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Seed long-distance dispersal (LDD) is essential to explain plant migration.
However, few studies have addressed the magnitude and frequency of LDD
events given the difficulty of measuring them in situ. Computational simulation
offers an alternative to the in situ methods. In this study we proposed a simulation
model of seed dispersal for two anemochoric conifers, which includes wind
patterns, seed and tree traits. We proposed and measured 18 dispersal traits
for Abies religiosa and Pinus hartwegii and analyzed variation between traits
and species through a principal component analysis. We used the Weather
Research and Forecasting (WRF) atmospheric simulation model to obtain wind
speed and direction data at the study zone (Iztaccihuatl volcano, central Mexico).
We performed linear regression models to simulated seed dispersal events
considering horizontal wind speed, seed traits and seed release height, and using
a mechanistic model, we integrated vertical wind speed and wind direction. Seeds
of both species presented similar morphology but were sorted into two groups.
The relationship between wing size and seed weight may be a key element to
dispersal, as it influences the interaction of the seed with the wind. Although
we expected that P. hartwegii, seed traits and higher distribution would promote
more and longer LDD events, A. religiosa presented more and longer LDD. The
maximum dispersal distance was 105 m for A. religiosa and 64 m for P. hartwegii.
Both species showed differences in dispersal capacity, which may be related to
their seed traits. The frequency of LDD events indicates that a low proportion of
seeds would travel more than 20 m away from the parent tree. This suggests that,
under migration scenarios, new trees movement up would take place gradually.

seed traits, long-distance dispersal, wind patterns, distribution ranges, mountain systems

1. Introduction

Global warming is affecting the reproduction, growth, and phenology of plants in
temperate ecosystems (Kreyling, 2010), causing changes in their distribution (Boisvert-
Marsh et al., 2014; Osland et al., 2021). In mountain systems, the elevation-climate gradient
regulates the distribution of plants; therefore, climatic variations may affect the distribution
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of populations (Tape et al, 2006; Kelly and Goulden, 2008).
Accumulated evidence over the past few decades related to tree
line shifts is a clear example of plant distribution changes and
upward migration (Grace et al., 2002; Harsch et al., 2009). However,
the factors and mechanisms underlying migration require further
study.

Environmental conditions may limit plant migration by
preventing establishment or by increasing the mortality rate.
However, there are other mechanisms that can also limit migration,
such as seed dispersal. Experimentally, it has been shown that
the artificial addition of seeds outside the limits of their original
distribution promotes colonization through the exploration and
occupation of new ecological niches (Zobel et al., 2000; Foster et al.,
2011). Therefore, migration is limited not only by environmental
conditions, but also by seed dispersal.

Plant migration can occur slowly through a gradual advance
or quite suddenly through long-distance dispersal (LDD) jumps
(Neilson et al., 2005). It has been suggested that LDD events may
explain past and current migrations (Clark et al., 1998; Powell and
Zimmermann, 2004), but measurement of LDD is not easy because
of the difficulty of finding enough seeds and of linking the seed
to the parent plant (Nathan et al., 2011; Jordano, 2017; Beckman
etal., 2020). It is known that wind dispersal (anemochory) has great
potential for achieving LDD (Svenning and Sandel, 2013), but little
is known about the maximum distance wind dispersal may reach
and about the frequency of the maximum distance events.

Seed traits are related to their dispersal capacity, defining
different dispersal syndromes. For anemochoric seeds, wind
patterns play a fundamental role. But also seed traits as the mass,
shape and appendages, as well as other traits related to the mother
plant, as release height, seem to play an important role in its
dispersal trajectory. For example, seeds with less mass have the
potential to be dispersed greater distances, similarly a discoidal
shape has advantages over a spherical shape by interacting with
wind currents and achieving greater displacement (Cousens and
Rawlinson, 2001; Hewitt and Kellman, 2002; Zhu et al., 2016; Wyse
and Hulme, 2021).

Computational modeling offers an alternative to dispersal
studies in situ because it can simulate multiple dispersal events
that can then be evaluated (Kuparinen, 2006; Nathan et al., 2011).
Modeling also provides climate information in regions where
meteorological instrumentation is scarce. For example, numerical
weather prediction models, such as the Weather Research and
Forecasting (WRF) model, can predict wind patterns in one or
more space-time domains. However, the use of these kinds of
models to simulate dispersal trajectories of anemochoric seeds have
not yet been explored in-depth.

Abies religiosa and Pinus hartwegii are two conifer species
widely distributed across 3,000 m a.s.l. in central Mexico, mainly
over the Trans-Mexican Volcanic Belt (TMVB). At around 4,000 m
a.s.l, P. hartwegii forms the tree line. During the final one-
third of the Holocene, the tree line upward approximately 500 to
700 m as a result of glacier advances and retreats that changed
climatic conditions (Biondi, 2001; Lozano-Garcial and Vizquez-
Selem, 2005). Models have indicated that under warming scenarios,

Abbreviations: Ar, Abies religiosa; Ph, Pinus hartwegii; LDD, long distance
dispersal; TMVB, trans-Mexican volcanic belt.
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these two conifer species may migrate upward in mountain systems
(Sdenz-Romero et al., 2012; Manzanilla-Quifones et al., 2019;
Gomez-Pineda et al,, 2020). There is already evidence in Mexico
of their advance to elevations above their usual distribution range
(Torres-Beltran, 2013; Astudillo-Sanchez et al., 2019), but the
extent to which seed dispersal may limit the migration of these two
species has not been assessed.

To address the dispersal mechanisms involved in the upward
advance of the two species, we asked the following questions:
what is the mean distance of a dispersal event? How long and
frequent are the LDD events? Do the two species differ in their
dispersal capacity? Could LDD favor the migration of each species
to higher altitudes? To answer these questions, we proposed the
following specific objectives: (1) to identify seed traits related to
dispersal and to compare the dispersal capacity of the two species,
(2) to simulate wind patterns in a mountain region during the
season of seed release of A. religiosa and P. hartwegii in order to
model dispersal events, and (3) to calculate a probability of LDD
that would promote altitudinal migration for each species. Our
hypotheses were: (1) P. hartwegii with lower seed mass will favor
larger distance of dispersal than A. religiosa, (2) wind patterns will
favor more LDD events at higher elevations, and (3) LDD events
will accelerate the migration of both species.

In this context, in the present study, we integrated the results of
the WRF model into a mechanistic model that simulates dispersal
events to estimate the distance and direction of the dispersal
trajectories of anemochoric seeds of A. religiosa and P. hartwegii.
Our model constructs dispersal trajectories based on the results of
displacement experiments. It also considers different wind patterns
for seed dispersal, such as the vertical wind component and two
levels of the horizontal component. Even though, in this paper, we
do not intend to extrapolate our model to a warming scenario, we
consider that it can be fed with different runs of future scenarios to
project changes in migration patterns.

2. Materials and methods

2.1. Area and species studied

The study area is located in the TMVB in central region of
México. The TMVB includes the highest peaks in the country; like
the Iztaccihuatl volcano, third highest with its summit at 5,284 m
a.s.l, is at 19.172°N —98.641°W (Figure 1). Iztaccihuatl volcano
has been inactive since the late 19th century, and this has allowed
forest migration to be regulated by factors other than volcanic
activity. The climate on Iztaccihuatl ranges from temperate to cold
and very cold; the mean temperature of the coldest month ranges
from —2 to 18°C, according to elevation, with a decrease of 0.68°C
per 100 m (Jasso-Flores et al., 2019). Mean annual precipitation is
between 659.3 and 1,186 mm, concentrated during June to October
(Comisién Nacional de Areas Naturales Protegidas [CONANP],
2013).

The vegetation in the area is mainly coniferous forests with
the dominant species differing according to altitude. Abies religiosa
(Kunth) Schltdl. and Cham., Pinaceae (hereafter referred to as Ar)
is dominant between 3,000 and 3,700 m a.s.l. Pinus hartwegii Lindl.,
Pinaceae (hereafter referred to as Ph) is dominant between 3,400
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FIGURE 1

of Abies religiosa and Pinus hartwegii.

Map of the study area showing (A) spatial configuration of the domains D01, D02, and D03 used in the simulation with WRF-ARW and (B) distribution

N Species
@ — Abies religiosa
Pinus hartwegii F 19.65
Gulf of Mexico 119,50
19.35
19.20
19.05
ocatepetl
18.90
T
-96.0 -98.85 -98.70 -98.55

and 4,000 m a.s.l, forming the tree line. Above 3,500 m and up
to 4,350 m a.s.l, alpine grassland is the dominant vegetation. Ar
trees can reach 40 m in height and sometimes up to 60 m, while Ph
trees can reach 25 m in height (Espinosa-Garduro, 2005; Comision
Nacional de Areas Naturales Protegidas [CONANP], 2013; Jasso-
Flores et al., 2019). Both species have seeds with wings that favor
wind dispersal (anemochory). In this context, the term diaspore
refers to the wing and the seed together, while the term seed
excludes the wing. Diaspore dispersal can happen from January to
June, with a peak from March to April for Ar, and from February to
March for Ph, with a biennial seed production seed production or
longer (Benitez-Ortega, 2014; Arriola-Padilla et al., 2015).

2.2. Traits related to dispersal

We measured 18 seed traits in 50 diaspores for each species
(Figure 2 and Table 1). Area, circularity, and linear dimensions
were measured with Image] version 1.53. We evaluated the
correlation of the seed traits and performed a principal component
analysis (PCA). To represent the variation of the data, we used the
first two components, which together accounted for 82.2% of the
variation. R version 4.2.0. was used for all statistical analyzes.

2.3. Biophysical traits

To evaluate the falling time and dispersal distance of the
diaspores, we used a floor fan (Mytek 3348; 18 inches, 3 speed
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levels) to produce different horizontal wind speeds (1, 3, and 5 m/s)
that we checked with an anemometer (Gain Express Ane-272)
at the point where diaspores were released. The diaspores were
released at a height of 1.5 m from the floor and 1 m from the
fan. The dispersal distance was the horizontal distance traveled by
the diaspore from its release point to the point where it touched
the ground, not including subsequent displacements by sliding.
According to the dispersal distance of each diaspore, we calculated
the terminal velocity as the speed a diaspore reached when it was
moving. Diaspore falling time, the time that elapsed between seed
release and contact with the ground, was measured at different seed
release heights (1, 2, and 3 m) and in the absence of a horizontal
wind flow. For the three wind velocities and the three seed release
heights, we performed 50 replicates for each species. To compare
the terminal velocity and falling time by wind speed, release
height, and species, we used two-way ANOVA and Tukey’s tests.
Additionally, we tested the data for normality and homoscedasticity
between groups. All statistical analyses were performed considering
a significance of 0.05.

2.4. Configuration of the WRF-ARW
model

We used the WRF model (Skamarock et al., 2019) with the
ARW dynamic core version 3.8.1 to simulate weather conditions,
including wind patterns in the Iztaccihuatl-Popocatépetl region.
We defined a 3-year period with no significant extreme events
(2017, 2018, and 2019) to capture normal weather conditions in
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the area. To simulate the seasonal variation in wind patterns, we
used the first week of each month of seed dispersal (January to
June). Total simulation time was 3,024 h, iterated to consider 168-h
periods, i.e., 7 days of simulation per numerical experiment.

The spatial configuration of the model defined a parent domain
(D01) and two nested domains (D02 and DO03) with a spatial
resolution of 9, 3, and 1 km, respectively (Figure 1). This domain
configuration seeks to increase the resolution for in D03 and
represent, in the best possible way, the local processes and wind
patterns, which are significantly influence by topography. D01
used a grid of 100 x 100 points, D02 88 x 88 points, and D03
76 x 76 points. The centroid of all spatial domains corresponds to
coordinates 19.173°N and —98.635°W and represents the location
of the highest point of the Iztaccihuatl volcano. Finally, we defined
34 hybrid levels vertically, from 1,000 to 100 hPa, which supplied
information across the entire atmospheric column and not only
values on the surface.

The numerical models were initialized with NCEP GDAS/FNL
0.25 Degree Global Tropospheric Analyses and Forecast Grids
(ds083.3) reanalysis data (National Centers for Environmental

Prediction/National Weather Service/NOAA/U.S. Department of

Commerce, 2015), which have a one-quarter degree (0.25°) spatial
resolution and a 6-h time step. Physical parameterizations were
based on previous research into the use of the WRE-ARW model
in complex orographic regions of Mexico (Méndez Pérez et al.,
20165 Leon-Cruz et al, 2019). In this regard, we selected the
WREF Single-Moment 5-class scheme for microphysics, the RRTM
scheme for long-wave radiation, the Dudhia scheme for short-

wave radiation, Kain-Fritsch for cumulus parameterization, and the

10.3389/fevo.2023.1150137

Yonsei University scheme (YSU) for the planetary boundary layer
(Dudhia, 1989; Mlawer et al., 1997; Hong et al., 2004, 2006; Kain,
2004). The wind was corrected for topography (topo_wind) for the
three domains in order to improve the representativeness of this
variable in the study area (Jiménez et al., 2012).

From the model outputs, we extracted the wind speed and
direction on the surface and interpolated and calculated the values
at 50 m above ground level, as well as the vertical component. These
variables were written in separate netCDF files in 6, 3, and 1 h
time steps for D01, D02, and D03, respectively. The hourly data
allowed us to represent the frequencies of the wind values over the
simulated period.

2.5. Simulating dispersal events

We simulated dispersal events during a period from January
to June. The simulations considered the following components:
seed release height according to the elevation gradient and the
vertical structure of Ar and Ph forests; the results of the WRE-
ARW model; empirical results of dispersal trajectory to estimate
falling time and terminal velocity; a mechanistic displacement
equation; and wind direction to evaluate the probability of
altitudinal dispersal.

For the vertical structure, we proposed a probability matrix
including species, altitude, and six height ranges for reproductive
trees (2 to 5 m, 6 to 10 m, 11 to 15 m, 16 to 20 m, 21 to
25 m, and 26 to 30 m). Probability was calculated for each of
seven altitudinal floors (3,000—3,200 m a.s.l.; 3,201—3,400 m a.s.l;

TABLE 1 Seed traits of Abies religiosa and Pinus hartwegii related to their dispersal capacity.

Height where seeds are produced in reproductive trees
Total length of the diaspore (wing + seed)

Total width of the diaspore (wing + seed)

Length of the seed only, excluding the wing

Width of the seed only, excluding the wing

Total area of the diaspore (wing + seed)

Area of the wing only, excluding the seed.

Area of the wing only, excluding the seed.

Weight of the diaspore (seed + wing)

Ratio of diaspore total length to total width; linear measurements include both the wing and

Ratio of total area to wing area.

Ratio of total area to seed area (excluding the wing)

Ratio of seed area (excluding the wing) to wing area (excluding the seed).
Ratio of diaspora total area (wing + seed) to mass.

Ratio of wing area to mass.

Circularity index: C = 47 (A/P?), where C is circularity, A is diaspore area, and P is diaspore

perimeter. Values close to 1 approach a circle; values close to 0 approach a linear polygon.

Seed release height

Total length tl mm
Total width tw mm
Seed length sl mm
Seed width sW mm
Total area ta cm?
Seed area sa cm?
‘Wing area wa

Mass m mg
Total length: Total width tl:tw -
ratio the seed.
Total area: Wing area ta:wa -
Total Area: Seed area ta:sa -
Seed area: Wing area sa:wa -
Total area: Mass ta:m -
‘Wing area:mass wa:m -
Circularity c -
Dispersal distance under d cm
3 m/s constant wind speed

Falling time from 2 m height tc s
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Distance of diaspore dispersal recorded under a constant wind speed of 3 m/s.

Time that a diaspore takes to fall from a release height of 2 m.
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FIGURE 2

10.3389/fevo.2023.1150137

Diaspores of (A) Abies religiosa and (B) Pinus hartwegii. For both diaspores seed (s) and wing (w) are pointed out, and some linear dimensions like
seed width (sw), seed length (sl), total width (tw), and total length (tl) are indicated schematically. Scale = 5 mm.

3,401—3,600 m a.s.l; 3,601—3,600 m a.s.l; 3,601—3,800 m a.s.l;
3,801—4,000 m a.s.l.) according to the density of trees for the
different ranges reported in the literature (Hoch and Korner, 2003;
Iglesias-Andreu and Tivo-Fernandez, 2006; Cuevas-Guzman et al.,
2011; Murrieta-Herndndez et al., 2014) (Additional file).

Simulated dispersal trajectories consider multiple elements:
wind speed data generated by the WRF-ARW model, tree height
generated by the first component, and linear models for the
biophysical traits of each species. Linear models for terminal
velocity and falling time used the following equations:

VtNBOV+BIV*VV+e

TCNBOt—f—Blt*h-f— e

where V; is the terminal velocity of the diaspore during dispersal,
V., is horizontal wind speed, T is time to fall, & is tree height, B is
the intercept of the respective model, §; is the slope coefficient and
e is the species (quantitative variable).

A linear model was generated for each dispersal simulation
based on a random selection of an empirical dispersal trajectory.
Each model considers an outcome of displacement or falling time
for each experimental wind speed (1, 3, and 5 m/s) or release height
(1, 2, and 3 m). If the slope coeflicient was negative the model
was discarded, and a new linear model was generated, thereby
minimizing negative trajectories. When a linear model was selected,
it was used to extrapolate terminal velocity and falling time based
on the wind speed and height data provided by the WRF-ARW
model. We calculated the dispersal distance for each mesh point
in D03 matching the distribution of Ar and Ph (606 points for Ar
and 365 points for Ph). For each point, we randomly selected one
of the outcomes of the temporal iterations of wind speed of the

Frontiers in Ecology and Evolution

WRE-ARW model. Before calculating the dispersal distance, the
simulation selects a dispersal scenario based on the value of the
vertical wind component and the height of the reproductive tree.
If tree height exceeds 20 m and an ascending wind flow of >0.2 m/s
occurs, this is considered an “UP” scenario in which the diaspore
interacts with the horizontal wind component at 50 m; otherwise,
it is a “NORMAL” scenario in which the diaspore interacts with
horizontal wind at 10 m. Once the dispersal scenario had been
selected, the dispersal distance was calculated as the product of the
terminal velocity and the time to fall:

Dd = V[ *Tc

where Dy is the seed dispersal distance, V; is the extrapolation
of the seed terminal velocity according to the horizontal wind
corresponding to the dispersal scenario, and T is the extrapolation
of the time taken for the seed to reach the ground according to the
height of the reproductive tree.

Each dispersal simulation includes the horizontal wind
direction selected according to the dispersal scenario. For each
simulation, we compared the wind direction with an ideal range
of wind directions that would favor altitudinal dispersal according
to the location of the reproductive tree. The ideal direction
is an interval of possible dispersal directions that promote the
arrival of the seed to the next altitudinal floor. To calculate
it, we established a point located at the highest altitude of
our study site and drew lines that originated from each mesh
point of the grid; then for each line we calculated the angle
and added a range to estimate the ideal direction interval.
Hence, our model simulates individual dispersal events, yielding,
as outcome variables, the dispersal distance, and the dispersal
direction. The outcome variables indicate whether the dispersal

frontiersin.org
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event could enable the diaspore to reach a higher altitude
(altitudinal dispersal).

The altitudinal dispersal was evaluated by running 100
iterations of the model. We set samples of 10 trees for each mesh
point. We used the 3,024 simulation hours of the WRF-ARW
model to make random selections of each mesh point, which
were then evaluated to choose the dispersal scenario and carry

TABLE 2 Seed traits of Abies religiosa and Pinus hartwegii.

10.3389/fevo.2023.1150137

out extrapolations to calculate the dispersal distance. Finally, we
set a range of = 60° from the ideal direction to evaluate the
altitudinal dispersal.

Additionally, we ran the model monthly favoring the “UP”
scenarios, fixing the values of the first component, and adjusting
a unique model for each species to simulate its dispersal distance.
Regardless of the altitudinal floor, we set Ar height to 30 m and

Attribute Measured data Literature data
References
Abies religiosa (n = 50)
Reproductive tree height (m) - - - - 15 1.2 30 Cuevas-Guzman et al.,
2011
Seed length (mm) 11.50 1.17 8.26 14.23 - - - *
Seed width (mm) 7.68 0.96 5.29 9.42 - - - *
Seed area (cm?) 111 0.19 0.64 1.60 - - - -
Diaspore length (mm) 25.08 2.06 16.86 29.02 - - - -
Diaspore width (mm) 15.41 1.77 9.41 19.79 - - - -
Diaspore area (cm?) 2.03 0.29 0.94 2.55 - - - -
Seed mass (mg) 48.8 13.64 20 80 29 1.8 58.7 Ortiz-Bibian et al., 2019
Seed circularity 0.55 0.03 0.47 0.62 - - - -
Dispersal distance (cm)! 29.88 12.27 13 77 - - -
Time to fall (s)' 1.40 0.32 0.91 1.92 - - - -
Pinus hartwegii (n = 50)
Reproductive tree height (m) - - - - 10 3 19.7 Hoch and Kérner, 2003;
Iglesias-Andreu and
Tivo-Fernandez, 2006;
Murrieta-Hernandez
etal., 2014;
Alfaro-Ramirez et al.,
2007
Seed length (mm) 3.70 0.59 2.46 5.75 4.8 2.8 6.9 Iglesias-Andreu and
Tivo-Fernandez, 2006;
Iglesias et al., 2012;
Lépez-Lopez,
unpublished
Seed width (mm) 4.50 0.50 3.13 5.65 33 1.8 4.8 Iglesias-Andreu and
Tivo-Fernandez, 2006;
Iglesias et al., 2012;
Lopez-Lopez,
unpublished
Seed area (cm?) 0.16 0.04 0.11 0.30 - - - -
Diaspore length (mm) 20.07 2.18 16.21 24.20 - - -
Diaspore width (mm) 6.40 091 3.68 7.99 - - - -
Diaspore area (cm?) 1.08 0.19 0.62 1.55 - - - -
Seed mass (mg) 12.808 4.94 5 20 17 4 40 Alfaro-Ramirez et al.,
2007
Seed circularity 0.41 0.05 0.28 0.51 - - - -
Dispersal distance (cm)! 38.54 16.08 17 84 - - - -
Time to fall (s)' 2.59 0.46 1.73 3.52 - - -

Results measured in a sample of 50 seeds for each species are listed, along with literature data with their respective references.
IDispersal distance under a wind speed of 3 m/s for 1 s.
iTime to fall from a height of 2 m, in seconds.
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Ph height to 20 m. We selected wind values associated with the
maximum monthly value of the vertical component for each mesh
point and the linear models with the maximum slope. For these
simulations, we set a range of & 40° from the ideal direction to
evaluate the altitudinal dispersal.

3. Results

3.1. Morphological traits

Pinus hartwegii and Ar diaspores overlapped in their linear
dimensions, area, and mass, but they differed in the PCA.
This analysis separated the two species according to their main
morphological traits (Figure 3). The components 1 and 2
accounted for 68.7 and 13.5% of the total variation. The variables
that had the highest contribution in component 1 were the ratio
of wing size and seed size to total diaspore area, whereas for
component 2, the variables with the highest contributions were the
ratio of diaspore and wing area to mass. Distance was the variable
with the least contribution in the two components (Additional file).
Ar had higher values of length, mass, circularity, and ratio of total
area to seed area, while Ph had a longer shape and a proportionally
larger wing area (Table 2). The area of Ar diaspores was twice
that of Ph, but Ph relative wing size was double that of Ar. The
Total Area:Seed Area (ta:m) relation for Ph was twice that for Ar,
whose diaspores were on average four times heavier than those of
Ph (Table 2).

The horizontal dispersal distance of Ar almost completely
overlapped that of Ph (refer to the Attachments); its distribution
was bimodal for each species, with a prevailing displacement of
<50 cm (Additional file), and its correlation coefficient with the
other traits was low. Falling time (tc) for Ph was almost twice that of
Ar; it was negatively correlated with circularity (r = —0.745), seed
length (r = —0.815), and seed area (r = —0.809), and to a lesser
extent with mass (r = —0.524).

a: Cuevas-Guzman et al. (2011), b: Lopez-Lépez (unpublished),
c: Ortiz-Bibian et al. (2019), d: Hoch and Korner (2003), e: Iglesias-
Andreu and Tivo-Fernandez (2006), f: Murrieta-Herndndez et al.
(2014), g: Alfaro-Ramirez et al. (2007), h: Iglesias et al. (2012).

3.2. Wind patterns

The model outputs showed a mean horizontal wind speed of
2.81 m/s, with a peak value of 17.5 m/s during the entire period
analyzed (Additional file). In D03, the wind pattern varied between
valleys and mountains, with the most intense winds prevailing
on mountain slopes (Figure 4). Diurnal variations reflected the
differential solar radiation throughout the day, i.e., anabatic, and
katabatic winds that are typical of complex orographic regions.

In the mountain area, the model suggested differences between
wind patterns at 10 m and 50 m height. The horizontal wind
component at 50 m was significantly larger than at 10 m
(t = —355.59, df = 4,222,373, p-value < 2.2e-16); at these two
strata, horizontal wind speed tended to increase slightly with
altitude (Figure 5). Mean horizontal wind speed (at both 10 and
50 m) was higher during the first months of the year, peaking
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in April and then decreasing gradually over time; however, peak
values were indicated in May. For each month except April, the
frequency of wind direction was evenly distributed, with a slight
pre-dominance of the E and NE directions; for April, SW and S
directions prevailed. For the maximum horizontal wind speed, the
pre-dominant directions were SW, NE, W, and E (Figure 5).

Horizontal wind speed had a mean value of 0.016 m/s, with
a minimum of 0.9 m/s and a maximum of 4.27 m/s, with
descending flows pre-dominating, represented by negative values.
Values tended to become increasingly extreme with altitude. Both
the highest monthly mean speed (0.004 m/s) and the highest
maximum (4.28 m/s) occurred in June.

3.3. Probability of dispersal at higher
altitude

Among 594,000 dispersal events simulated, dispersal distance
ranged from 0 to 23.3 m, with a mean of 2.24 m (Figure 6); distance
(mean, maximum) was further for Ar (2.2 m, 23.3 m) than for
Ph (1.2 m, 9.94 m). The above-canopy (“UP”) dispersal scenario
occurred in only 11% of the dispersal events for Ar and 16% for
Ph. Adequate wind direction to promote altitudinal displacement
of diaspores occurred in approximately one-fourth of the simulated
dispersal events in either species. Only 7% of the dispersal events
for Ar and 3% for Ph showed potential for the altitudinal dispersal
of diaspores; in each species, such events were near the upper limit
of its present distribution. For individuals near this upper limit, the
mean probability of an altitudinal dispersal event was 26% for each
species, with points reaching probabilities of 48% for Ar and 42%
for Ph (Figure 7). Of the events with altitudinal dispersal potential,
only 24% for Ar and 45% for Ph corresponded to an above-canopy
(“UP”) dispersal scenario.

In 3,564 simulations to fix the maximum values for the vertical
wind component, dispersal distances (mean, maximum) tended
to be further: 46.6 m, 105 m for Ar and 26.8 m, 64.4 m for Ph
(Figure 6). The greatest displacement was recorded at an altitude
between 3,600 and 3,800 m a.s.l. in May for either species. Note
that when the model was configured with the highest vertical
wind values and the maximum tree heights, all dispersal scenarios
were classified as “UP] but there were dispersal distances of
0 m. Although a wind direction suitable for altitudinal dispersal
occurred in ~40% of events for each species, only 20% of events
for Ar and 9% for Ph showed potential for altitudinal dispersal.
Altitudinal dispersal events were identified near the upper limit of
the present distribution of each species. For individuals near this
limit, the probability of an altitudinal dispersal event was ~55% for
Ar and ~65% for Ph. The highest probability of altitudinal dispersal
for Ar was 63% in March, and for Ph it was 69% in January.

4. Discussion

4.1. Traits related to dispersal

Variation in diaspore morphological traits can have significant
impacts on wind dispersal distributions when comparing species
(Kim et al,, 2022). Our results suggest that even though the seeds
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Principal component analysis biplot of seed traits of Abies religiosa and Pinus hartwegii.

of Abies religiosa and Pinus hartwegii have similar appendages to
assist in wind dispersal, the two species differ in their dispersal
potential. But even though we hypothesize that Ph distance of
dispersal would be larger because of its smaller and lighter seeds,
simulations showed a larger dispersal for Ar. Dispersal capacity
depends on the combination of seed traits and its interaction with
wind patterns (Zhu et al., 2016). The greater displacement of Ar
diaspores may be attributable to other variables as seed dimensions
and shape, that were more important drivers for dispersal than
mass and, therefore modify the dispersal capacity.

The relation between seed traits had been used to explain
dispersal capacity. For example, low mass:area ratios may enhanced
the aerodynamic transport of diaspores by increasing drag and
hence the travel time through the air (Nathan et al., 2011). Similarly,
wind carries Parthenium hysterophorus diaspores further when
the achene:pappus size ratio decreases (Mao et al., 2022); and in
a wind-tunnel study that included 14 anemochoric species with
winged seeds suggested that the larger ratio mass:wing area was the
best predictor of secondary dispersal capacity through lift-off from
the ground (Liang et al., 2020). In our study, the ratios of wing
area:diaspore area and of wing area:mass were the traits in which
the two species differed most. Ph had smaller seeds and larger wings
relative to seed size than did Ar, suggesting that Ph would display
a slight advantage in its movement capacity. However, the greater
dispersal distances indicated for Ar in the simulation suggest that
absolute wing size is more important than the relative proportions
of wing and seed.

For other North American tree species, it has been suggested
that the variation in tree height has a significant impact on dispersal
distance (Nathan et al, 2011). The height range of our studied
species prevented the inclusion of this in our experiments, but we
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included it in the model. In terms of diaspore release height, Ar
has a slight advantage over Ph, since Ar individuals can reach twice
the height (Table 2). However, even when equivalent release heights
were set for the two species, Ar showed some advantage in diaspore
displacement. This indicates that, regardless of height, diaspore
morphology is important for dispersal, and that dispersal strategies
may differ according to their interaction with wind patterns. This
finding is consistent with the experimental results obtained by
Jongejans and Telenius (2001), who observed that the height of
anemochoric species offers an alternative explanation to the greater
displacement that characterizes them, so that the height of diaspore
release may be a more important factor for dispersal than seed
morphology.

Even though our results address differences in the dispersal
capacity of our species, it is important to highlight that our
empirical data of seed width, length, and mass exceeded those
recorded for other populations in central Mexico (Table 2), which
suggests that the morphological variation of diaspores may be wider
than has literature been noted. Also, in both species, seed mass
showed a multimodal distribution, reflecting the morphological
variation of diaspores in the two species. Therefore, we suggest
considering larger samples of seeds with different populations of
origin to continue studying the role of morphological variations in
the dispersal capacity of both species.

4.2. The role of wind in dispersal

The role of the wind on seed dispersal distance resulting in
different vertical and horizontal components of air flow including
turbulence, and complex updrafts that potentially increasing wind
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FIGURE 4

Mean wind speed and direction for DO3. The Iztaccihuatl-Popocatepetl volcanic area is marked in red

dispersal within a canopy ( ). Contrary to what we
considered in our second hypothesis, the elevation by itself was not
determinant in the frequency of LDD events, but various factors
participated such as the vertical component and the horizontal
component of the wind speed, the direction of the wind and
the site from which the seeds were released. A positive value
of the vertical wind component can favor dispersal above the
forest canopy ("UP” scenario). In the UP scenario the diaspore
interacted with stronger horizontal wind currents that favored
longer displacements than in the “Normal” scenario (dispersal

Frontiers in 09

within the canopy). However, even these “UP” dispersal scenarios
yielded very short or even nil diaspore displacement, due to
the interaction with low-speed horizontal wind even at 50 m
above the ground. That is, even above the canopy, diaspores may
interact with very low wind speeds that would not lead to great
displacement. This finding is like the experimental results obtained
by ( ), who observed that low horizontal wind
speed will decrease diaspore dispersal distance, but an updraft or
vertical wind speed can increase dispersal time, thereby increasing
diaspore dispersal distance. This demonstrates the importance of
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horizontal wind speed since it directly influences the magnitude
of diaspore displacement; however, our simulations show that
diaspore displacement will also depend on the attributes of each
species. For instance, Ph distributed at higher altitudes than Ar,
has contact with significantly greater horizontal wind speeds, and
nonetheless its diaspores showed a lower mean displacement than
in Ar diaspores. The importance of vertical wind has been explored
in the model comparison by Soons et al. (2004), showing that
autocorrelated turbulent fluctuations in vertical wind speed are the
key mechanism for LDD.

Our model prediction of dispersal events with a mean
displacement of 1.2 to 46.6 m assigned a low displacement potential
to the species studied here in comparison with other models. In a
seedling recruitment model, Ribbens et al. (1994) proposed mean
dispersal distances of 8 m for Acer rubrum, 9 m for A. saccharum,
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15 m for Pinus strobus, 16 m for Fraxinus americana, and >66 m
for Betula alleghaniensis, whereas Ph and Ar here attained a mean
dispersal distance of <5 m. The maximum simulated displacement
here, 105 m, is also lower than the displacement predicted by other
models reported in the literature. For example, the mechanistic
model for Pinus halepensis predicted that 3.5% of the dispersal
events would exceed 100 m (Nathan et al,, 2001); another study
for Pinus taeda estimated that 70 seeds/ha could travel distances
of >1 km (Williams et al., 2006). Despite the differences in the
magnitude of displacements, for all models, including ours, the
frequency of dispersal events reaching a displacement of at least
100 m is minimal. It should also be emphasized that the input
data for wind patterns come from an atmospheric model that
contemplates orographic complexity, so the presence of mountains
has a significant impact on the generation of strong wind episodes
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and turbulence on the surface and the first meters above it due
to friction. Also, Ar and Ph have a different density and canopy
structure (Jasso-Flores et al., 2019), that will cause differences in
turbulence, which may further affect the distance of seed wind
dispersal.

In addition to wind speed, the timing between seed release
and maximum wind speed events should also be considered. The
dispersal simulations conducted by Heydel et al. (2015) found
that species of Asteraceae, Populus and Salix showed a high
potential for LDD; however, in natural conditions, these species
lacked synchronization between seed release and higher wind speed
events, so LDD would not happen in nature. The months for
which we recorded higher wind speeds (April and May) may not
coincide with the diaspore dispersal peak of Ar and Ph. Hence,
the reproductive phenology of both species should be studied
to determine accurate patterns in the timing of diaspore release
events, considering particularly the frequency of years of high
seed yield. Some studies suggest that the diaspore release season
spans from March to April for Ar and from February to March
for Ph (Benitez-Ortega, 2014; Arriola-Padilla et al., 2015). If so,
there would be a partial temporal coincidence of higher wind
speed events with the dispersal of Ar diaspores, while no such
coincidence occurs for Ph. However, it has also been suggested
that both species can release their seeds for longer periods of time,
thus coinciding with the months in which maximum wind speed
would occur.

Dispersal to a higher altitude depends on wind direction as
well as speed. According to our model, only 40% of all dispersal
events that may potentially favor altitudinal migration had a wind
direction that might favor such migration. However, wind direction
is difficult to model since it is highly variable over very short
periods of time, ultimately affecting the trajectory of the diaspore.
Therefore, we suggest further exploring the implications of wind
direction in future dispersal models.
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4.3. Dispersal and altitudinal migration

According to our results, the prevailing dispersal events for
Ar and Ph involve diaspores that fall near the reproductive plant.
Short-distance dispersal is a common phenomenon of anemochoric
diaspores in closed forests because of obstacles such as branches,
trunks, and even other seeds. Studying Betula pendula forests, Liu
and Evans (2021) observed that the average dispersal distance in
an open area is 65 m but decreases to 38 m in a closed area.
However, although the possibility of LDD is low, the number
of LDD events may increase depending on the number of seeds
produced. For P. halepensis, although a low frequency of LDD was
predicted, the large seed production suggests that even a small
fraction of this large production would result in a considerable
number of seeds being dispersed far from the parent tree (Nathan
et al, 2001). The seed production reported for Ar ranges between
235 and 574 seeds per cone, while Ph produces between 187
and 199 seeds per cone on the western slope of Popocatépetl
(Madrigal Sanchez, 1967; Landa et al., 2003). But it should also
be considered that coniferous seed production varies between
years, sites, and individual trees, with low seed production triggers
as high temperatures and dry weather (Krannitz and Duralia,
2004). Therefore, the proportion of dispersal events that could
reach a higher altitude depends on the changing total seed
production, so it would be important to study the variations
in seed vyield, particularly between years of high and low seed
production.

One of the main questions in evaluating dispersal events is
to define the magnitude of a LDD event. One characteristic of
LDD is that it crosses the boundaries of the distribution of a
species (Jordano, 2017), so we can consider that any elevation
dispersal event is a LDD regardless of the distance. In this
way, the potential of LDD events increases toward the upper
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FIGURE 8

Valley of Alcalican, at approximately 3,800 MASL, where individuals of Abies religiosa aged 5 to 10 years are colonizing slopes currently dominated
by Pinus hartwegii (left). A slope at 4,100 MASL showing some individuals of P. hartwegii that have migrated beyond the tree line (right).

altitudinal limit of the distribution range of the species, while a
distance further below reduces the potential for LDD and depends
on the dispersal distance. According to the data derived from
our model, the maximum dispersal distance for Ar is 105 m
and for Ph is 64 m; therefore, only trees less than 105 m
below the upper limit for Ar and 64 m below for Ph could
produce diaspores for the altitudinal migration of each species.
This may be an advantage for Ar as it implies that a higher
number of trees could provide diaspores for migration. Another
advantage for Ar is that its displacement is nearly twice that
of Ph, so Ar may approach the altitudinal range of Ph, while
Ph may advance more slowly toward a higher altitude. In this
sense, and answering our third hypothesis, we could consider
that the LDD events could only accelerate the migration of Ar.
However, this must be contextualized and the density of the
forests of the two species compared, as well as the differences
between them in terms of reproductive phenology and seed
production. Conditions that affect seeds and seedlings include
abiotic factors and competition with the vegetation already present.
The altitudinal migration of Ar is leading to interactions with Ph,
while the altitudinal migration of Ph is advancing onto terrain
dominated by alpine grasslands (Figure 8). The variety of potential
responses for each species will be a key driver for the success of its
altitudinal migration.

Even when the proportion of LDD is low, they could
favor altitudinal migration. To maximize the probability of
altitudinal dispersal events high seed production, the release
of seeds during the months with the highest wind speed and
the adequate wind direction are required. However, there are
some limitations to LDD for our species: (1) the periodicity
of seed production is usually biennial, with seed production
peaks that may require for longer times (Benitez-Ortega, 2014;
Arriola-Padilla et al., 2015); (2) events of maximum wind
speed are infrequent and it is common for the seed to find
obstacles in its trajectory depending on the density of trees
(Liv and Evans, 2021); and (3) the direction of the wind is a
highly variable and could easily return the seed to the forest.
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Therefore, we would expect altitudinal migration to occur mostly
slowly by gradually advancing, with few “jumps” accelerating the
migration.

Abies religiosa and Ph are among the few trees able to grow
under the climatic conditions of the high-mountain systems of
the Neotropics (>3,000 m a.s.l.). The impact of the shift in
environmental conditions on their regeneration dynamics will have
repercussions on their altitudinal migration. The consequences
of global warming on the reproduction of temperate species
include a lag in reproductive phenology or changes in propagule
production (Kreyling, 2010). Dendrological studies of the effects
of temperature and precipitation on growth in P. hartwegii have
indicated that environmental warming would have an adverse effect
on the distribution of this species in the higher mountains of
central and northern Mexico (Carlon Allende et al., 2021). Also
notable is the differential effect that changes in soil moisture and
temperature related to warming can have on the establishment
of species such as Ph in the vicinity of the study region
(Astudillo-Sanchez et al., 2019).

5. Conclusion

Modeling has suggested differences in the dispersal capacity of
two species that may be related to their seed traits. Seed traits related
to shape could be more informative for the dispersal capacity than
only seed mass. We also highlight the importance of evaluating seed
traits variability for each species, to approach pathways in the seed
dispersal capacity. The frequency of LDD decreases with increasing
distance below the upper altitudinal limit of the distribution range
of each species, especially in the case of Ph. In addition to wind
speed, wind direction determines whether the seed is dispersed
at a higher altitude. However, the high variability of the wind
direction requires future approaches to modeling this variable. The
apparently greater dispersal potential of Ar may favor its advance
onto the Ph terrain at a faster pace than the migration of Ph onto
higher altitudes. However, it is important to consider other factors
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such as seed production, the density of the forest, germination,
seedling development and interactions with other plants already
present in the migration area. The results from this study can help
explain the altitudinal migration in the complex terrain systems
along the TMVB, where similar conditions are observed. The study
area’s geographical location, which represents a transition zone
between Neotropical and Nearctic conditions, provides valuable
information poorly explored in the literature. Likewise, the results
obtained can be helpful in future analysis contextualized in a
warming scenario.
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