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Abstract: Sporadic cone (or seed) production challenges longleaf pine forest restoration. Characteriz-
ing annual cone production change from long-term monitored data provides functional information
on the foundational species of this imperiled ecosystem. In this study, permutation entropy (PE)
and phase change were used to analyze longleaf pine annual cone production based on cone counts
from four sites (Escambia Experimental Forest, Blackwater River State Forest, The Jones Center at
Ichauway, and Sandhills State Forest). PE is an analytical tool to measure the complexity of a dynamic
system while phase change characterizes the stage of self-organization. Results indicate that PE at
each site was close to 1.0 (largely random changes in annual cone production) and generally increased
with time. The positive association between the permutation entropy of cone production and average
air temperature at different times was significant at two sites (Blackwater River State Forest and
The Jones Center at Ichauway). The frequency distribution of phases (e.g., Poor (P), Fair (F), Good
(G), Bumper (B)) in cone production followed negative power laws. Phase P could transition to
any stage, but more than 50% remained in P across sites. For phase G, it would revert to P more
than 50% of the time. Phase B would shift to P, except at Sandhills State Forest. The average lasting
time of phase P was approximately 3.7 years. The overall relationship between the interval time
of phase B and cone production was not statistically significant. Similarly, the overall relationship
between cone production in phase B and the phase change times between consecutive B phases was
not statistically significant. These results provide information on the ecological complexity of cone (or
seed) production. Our methods can be helpful for estimating the occurrence of bumper cone (or seed)
production, the lasting period between phase changes, and providing a tool for predicting natural
regeneration potential over time for longleaf pine and other tree species (e.g., masting species).
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1. Introduction

Longleaf pine (Pinus palustris Mill.) forests were once the dominant ecosystem type
in the southeastern United States. Much of the species” dominance was attributed to its
tolerance to frequent fire and drought conditions [1]. Longleaf pine forests historically
provided economical, ecological, and social benefits to local communities, such as quality
timber [2] and related forest products (such as tar, pitch, and rosin) while also providing
vital habitats for several endemic flora and fauna including red-cockaded woodpecker
(Picoides borealis), gopher tortoise (Gopherus polyphemus), and black pine snake (Pituophis
melanoleucus), and a variety of carnivorous plants (Sarracenia spp.) [3-6]. The longleaf pine
ecosystems once covered an area estimated at 33-37 million hectares ranging from southeast
Virginia to east Texas, occupying various habitats from xeric sandhills to poorly drained
Flatwoods to montane areas [7]. After European settlement, the extent of the longleaf pine
ecosystem dramatically declined due to timber harvesting, fire suppression, and land use
change [8,9]. About 1.02 million hectares of longleaf pine forest remained from the 1995
forest inventory and analysis data [1]. Currently, the longleaf pine ecosystem is considered
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a critically endangered ecosystem [10]. In addition to their biological value, longleaf pine
forests are currently valued for their ability to produce pole-quality timber, premium
pine straw, and carbon sequestration potential [11]. Government agencies and private
landowners have renewed interest in restoring and increasing longleaf pine forests due to
these benefits [12]. As such, longleaf pine restoration has become a regional priority [13].
Various governmental incentives have provided support (e.g., small financial aid, service
of prescribed burning for small landowners, etc.) for longleaf pine restoration. Currently,
the total area of longleaf pine forests has slightly increased.

The natural regeneration of longleaf pine is threatened by several factors including
substrate limitation, seed depredation, and competition from herbaceous and woody
species [14-16]. Silvicultural treatments can be applied to control these limiting factors;
however, sporadic seed production remains a challenging issue [17]. The reproductive
biology of longleaf pine includes lengthy flowering, pollination, fertilization, and cone
production, which can last approximately three years. Catkins initiate in July, while conelets
first form in August. Female buds appear in mid-November and early December and male
catkins develop between late December and early February. Conelets appear in January or
February. Catkin production is favored by rainfall during the growing season, while conelet
production is favored by a wet spring and early summer, followed by a dry period in late
summer. Pollination occurs in late winter or early spring, but fertilization does not occur
until the spring of the following year. Conelets grow quickly after fertilization, becoming
green cones, and reach maturity, as brown cones, between mid-September and mid-October
of the third year [5,7,17]. The variation in cone production is considered to be complex and
is mainly related to climatic conditions [18] although the exact mechanisms are not clear. A
complex system has a degree of interaction among its constituents that makes its emergent
properties impossible to deduce from the study of its elements [19]. Some previous results
indicated that high or low cone production frequency did not match the frequency of high
or low annual precipitation [20]. On the decadal scale, the coefficient of variation in cone
production positively correlates with annual air temperature but negatively correlates with
annual precipitation on some sites [21]. Thus, temperature and moisture availability at
each cone development stage could drive the spatial and temporal complexity of longleaf
pine cone production.

The entropy concept, i.e., disorder, has been broadly used to characterize ecological
complexity. Previous studies indicated the general trend of cone production in longleaf pine
forests across different sites across the region [22,23], such as the entropy of cone production.
However, there is limited research on the annual change in cone production that definitively
demonstrates a general pattern in annual cone production across various sites at different
temporal scales. Multi-scale studies would help detect underlying cone production pat-
terns that are inconspicuous in short-term, single-site studies. Complexity is an important
topic because it is of great practical significance for detecting the dynamic characteristics
and representing the differences between cone production in different years [22-24]. One
useful and easy tool in entropy analysis is permutation entropy, which was developed as a
complexity measure for time series [22]. Specifically, permutation entropy is effective at
detecting critical changes in immediate neighbors in a time series. Compared with other
methods, the merits of permutation entropy are its simplicity, low computational complex-
ity, and robustness in the presence of observational noise [25-27]. Permutation entropy can
map a raw time series into a corresponding sequence of symbols called ordinal patterns,
by appropriately ranking the neighboring series” values, without any model assumptions.
In this way, permutation entropy keeps the causal information derived from the temporal
structure of the system dynamics. Permutation entropy has been widely applied in dif-
ferent areas of science, such as medicine, ecology, optical chaos, atmospheric turbulence,
econophysics, electro-physiology, and hydrology [28,29]. However, this method has not
been applied to characterize the complexity of longleaf pine cone production. Nevertheless,
stand-level cone production may differ across varied environmental conditions. However,



Seeds 2023, 2

222

it is unknown whether these forest stands shared a similar character in the dynamics of the
annual change of cone production at different sites across the range.

The concept of phase change or phase separation in physics has been used to char-
acterize the aggregated self-organization process in ecosystems [30] and may be useful
in predicting cone production over time. Based on field experience, longleaf pine cone
production could be classified into four phases [31]. Cone production exceeding 100 cones
per tree is considered a bumper year which provides ample opportunity for seedling
establishment. Production between 50 and 100 cones per tree is considered a good year
with favorable opportunities for seedling establishment. Cone production between 25 and
50 cones per tree represents a fair year where the seedling establishment is possible but
less likely than in good or bumper years. Finally, production failing to exceed 25 cones
per tree is considered a poor year for seedling establishment since an average of 25 cones
per tree is required for successful nature regeneration [32]. Phase change can be used to
predict the probability of subsequent bumper crops. The goal of this study is to apply
permutation entropy and phase change to the cone production of longleaf pine forests
in the southeastern USA since it is directly related to seed production and biology. The
specific objectives were to determine whether: (i) the complexity of the annual change in
cone production at different sites shared a similar character; (ii) the dynamics of complexity
at multiple temporal scales varied among sites; and (iii) there were high probabilities of
state change in annual cone production. Having the ability to predict subsequent favorable
seed years would help land management agencies modify prescribed burning plans to
capture rare nature regeneration opportunities.

2. Materials and Methods
2.1. Cone Data and Study Sites

Cone production data for individual longleaf pine trees have been collected as part of
a long-term monitoring effort conducted by research scientists at the Southern Research
Station of the USDA Forest Service since 1958 [32]. Each spring, scientists used binoculars
at eleven sites across the southeastern region to count the number of green cones in the
crowns of at least ten mature longleaf pine trees growing in low-density stands. The
average of cones on these fixed sample trees was used to represent the cone production
of forest stand at each site. In this study, four research sites without missing cone data
have been used to conduct this effort. These sites include (1) Escambia Experimental
Forest in southern Alabama (short name as Escambia); (2) Blackwater River State Forest
in the western panhandle of Florida (Blackwater); (3) The Jones Center at Ichauway in
southwestern Georgia (Jones Center); (4) Sandhills State Forest in northeastern South
Carolina (Sandhills). The climate data were collected from the nearby weather stations.
Soils at these sites are generally sandy and loamy and excessively drained.

Detailed information on each site is listed in Table 1 and references.

2.2. Permutation Entropy

Permutation entropy is a tool that measures the complexity of a dynamic system
based on the order relations between values in a time series and extracting a probabil-
ity distribution of the ordinal patterns [33]. For the calculation of permutation entropy
in one-dimensional time series (x(i), i = 1, 2, ..., N), there are two important param-
eters to partition the time series into a matrix of overlapping column vectors [25]. m
is the embedding dimension that controls the length of each of the new column vectors
(usually m > 3). L is the embedding time delay that controls the number of periods be-
tween elements of each new column vector (e.g., 1). After the reconstruction, the m-
dimensional matrix is uniquely mapped into the permutations according to the ordinal
rankings. The given X(i) = [x(i), x(i + L), ... , x(i + (m — 1)L] are rearranged in the order
as X(\) =[x+ (1 — 1)L) <x(i+ (o — L) < ... <x(i + (jm — 1)L)]. In the rearranged se-
quence, ji, jo, - . . , jm denote the location of the elements in X(i). If j;; <j;», then x is sorted as
x(i + (ji1 — 1)L) < x(i + (jio — 1)L). Thus, any time series x(i) can be uniquely mapped into
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a group of subscript sequences as (j1, jo, . .. , jm). If each symbol indexed by i is different,
the m-dimensional embedding matrix has at most m! permutations. Then, the probability
of each permutation (P1, Py, ... , P, where k = m!) can be calculated by counting the times
of the permutation in the entire sequence. Finally, the permutation entropy is defined in
the form:

k
Hy(m,L,N) = — 21 PjInP;
]:

Normalized permutation entropy = Hy, (m, L, N)/LOG(m!, 2)

For the normalized permutation entropy (value from 0 to 1), the lower value indicates
a more steady time series or with a specific pattern; while the higher value (e.g., 1.0) means
a more random and noisy time series. Detailed information can be found in [20,28]. In this
study, m is selected as 3 and L is 1 since there are about three-year cycles in cone production,
and also the time from pollen to a cone is about three years. [20]. The permutation entropy
at different accumulated periods (e.g., 20 years, 40 years, etc.) was calculated and compared.

Table 1. Information of four longleaf pine research sites.

. Escambia Blackwater River The Jones Center at .
Site Experimental Forest State Forest Ichauway Sandhills State Forest
Short name Escambia Blackwater Jones Center Sandhills
State Alabama Florida Georgia South Carolina
31.13° N 30.94° N 31.22° N 34.08° N
ite locati
Site location 87.16° W 86.81° W 84.48° W 80.52° W
Elevation (m) 51 51 53 56
Time period 1958-2021 1967-2021 1967-2021 1969-2021
Average cone 29 28 30 29
production (per tree)
Maximum cone 159 206 148 152
production (per tree)
Average annual air 18.3 184 19.2 162
temperature (°C)
Average annual 159.7 160.0 129.5 119.0

precipitation (cm)

2.3. Phase Change

Since the permutation entropy of a time series is based on number order, such as for
the cone production of 10, 10.5, and 10.6, the permutation entropy approach classified these
as a vector (0, 1, 2) based on the increased value. However, based on field experience,
each value fell below the threshold of 25 cones per tree and would be considered poor.
Our phase change classifications were as follows: bumper crop > 100 cones (B), good crop
50-99 cones (G), fair crop 25-49 cones (F), and poor crop < 25 cones (P) [31]. Then, the cone
production time series were transformed into a series of phase changes (such as PFGB).
Based on the annual phase change, the probability of each phase change was estimated.
Some phases’ (e.g., P and B) lasting and interval times were also calculated. Lasting time
refers to the duration (year) of the same phase (such as P), and interval time means the
time (years) between two same phases (such as B, B). Since phase B is so important, the
times of phase change (such as F was changed into P, then into B) before subsequent phase
B at each site were recorded. This information could be used to discover the patterns of
phase B, and whether frequent phase changes will lead to phase B.
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2.4. Statistics

Linear regression analysis was conducted between the permutation entropy of cone
production and time and the permutation entropy of average air temperature at different
times. Statistical significance was considered at p < 0.05. SAS software (version 9.4) (SAS
Institute, Cary, NC, USA) was used to perform the test.

3. Results

Over six decades, permutation entropy at Escambia, Blackwater, Jones Center, and
Sandhills was 0.967, 0.993, 0.966, and 0.942, respectively. Each value was close to 1.0
despite considerable variations in cone production among sites, which indicated a generally
random change in annual cone production (Figure 1). However, permutation entropy
generally increased with time at each site and became saturated after about 40 years.
During the recent decade, permutation entropy was stable at Blackwater and Sandhills, but
with a slight increase at Escambia and a decrease at Jones Center.
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Figure 1. Permutation entropy changed with time at four study sites.

The association between the permutation entropy of cone production and the permu-
tation entropy of average air temperature across time was significant only at Blackwater
and Jones Center (Figure 2).

The frequency distribution of phases in cone production followed negative power
laws (Figure 3), although it was not significant at Jones Center (p > 0.05).

Phase P could be transitioned to any stage (e.g., P, F, G, B) (Table 2), but at least more
than 50% remained in P at the four sites. Phase G cone production often (more than 50%)
transitioned into P. For phase B, it generally shifted to P except for Sandhills.
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Figure 3. The frequency distribution of phases in cone production at four study sites (the lower
thresholds of four phases in the x-axis, including P = 1, F = 25, G = 50, and B = 100, were used).
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Table 2. Event number and probability of phase transition in the annual cone production at four sites.

n P— n F— n G— n B—
Escambia

26 0.6046 0 0 3 0.1667 6 1.0000
F 0.1860 8 0.8888 2 0.3333 0 0
G 0.0930 0 0 1 0.5000 0 0
B 0.1163 1 0.1111 0 0 0 0

Blackwater
P 25 0.6410 5 0.6250 4 1.0000 4 1.0000
F 6 0.1538 2 0.2500 0 0 0 0
G 3 0.0769 1 0.1250 0 0 0 0
B 0.1282 0 0 0 0 0 0
Jones Center
P 29 0.7436 0 0 4 0.5714 5 0.7143
F 1 0.0256 0 0 0 0 0 0
G 0.1538 1 1.0000 2 0.2857 0 0
B 3 0.0769 0 0 1 0.1429 2 0.2857
Sandhills

P 18 0.5625 5 0.5556 7 0.7778 1 0.3333
F 6 0.1875 3 0.3333 1 0.1111 0 0
G 6 0.1875 1 0.1111 1 0.1111 1 0.3333
B 2 0.0625 0 0 0 0 1 0.3333

n: event number, P: poor (<25), F: fair (25-50), G: good (50-100), B: bumper (>100).

The average lasting time of phase P was approximately 3.7 years (Figure 4). The
longest duration for phase P was 12, 15, 23, and 6 years at Escambia, Blackwater, Jones
Center, and Sandhills, respectively. The relationship between the interval time of B and
cone production was overall not significant (Figure 5), but it was significant at Blackwater.
The relationship between the bumper cone production and the phase change time was
not significant among the overall four sites (Figure 6) but was significant at Blackwater
(p < 0.05). There was only one phase change at Sandhills, preventing phase change analysis.

9

(o]

(years)
(@)

Lasting time

i“i

Escambia Sandhills

Blackwater
Sites

Jones Center

Figure 4. The average lasting time of phase P at four study sites (P refers to cone production < 25 and

error bars are standard deviations).
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4. Discussion

After six decades, the permutation entropy of cone production at each site was nearly
one, indicating an essentially random phenomenon. This result is consistent with the
previous finding of the complexity in cone production of longleaf pine stands identified
by Shannon entropy [22]. However, permutation entropy can discover the patterns of
annual changes (change between neighbors) better than Shannon entropy. Additionally,
due to the lengthy and complicated processes from pollination to cone production, multiple
factors may affect cone production [20,23]. Furthermore, the cone production of a forest
stand is the average of ten trees, which may be the effect of the random combination of
some poor and super-producing longleaf pine trees [34,35]. Similar to the dynamics of
Shannon entropy [23], the permutation entropy generally increased with time at each site.
However, it seems that the permutation entropy of cone production might reach saturation
after 40 years. When the permutation entropy was relatively low, such as at Escambia
at age 20 (PE = 0.85), the change in annual cone production might be deterministic or
not random. Additionally, the annual change in cone production is time-dependent. The
exact mechanisms are unclear but may be related to the environment and the changing
physiological requirements of trees as they age [18,36].

The association between the permutation entropy of cone production and the permu-
tation entropy of average air temperature was significant only at Blackwater and Jones
Center. This point was quite different from the previous result of a high correlation between
Shannon entropy and cone production [22]. The possible explanation may be related to
the difference between permutation entropy and Shannon entropy because permutation
entropy emphasizes more on the annual change in cone production within the neighbors,
such as during the three years (in this case, m = 3) so that the order (0, 1, 2) can be used
to distinguish them. However, Shannon entropy emphasizes the overall disorder and is
not directly related to the immediate neighbors. Our result may indicate that the annual
change in cone production may not be directly associated with local climate (annual air
temperature and precipitation), although, overall, the entropy (Shannon) of cone produc-
tion is significantly correlated to the entropy of climate. However, tree health and local
soil nutrient and water conditions might also affect the annual change in cone production.
Currently, we do not have these specific data for each tree or site. We encourage future
research to address this existing issue. Using permutation entropy with different delay
times in cone production and soil nutrients or water content may be useful to understand
this process.

After we represented the cone production in four phases of P, F, G, and B, it is helpful
to avoid ranking similar cone production, which may be aggregated into the same phase.
Such as 10, 10.5, and 10.7, each of them is at the P stage because they are less than 25.
The frequency distribution of phases followed negative power laws, and this confirms the
previous finding of power distribution in cone production [24].

The changes among the four phases were not random at each site. Although there
were slight differences, 56-70% of P remained at P in the subsequent year across sites. For
G, the cone production frequently transitioned into P. Similar to B, cone production would
100% shift to P at Escambia and Blackwater; B was most likely (71%) to shift to P at Jones
Center; B would shift to P, G, or B equally (33.3%) at Sandhills. This result is consistent
with the observations that it is usually a poor production year after a bumper year [20].
Transitions to B never occurred at Blackwater, Jones Center, and Sandhills following an
F cone year. In contrast, a transition from F-to-B occurred at Escambia but was generally
rare (11%). Based on the observed probability of phase change, it is possible to project the
next phase of cone production with a relatively high degree of confidence. However, the
phase changes following a B year at Sandhills demonstrate the existence of site-specific
cone production dynamics. We suspect the xeric conditions at Sandhills contribute to the
observed variance in cone production by magnifying the importance of climatic stress.
Unfortunately, our study lacks sufficient replication to explore this potential mechanism.
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Future studies integrating environmental monitoring data with biological information are
needed to discover complex underlying mechanisms.

Phase P was very frequent among these sites. Although the average duration of P was
approximately 3.7 years, the maximum lasting time for P could reach a long time, such as
12,15, 23, and 6 years at Escambia, Blackwater, Jones Center, and Sandhills, respectively.
Thus, P was the dominant cone production phase at all sites, which was consistent with
the observation data. Results indicate that cone production averaged fewer than 20 cones
per tree in 13 of the 20 years [26]. At locations such as these with frequent P stages, natural
regeneration of longleaf pine forests may not be a viable option in most years. Bumper
cone production, which is important to forest restoration and wildlife, was unstable at each
site. Only at Jones Center and Sandhills, the possibility of subsequent B crops reached
28-33%; but at the other two sites, the probability was 0. The possible biological mechanism
may be that trees consume too much energy for the high production of cones and they
need time to recover. Furthermore, the relationship between the interval time of B phases
and cone production was not statistically significant across sites but was only significant
at Blackwater. The relationship between the bumper cone production and the times of
phase change was insignificant among the overall sites except for Blackwater. Thus, there
was a clear pattern between bumper cone production, interval time, and the frequency of
phase change at Blackwater. This supported the previous result of weak burstiness in cone
production [36]. However, at Blackwater, there was a positive correlation between higher
cone production (phase B) and the frequent phase changes.

5. Conclusions

Cone production in longleaf pine stands is essential for forest natural regeneration
and ecosystem resilience. However, the annual changes in cone (or seed) production at
forest stands are complex, which makes planning for favorable seed years challenging. This
study indicates that permutation entropy and phase change can be used to characterize
the complexity of annual cone production dynamics. The cone production change had
random processes (e.g., increase or decrease) at each study site after a certain time because
its permutation entropy values were approximately 1.0. However, permutation entropy
was time-dependent and not highly correlated to permutation entropy of average air
temperature except for Blackwater and Jones Center, which means that local climate may
not necessarily correlate to the annual change in cone production. Patterns in phase changes
of annual cone production partially existed. For example, the frequency distribution of
phases (P, F, G, B) in cone production is followed by negative power laws. Phase P could
be transitioned to any stage (e.g., P, F, G, B), but often (50%) remained in the P phase
across sites. Phase G typically transitioned into Phase P (>50%). For phase B, it was most
likely to shift into phase P, except for Sandhills. A significant relationship was found at
Blackwater between bumper cone production, interval duration, and frequency of phase
change. Based on the phase transition probability, our results have practical implications
for longleaf pine regeneration efforts, such as estimating the occurrence of bumper or good
cone years and their lasting or interval time. This method could also be utilized to identify
sites with poor reproductive potential. Further characterizing cone production time series
with integrated environmental monitoring data (e.g., soil water and nutrients) may help
understand the complete picture of the cone (or seed) production across the landscape
and provide information for future modeling efforts. This approach could be applied to
characterize other tree species for a better understanding of seed production processes and
possible mechanisms across space and time.
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