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Abstract

In alpine habitats, wind is the predominant dispersal vector of diaspores (seeds and spores). The wind flow
field in mountain areas depends on the interaction of wind with topography which creates very complex
patterns for both wind directions and speeds. Most alpine species utilize wind transport for diaspore dispersal,
and more than 90% are anemochorous. The transport of diaspores is to date considered a forward (ahead in
time) problem, i.e. from actual diaspore locations to future ones. | argue here that, using appropriate reverse
mathematical modelling, the problem can be reversed: starting from actual locations of plants and diaspores,
one can evince the trajectories that led to actual positions. So doing, one can reconstruct the trajectories
followed by plant species to reach actual niches. A particular application of this approach is the individuation
of corridors followed by exotic plant species. The ad-hoc software Wind-Lab has been realized which
incorporates both forward and backward wind modelling. The model described here might be of importance in
geobotany, climatic ecology and plant conservation biology.
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1 Introduction

In mountain areas, wind is the predominant dispersal vector of diaspores (van der Pijl, 1982). Most alpine
species utilize wind transport for diaspore (seeds and spores) dispersal, and more than 90% are anemochorous
(van der Pijl, 1982). Species colonizing alpine-nival summits are likely to be anemochorous rather than
zoochorous or autochorous (Holzinger et al., 2008). Stocklin and Baumler (1996) demonstrated that most
colonizing species on glacier forelands possess wind dispersed seeds. Tackenberg and Stockling (2008)
showed that more than 50% of alpine species have a good chance of being dispersed by wind over long
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distances. Vittoz et al. (2009) classified alpine summit colonizers into good and weak colonizers and most of
the good colonizers were wind-dispersed.

The transport of diaspores is to date considered a forward (ahead in time) problem, i.e. from actual plant
placements to future diaspore locations. | argue here that, using appropriate reverse mathematical modelling,
the problem can be reversed: starting from actual locations of plant species and diaspores, one can evince the
trajectories that led to actual positions. So doing, one can reconstruct the trajectories followed by plant species
to reach actual niches.

The ad-hoc model Wind-decoder for both forward and backward wind flow modelling upon (real or
simulated) topographic surfaces is presented here. The software Wind-Lab (Ferrarini, 2009) has been realized
to apply Wind-decoder.

2 Forward and Backward Modelling of Wind Flows: Mathematical Formulation

The forward option of Wind-Lab makes use of a mass-consistent wind flow model, similar to that of Davis et
al. (1984) and Ross et al. (1988), which explicitly incorporates the law of conservation of mass. The model
minimizes the change from an initial wind field while conserving mass as

F(u,v,w) = [[(u=ug)? +(v=V,)* + (W—w, )’ JdD )

where u, v, w are the velocity components in the x (positive to the east), y (positive to the north) and z (positive
upward) directions; up, Vo and wq are the initial values of wind velocity; ® is the spatial domain of wind

simulation; F (u,Vv,w) is the equation to minimize.

Under the conservation of mass equation

v w):—x+—+—:0 2

the minimum of F (u,Vv, w) is achieved through the Euler-Lagrange equations

u=u, +0.5*g—;(1 @)
V=V, +O.5*% (4)
W= W, +0.5*2—j ()

subject to the boundary condition

(6)
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where A(X, Y, z) is a Lagrange multiplier, % is the outward unit vector normal to the surface of the domain @ ,

and @ is the first variation of the velocity on @.

By taking the partial derivatives with respect to X, y, and z, the result is an elliptic partial differential

equation for A(X, Y, z) as follows

o, 0w,
2y + pe ) ()

0*A 0*A 0%*A au,
sttt = 2(—+
ox® oy oz OX

that is solved with respect to A(X, Y, z) on the terrain grid using the finite element method.

This dynamical model takes into account the interaction of wind with topography which creates very
complex patterns for both wind directions and speeds. Diaspore deposition occurs when seeds are released due
to lack of kinetic energy (Nathan et al., 2002). Hence, a deposition area is a site with lower wind speeds than
those of outside areas. The cut-off velocity below which diaspores are released (velocity of release) by winds
is called here V. and depends almost exclusively on the weight and the structure of seeds or spores.
Deposition areas are defined here as Ag, while source areas for diaspores are named here As.

In order to reverse wind flow modelling, Wind-Lab makes use of genetic algorithms (GA; Holland, 1975).
GA are powerful evolutionary models with wide potential applications in ecology and biology, such as
optimization of protected areas (Ferrarini et al., 2008; Parolo et al., 2009), optimal sampling (Ferrarini, 2012a;
Ferrarini, 2012b), optimal detection of landscape units (Rossi et al., 2014) and networks control (Ferrarini,
2011a; Ferrarini, 2011b; Ferrarini, 2013a; Ferrarini, 2013b; Ferrarini, 2013c; Ferrarini, 2013d; Ferrarini, 2014a;
Ferrarini, 2015a; Ferrarini, 2015b). Wind-Lab employs the optimization algorithm for point sampling
developed in Ferrarini (2012b) which reads as follows

ki
.| 2 pInp,
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A )
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that must be maximized using GA under the constraint that
DAB 2 Dmin (9)
and
S < Spax (10)
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and where:

pij is the proportion of sampling points that falls in the j-th interval of the i-th variable;

s is the number of candidate sites for Agyyr;

Smax (Maximum number of sampling points) is chosen at the beginning of sampling;

Dsmax IS the maximum possible distance within the study area (diameter of the study area);
Dnin is the minimum distance among sampling points;

Dag is the geographical distance between two generic sampling points A and B;

Ds is just a function of the s points and their correspondent coordinates;

n and k are two parameters that must be chosen at the beginning of the sampling algorithm;
o and g are two different weights given to numerator and denominator.

The equation in (8) is used by Wind-Lab to detect a minimum number of candidate points for A;. In fact,
without this step the goal to find all the possible candidates for A; would be computationally prohibitive, at
least for standard computers. Starting from the candidate sites chosen through eq. (8), Wind-Decoder calculates
forward wind flows and detects for which candidate sites the deposition areas exactly correspond to Aq with at
maximum a tolerance distance (for example, 10 meters) that can be set by the user. These are the areas from
which diaspores can come from. Then the process is repeated, so that the full trajectory of diaspores in the
study area is detected.

It should be noted here how much the task computed by Wind-Decoder and Wind-Lab is difficult. The
wind flow over terrain depends on the strict and continued interaction of wind with topography which creates
very complex patterns for both wind directions and speeds. If forward modelling of wind flows over terrain is
complex, backward modelling is much more. The goal has been solved in Wind-decoder using an optimization
approach based on optimal sampling. In fact, using eq. (8) the model selects a minimum number of potential
candidate points for As. Then forward wind modelling is applied, and only the points leading to deposition
areas close to A4 are maintained. Then, using GA, new points close to the most promising ones are created and
forward modelling is repeated. The loop is replicated until the areas individuated by forward wind modelling
perfectly correspond to Aq4 (with eventually a tolerance distance).

The software Wind-Lab has been first realized in June 2009 (Ferrarini, 2009). The 2.0 version has been
realized on April 2010. The most recent version (which comprises the reverse modelling option) is the 5.0 one,
realized on July 2013. It has been already used in Ferrarini et al. (2014b).
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Fig. 1 The idea behind Wind-decoder: wind flows over terrain can be modelled both forward and backward.

Fig. 2 The splash screen of the software Wind-Lab (version 2.0) which incorporates both forward and backward wind modelling
upon topographic surfaces.

3 An Applicative Example
Let’s consider the study area depicted in Fig. 3. It’s a virtual square area of 25 *15 sqg. km, generated using the
software DTM-Lab that builds virtual topographic surfaces with desired properties (Ferrarini, 2007).

First, using Wind-Lab I’ll simulate dominant wind flows with average wind speed = 5 m/s (measured at 2
m above terrain) from East, and V¢ for diaspores = 3 m/s. So doing, I’ll individuate future Ag.
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Second, using Wind-Lab I’ll reverse wind flow modelling. The process is repeated backward, until the full
trajectory that can be followed by diaspores is detected within the study area.

Fig. 3 The virtual 3D study area (25 * 15 sg. km) generated through the software model DTM-Lab (Ferrarini, 2007).

Results provided by the Wind-decoder model are shown in Fig. 4. Five possible routes for diaspores in
the study area have been individuated. There are no further possible routes under the simulated wind profile
(average wind speed = 5 m/s from East).

All routes avoid the most elevated portion of the study area which acts as a barrier. Eleven diaspore Ay are
present. Routes 2 and 4 have three Ay for diaspores, route 3 just 1. If diaspores are detected in site 2, they can
only come from site 1. Diaspores in site 1 can only come from outside the study area. Diaspores of site 4 can
only shift to site 5, and so on.

It is important to note that there are many other points in the virtual study area where wind speed falls
below 3 m/s when interacting with the topographic surface of Fig. 3, but this is not enough to determine an Ay
for diaspores since only vectors of wind flows that transport seeds or spores along the study area must be
considered.
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Winds from East at 5 m/s
Vrel<3mfis

25 Km

Fig. 4 Diaspore trajectories (detected through Wind-Decoder) generated by dominant winds flowing from East at an average
speed = 5 m/s. The velocity of release for diaspores is set to 3 m/s.

Fig. 5 Diaspore trajectories (detected through Wind-Decoder) upon the 3D surface.
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Fig. 5 shows the detected diaspore routes and A4 upon the 3D surface of Fig. 3. It results clear that Aq
correspond to kinetically steady areas where winds are decelerated below 3 m/s by particular local topographic
morphologies.

Of course, the coupled forward-backward wind simulation used by Wind-decoder must be repeated in
case further dominant wind directions are present in the study area. For instance, Ferrarini et al. (2014b)
individuated several directions of dominant winds in a study area close to Himalaya.

A particular application of Wind-decoder and Wind-Lab is the individuation of corridors followed by
exotic plant species. In fact, only the knowledge of such spatial corridors could allow for the eradication of
undesired species.

4 Conclusions
The colonization of mountain areas by plant species is almost exclusively driven by winds.

To date, the transport of diaspores (seeds and spores) by winds has always been considered a forward
scientific problem (i.e. from actual plant stations to future locations). In this paper, | have proposed that
diaspore dispersal could also be thought as a backward process, and that this novel vision can lead to
reconstruct the past trajectories followed by plant species to reach actual niches. I have then developed the
necessary math to reverse diaspore transport by winds. A particular application of Wind-decoder and Wind-
Lab is the individuation of corridors followed by exotic plant species, which could allow for the eradication of
such undesired plant species.

The ad-hoc software Wind-Lab has been realized which incorporates such math. It might be of interest in
geobotany, climatic ecology and plant conservation biology.

References

Davis CG, Bunker SS, Mutschlecner J.P. 1984. Atmospheric Transport Models for Complex Terrain. Journal
of Climate and Applied Meteorology, 23: 235-238

Ferrarini A. 2007. DTM-Lab: a software to generate 3D topographic surfaces with desired properties. Manual,
88 pages (in Italian)

Ferrarini A, Rossi G, Parolo G, Ferloni M. 2008. Planning low-impact tourist paths within a Site of
Community Importance through the optimisation of biological and logistic criteria. Biological
Conservation, 141: 1067-1077

Ferrarini A. 2009. Wind-Lab 5.0. Manual, 157 pages (in Italian)

Ferrarini A. 2011a. Some thoughts on the controllability of network systems. Network Biology, 1(3-4): 186-
188

Ferrarini A. 2011b. Some steps forward in semi-quantitative network modelling. Network Biology, 1(1): 72-78

Ferrarini A. 2012a. Biodiversity optimal sampling: an algorithmic solution. Proceedings of the International
Academy of Ecology and Environmental Sciences, 2(1): 50-52

Ferrarini A. 2012b. Betterments to biodiversity optimal sampling. Proceedings of the International Academy of
Ecology and Environmental Sciences, 2(4): 246-250

Ferrarini A. 2013. Controlling ecological and biological networks via evolutionary modelling. Network
Biology, 3(3): 97-105

IAEES WWW.iaees.org



156 Proceedings of the International Academy of Ecology and Environmental Sciences, 2015, 5(4): 148-156

Ferrarini A. 2013b. Computing the uncertainty associated with the control of ecological and biological systems.
Computational Ecology and Software, 3(3): 74-80

Ferrarini A. 2013c. Exogenous control of biological and ecological systems through evolutionary modelling.
Proceedings of the International Academy of Ecology and Environmental Sciences, 3(3): 257-265

Ferrarini A. 2013d. Networks control: Introducing the degree of success and feasibility. Network Biology, 3(4):
127-132

Ferrarini A. 2014a. Local and global control of ecological and biological networks. Network Biology, 4(1): 21-
30

Ferrarini A., Rossi G., Mondoni A., Orsenigo S., 2014b. Prediction of climate warming impacts on plant
species could be more complex than expected. Evidence from a case study in the Himalaya. Ecological
Complexity, 20:307-314

Ferrarini A. 2015a. Imposing early stability to ecological and biological networks through Evolutionary
Network Control. Proceedings of the International Academy of Ecology and Environmental Sciences, 5(1):
49-56

Ferrarini A. 2015b. Evolutionary network control also holds for nonlinear networks: Ruling the Lotka-Volterra
model. Network Biology, 5(1): 34-42

Holland J.H. 1975. Adaptation in natural and artificial systems: an introductory analysis with applications to
biology, control and artificial intelligence. University of Michigan Press, Ann Arbor, USA

Holzinger B, Hulber K, Camenisch M, Grabherr G. 2008. Changes in plant species richness over the last
century in the eastern Swiss Alps: Elevational gradient, bedrock effects and migration rates. Plant Ecology,
195: 179-196

Nathan R, Katul GG, Thomas SM, Oren R, Avissar R, Pacala SW, Levin S.A. 2002. Mechanisms of long-
distance dispersal of seeds by wind. Nature 418: 409-413

Parolo G, Ferrarini A, Rossi G. 2009. Optimization of tourism impacts within protected areas by means of
genetic algorithms. Ecological Modelling, 220:1138-1147

Ross DG, Smith IN, Manins PC, Fox D.G. 1988. Diagnostic wind field modeling for complex terrain: model
development and testing. Journal of Applied Meteorology, 27: 785-796

Rossi G, Ferrarini A, Dowgiallo G, Carton A, Gentili R, Tomaselli M. 2014. Detecting complex relations
among vegetation, soil and geomorphology. An in-depth method applied to a case study in the
Apennines (Italy). Ecological Complexity, 17(1): 87-98

Stocklin J, Baumler E. 1996. Seed rain, seedling establishment and clonal growth strategies on a glacier
foreland. Journal of VVegetation Science, 7: 45-56

Tackenberg O, Stocklin J. 2008. Wind dispersal of alpine plant species: A comparison with lowland species.
Journal of Vegetation Science, 19: 109-118

van der Pijl L. 1982. Principles of Dispersal in Higher Plants. Springer-Verlag, New York, USA

Vittoz P, Dussex N, Wassef J, Guisan A. 2009. Diaspore traits discriminate good from weak colonisers on
high-elevation summits. Basic Applied Ecology, 10: 508-515

IAEES WWW.iaees.org





