) and an extended period of shedding (De 
Linares et al., 2017), while others revealed the oppo-
site (Bogawski et al., 2014). Thus, it is necessary to 
study the pollen phenology (i.e., temporal dynamics 
of pollen development and release) of important tree 
species in their local environment.

Longleaf pine (Pinus palustris Mill.) forests were 
historically among the most important ecosystems in 
the southeastern United States, because of their eco-
logical and economic value (Brockway et al., 2006). 
But following extensive exploitation and land use 
conversion during the 19th and 20th centuries, long-
leaf pine forests are now among the most endangered 
ecosystems in the United States (Noss et al., 1995). 
The extent of longleaf forest ecosystems has been 
reduced dramatically, to less than 5% of their origi-
nal occupancy (Frost, 2006). The sporadic seed pro-
duction of longleaf pine trees also led to this decline 
and limited the natural regeneration and seedling 
production efforts that can contribute to their res-
toration (Brockway et al., 2006). This irregular seed 
production is thought to be related to the complex 

interactions between climate fluctuation and their 
reproduction processes (Chen et al., 2016, 2018; Guo 
et al., 2016), such as limited pollen production and 
the male-female sex allocation (Guo et al., 2017). 

After analysis of hourly air temperature and data 
from field observations of pollen shedding time at the 
Escambia Experimental Forest from 1957 to 1966, 
Boyer (1973) found that January 1 was the starting 
date for accumulating heat sum and 50 °F (10 °C) was 
the threshold of air temperature, which minimized 
annual variations in heat sums for pollen shedding. 
From 1958 to 2013, the time of peak pollen shed-
ding after January 1 (TPPS) and time of 80% pollen 
accumulated density (TPAD) were recorded at the 
Escambia Experimental Forest by research scientists 
from the USDA Forest Service. Information on hourly 
air temperature was difficult to obtain, but the daily 
maximum and minimum air temperatures were easi-
ly accessed from weather station records. Because of 
the strengths and limitations of previous approaches 
(e.g., Chuine & Régnière, 2017), a simple or alterna-
tive way is needed to describe pollen phenology and 
to discern any scaling relationships presented in the 
long term data. A related hypothesis to consider is 
that the pollen shedding time of longleaf pine may 
have changed during the last several decades as a re-
sult of climate change. The goal of this study is to 
characterize the temporal patterns in pollen shedding 
based on long-term field observations performed an-
nually on a longleaf pine forest. Our objectives are (i) 
to compare the time series of pollen shedding and to 
identify an indicator (other than degree-hours) relat-
ed to pollen releases, such as for TPPS and TAPD; (ii) 
to characterize the dynamics of TPPS and TAPD; and 
(iii) to evaluate how winter weather conditions affect 
TPPS and TAPD, and whether there existed a climate 
change-driven trend in the TPPS and TAPD at this 
experimental forest. Results should provide a better 
understanding of the pollen shedding processes and 
the effect of local weather conditions on pollen dis-
charge in longleaf pine trees. 

Material and Methods
Study site 

Observations of pollen phenology for longleaf 
pine trees were conducted by scientists of the USDA 
Forest Service from 1957 to 2013 at the Escam-
bia Experimental Forest. This site is located about 
11 km south of Brewton, Alabama, USA (31°13'N, 
87°16'W). When field observations began in 1957, 
trees were about 50 years old. The average diameter 
at breast height was more than 20 cm and the mean 
tree height around 24 m. The local climate is temper-
ate subtropical with long, hot, and humid summers. 
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The annual mean daily temperatures range from 16 
to 23 °C and annual precipitation is 1090 – 1750 mm 
based on data from the local weather station (Boy-
er, 1973). The soil types are sandy loams and loamy 
sands. The understory plant community is mainly 
composed of grasses, forbs, shrubs, and tree seed-
lings, which are affected by prescribed burning that 
is applied once every three years (Boyer, 1973; Guo 
et al., 2017).

Longleaf pine pollen monitoring

Pollen traps, which consisted of aluminum slides 
with open cells and a stable tape fixed inside for pol-
len to adhere (Grano, 1958), were set up at a weather 
instrument shelter in a longleaf pine forest during 
the period of pollen shedding (typically mid-Febru-
ary through early April). Traps were changed three 
times per week, yielding a total of 24 traps, having 
the same length of time for exposure. The time in-
terval of exposure (i.e., beginning and ending date 
and time) for each slide was recorded. The density 
of longleaf pine pollen deposited on each trap was 
determined by counting the number of pollen grains 
under a 100× microscope for ten systematically dis-
tributed fields per trap (Boyer, 1973). Longleaf pine 
pollen grains (55–60 μm in diameter) could be clear-
ly distinguished from other species. Pollen counts 
were then converted to the average number of pollen 
grains per cm2 (Guo et al., 2017). These data were 
used to establish the TPPS, accumulated pollen den-
sity during the monitoring period, and the TAPD.

Data processing and methods

In this study, two points in time were of major in-
terest, TPPS, and TAPD. Determination of the start-
ing date is defined as when the running mean of 5 
days reaches 1% of the total amount of pollen shed 
(Mullenders, 1974), but the annual sum is not known 
until the season is over. Most often, the course of the 
pollen count rises quite steeply, reaching slightly dif-
ferent threshold values on the same day. 

The daily maximum and minimum air temper-
atures from 1978 to 2013 were obtained from the 
nearby weather station. Growing degree day and the 
modified forms (MGDD) are often used to charac-
terize tree phenology, but different tree species may 
have different thresholds. Here an MGDD was used. 
MGDD0, MGDD5, and MGDD10 represent the num-
ber of days having the daily maximum air tempera-
ture above 0  °C, 5  °C, and 10  °C, respectively. The 
accumulated daily maximum air temperature was 
calculated as the sum of daily maximum air temper-
ature data. The average air temperature during Jan-
uary, February, and March was calculated from daily 
maximum and minimum air temperature data. 

The TAPD, an index describing pollen accumu-
lation through time, was evenly classified into four 
groups based on the values in order to estimate 
the frequency for each group, which include 5–10 
days, 10–15 days, 15–20 days, and above 20 days. 
The interval year(s) of each group along the entire 
TAPD time series was counted and the average was 
estimated. 

Taylor (1961) discovered an empirical law in ecol-
ogy, which links the variance of the population for a 
species in a habitat area to its corresponding mean by 
a  power-law  relationship. This scaling relationship 
has been expanded from population density and 
widely observed in ecology (e.g., Cohen et al., 2013; 
Taylor, 2019), such as pollination success in a shrub 
species at Mexico’s Yucatan Peninsula (Arceo-Gómez 
et al., 2016). Our recent studies indicated that some 
plants followed Taylor’s law in their growth traits 
(Chen et al., 2017; Chen, 2020; Chen & Chen, 2020), 
but it was not tested in pollen shedding. In this study, 
Taylor’s power-law can be expressed in the following 
equation:

Variance = a × Meanr

log (Variance) = log (a)+ r × log (Mean).

Where Variance stands for the variance of pollen 
shedding time (TPPS or TAPD) at different years, 
Mean as the average time, r is the slope of the fit-
ting line, and log(a) is the intercept. With the time 
increase of one year from 1958 to 2013, the average 
and variance of pollen shedding time at different pe-
riods (such as from 1958 to 1959, 1960… and 2013, 
respectively) was estimated (Chen et al., 2017). r was 
estimated from the correlation between log (mean) 
and log (variance). Spearman’s correlation was con-
ducted by SAS software (Version 9.3, SAS Institute 
Inc., Cary, NC, USA) with the statistical significance 
at p < 0.05.

Results

The TPPS ranged from 53 days (about February 
22) to 95 days (around April 5), and the average time 
was 76 days (around March 17) (Fig. 1a). The de-
creasing trend of TPPS through time was not signifi-
cant (p > 0.05). The coefficient of variation (CV) for 
the TPPS had two domains (before 1975 and after 
1975) (Fig. 1b). The CVs decreased and tended to be 
stable through time.

Comparing the TPPS with the modified growing 
degree day, but with the maximum air temperature 
above 0 °C, 5 °C, and 10 °C (MGDD0, MGDD5, and 
MGDD10), MGDD0 was very close to the value of 
TPPS (R2 =0.9999, p < 0.01) (Fig. 2). 
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The accumulated daily maximum air tempera-
tures for the TPPS ranged from 1,027 °C to 1,522 °C, 
with an average of 1,342  °C (Fig. 3). The average 
value can be used to estimate the possible time of 
pollen peak without the detailed data for hourly air 
temperature. Taylor’s power-law for the TPPS at dif-
ferent times was not significant (p > 0.05). Gener-
ally, the TPPS declined (i.e., arrived sooner during 
the year) with an increase in the average air temper-
ature in January, February, and March (Fig. 4) (p < 
0.05). The correlation between TPPS and rainy days 

in January, February, and March was not significant 
(p > 0.05).

The TAPD varied from 5 days in 1977 to 32 days 
in 2013, with the average at about 13 days (Fig. 5a). 
A general trend in TAPD through time was not appar-
ent. Most TAPD values occurred within 10–15 days 
(44%), followed by 5–10 days (31%) (Fig. 5b). The 
coefficient of variation was stable through time at 
0.35 (Fig. 5c). Taylor’s power-law for TAPD (log(av-
erage) and log(variance)) was significant (p < 0.05) 
(Fig. 5d). The time group of 10–15 days had the low-
est interval time, about two years (Fig. 5e). Neither 
average air temperature (during January–March) nor 
TPPS was correlated with TAPD, respectively. 

Discussion

Long-term observation of airborne pollen in long-
leaf pine forest affords a better opportunity to study 
the patterns of pollen phenology, because short-term 
periods of observation may provide limited data that 
constrains our ability to elucidate and understand 
the dynamic ecological processes operating at greater 
scales (Guo et al., 2016). Based on these 55 years 
of observation data for TPPS, a range of peak pollen 
shedding times was found, fluctuating from as short 

Fig. 1. Temporal dynamics of the time of peak pollen shed-
ding (TPPS) from 1958 to 2013 (a) and the coefficients 
of variation (CVs) (b)

Fig. 3. Accumulated maximum daily air temperatures for 
the time of peak pollen shedding (TPPS) from 1978 to 
2013

Fig. 4. Correlation between the time of peak pollen shed-
ding (TPPS) and the average air temperature in January, 
February, and March

Fig. 2. Correlation between the annual time of peak pollen 
shedding (TPPS) from 1958 to 2013 and the Modified 
Growing-Degree-Day (MGDD) with the maximum air 
temperature above 0  °C, 5  °C, and 10  °C (MGDD0, 
MGDD5, and MGDD10) (y0, y5, and y10 represent 
MGDD0, MGDD5, and MGDD10 in the equations, re-
spectively)
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as 53 days (around February 22) to as long as 95 days 
(around April 5) following January 1. This range very 
closely approximates that reported by Boyer (1973), 
which indicated a range from February 23 to April 3, 
based on data from the first eight years of observa-
tion. After nearly five decades, the difference in these 
two range estimates was only 1–2 days. Although 
the range for TPPS did not change dramatically dur-
ing those five decades, a phase-shift (before and af-
ter 1975) was detected in the dynamics of the CVs. 
Similar to the results from Emberlin et al. (2007) for 
other plants from a different region, there was no 
systematic earlier onset and no significant trend in 
TPPS for longleaf pine trees. 

The annual change in TPPS appeared to be related 
to heat accumulation. Boyer (1973) analyzed the an-
nual variation in TPPS by using January 1 as a start-
ing date and 50 °F as an air temperature threshold. 

But here, it was found that the modified growing 
degree days with the maximum air temperature of 
0 °C (32 °F) are close to the days of the annual TPPS. 
Also, it is more convenient to use a daily maximum 
air temperature of 0 °C to count the modified growing 
degree days, rather than the degree-hour heat sum 
above 50  °F. This new method can serve as a more 
efficient alternative way to estimate annual TPPS for 
longleaf pine trees, with comparable accuracy. Simi-
larly, Zhang et al. (2015) considered the accumulat-
ed growing degree days as an indicator for predicting 
the onset and duration of the pollen shedding season 
in the U.S.

Consistent patterns existed for the TPPS, even 
with the increase of tree ages through time. This re-
sult is consistent with previous studies, indicating 
that pollen shedding is related to heat (or energy) 
accumulation. Boyer (1973) reported that longleaf 

Fig. 5. Dynamics of the time of accumulated pollen density (TAPD) from 1958 to 2013 (a); the percentage of different 
groups of TAPD (b); the dynamics of CVs for TAPD through time (c); Taylor’s power-law for TAPD (d); the interval 
times for different TAPD (e)
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pines in southwestern Alabama need an average of 
11,341 degree-hours (above 50 °F) after January 1 for 
peak pollen shedding. In this study, the accumulat-
ed maximum daily air temperatures above 0 °C after 
January 1 ranged from 1,027 °C to 1,522 °C, with an 
average of 1,342 °C. Fluctuation in the annual TPPS 
may be related to energy accumulation during tem-
perature fluctuations, as illustrated with the maxi-
mum air temperature data used here. Winter weather 
can affect the time required to reach the peak of pol-
len shedding. Higher air temperatures in winter can 
shorten this period, such as when the warm tempera-
tures during January and February (average 13.4 °C) 
in 1975 reduced the TPPS to 53 days (Fig. 4). Con-
versely, the low temperatures (average 10.3 °C) dur-
ing January, February, and March of 1960 extended 
the TPPS to 95 days. However, not all tree species 
follow such a pattern. Populus in southern Hungary 
was found to extend its pollen season during a warm 
and dry period, while in León, an extension of the 
flowering season for Populus was favored by low tem-
peratures (Makra et al., 2012). The insignificant find-
ing for Taylor’s power law in TPPS through time may 
indicate that TPPS is not mainly controlled by a bio-
logical process. The observed variation is likely relat-
ed to factors, such as differences in tree growth influ-
enced by weather conditions, including temperature, 
precipitation, and wind (Garcia-Mozo et al., 2007; 
Rojo et al., 2015). The correlation between TPPS and 
rainy days in January–March was not significant. For 
individual trees, phenology is usually unpredictable, 
in that each is characterized by a unique genetic com-
position, age, and size, and responds individually to 
its ambient microclimate (Fotiou et al., 2011).

Although the TAPD also changed every year, a 
general trend during the past five decades was not in 
evidence. These results did not support the hypoth-
esis of a more extended pollen season through time 
with rising global air temperatures (De Linares et al., 
2017). A year with an extended period was usually 
followed by a year with a short period. But, the CVs 
were stable and were close to 0.35. Here no corre-
lation was observed between the annual TPPS and 
TAPD. Our results from longleaf pine forest did not 
support earlier (or later) endings and shorter pollen 
seasons, as reported by Cariñanos et al. (2014) for 
other plants in Spain. In contrast to TPPS, the rela-
tionship between the TAPD and the winter air tem-
perature (average air temperature during January, 
February, and March) was not significant (p > 0.05). 
This means the relationship between winter air tem-
perature and the annual TAPD might be complicated. 

Although frost may affect the timing of pol-
len release (Andersen, 1991), pollen shedding is 
mainly a biological process. It is characterized by 
self-organization in pollen reproduction (Chen et 
al., 2020), validated by our significant finding for 

Taylor’s power-law (Fig. 5d). When considering pos-
sible causes of the cyclic rhythms in the flowering of 
plants, some theories and hypotheses regard phys-
iological factors inherent within the plants to be of 
greater importance than external meteorological in-
fluences (Spieksma et al., 1995). 

Conclusion

Analysis of long-term data on the pollen shedding 
process for longleaf pine trees revealed some clear 
temporal patterns related to pollen phenology. An-
nual TPPS was mainly associated with heat accumu-
lation following January 1, which can be described by 
the accumulated days with the maximum air temper-
ature above 0 °C. Thus, the time of peak pollen shed-
ding appears to be driven by external meteorological 
factors in the ambient environment. The time of ac-
cumulated pollen density (to 80% of the total shed) 
is controlled primarily by biological factors within in-
dividual trees. Neither TPPS nor TAPD changed sig-
nificantly during the 55 years influenced by climate 
fluctuation. However, it should be noted that seed 
production and ultimately the sustainability of the 
longleaf pine forest ecosystem is influenced by mul-
tiple physical factors and complex ecological process-
es, such as pollen production, pollen release from 
catkins, timing, and duration of pollen shedding, and 
direction of pollen dispersal in the air. These pro-
cesses may be controlled by various meteorological 
factors. Further research is required to more com-
pletely understand how these physical factors inter-
act with physiological processes in longleaf pines, at 
different developmental stages (e.g., strobili forma-
tion, catkin development, pollen maturation), during 
different seasons of the year, and environmental in-
fluences, such as air temperature (mean, maximum, 
minimum), precipitation (quantity, duration), light 
(radiation, day length), wind speed, and atmospheric 
turbulence. Most importantly, studies of tree phenol-
ogy will bear the most useful fruit when conducted 
through long-term intensive and systematic field 
observations. 
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