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Abstract

Modelling ecological connectivity across landscape is pivotal for understanding a large number of ecological
processes, and for achieving environmental management goals such as preserving plant and animal populations,
predicting infective disease spread and conserving biodiversity. A pivotal topic in connectivity ecology is how
to assign realistic resistance (frictional) values to landscape categories. Based on these values and on the
dispersal model, a large number of ecological processes can be understood. While in a recent paper | proposed
a connectivity model and conceptual framework (flow connectivity) that is alternative to circuit theory, in this
paper | propose an advance to flow connectivity that is able to solve this topic. Thanks to the conceptual and
operative framework proposed here, named reverse flow connectivity, the subjectivity in ecological
connectivity is minimized. Since connectivity is a pillar of metapopulation theory and gene flow, reverse flow
connectivity can be regarded as a contribution to different fields of ecology, biology and landscape genetics.
Reverse flow connectivity can also be applied to conservation planning and for predicting ecological and
genetic effects of spatial heterogeneity and landscape changes.
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1 Introduction
Modelling ecological connectivity across landscape is pivotal for understanding a large number of ecological
processes, and for achieving environmental management aims such as preserving plant and animal populations,
predicting infectious disease spread, and conserving biodiversity (Crooks et al., 2006; McRae, 2006).
Long-term persistence and stability of meta-populations within fragmented landscapes mainly depends on
re-colonisation between habitat patches (Gustafson and Gardner, 1996). Colonisation probability is implicitly
limited by inter-patch distance and dispersal ability of the species under study. Consequently, dispersal is the
key-process responsible for metapopulation persistence (Hanski, 1994; Moilanen and Hanski, 1998; Moilanen
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and Nieminen, 2002), determining the long-term survival of metapopulations due to demographic and genetic
effects (Taylor, 1990; Cohen and Levin, 1991; Poethke et al., 2003). Additionally, dispersal is an important
factor determining local extinctions (Poethke et al., 1996).

Understanding broad-scale ecological processes that depend on connectivity and incorporating such
connectivity into conservation planning needs to assess how connectivity is affected by environmental features
(McRae et al. 2007; McRae et al., 2008). Dispersal is affected by the quality of the matrix in which dispersal
happens (Gustafson and Gardner, 1996; Moilanen and Hanski, 1998; Wiegand et al., 1999; Wiens, 2001) and
by the distribution of suitable patches in the landscape (Zollner and Lima, 1999; King and With, 2002). There
is hence a demand for efficient and reliable models that relate landscape composition and pattern to the
connectivity of ecological processes. Recently, concepts and algorithms from electrical circuit theory have
been adjusted for these purposes (McRae, 2006; McRae et al., 2008). In circuit theory, landscapes are
represented as conductive surfaces, with resistance proportional to the easiness of species dispersal or gene
flow. Low resistances are assigned to habitats that are most permeable to movement or best boost gene flow,
and high resistances are given to poor dispersal habitat or to barriers. Circuit theory offers several advantages,
including a theoretical basis in random walk theory and the ability to evaluate contributions of multiple
dispersal pathways. For example, effective resistances calculated across landscapes have been shown to
markedly improve predictions of gene flow for plant and animal species. More details can be found in McRae
(2006), McRae (2007) and McRae et al. (2008).

Recently | introduced a modelling approach and theoretical framework named “flow connectivity”
(Ferrarini, 2013), that is alternative to circuit theory, and applied it as an example to the Ceno Valley (Ferrarini,
2005; Ferrarini et al., 2010; Ferrarini and Tomaselli, 2010; Ferrarini, 2011; Ferrarini, 2012a; Ferrarini, 2012b).
It is able to fix the weak point of the “from-to” connectivity approach, and it holds also for mountain and hill
landscapes. In addition, it doesn’t assume any intention for a species to go from source points to sink ones,
because the expected path for the species is determined locally (pixel by pixel, greedy model) by landscape
features.

By the way, a drawback is still open, i.e. how to assign true-to-life friction (resistance) values to landscape
categories. To this reason, | offer here a modelling solution to friction values assignment in connectivity
ecology. I’ve called this approach “reverse flow connectivity” since it makes use of flow connectivity
modelling (Ferrarini 2013), but it reverses the goal: instead of predicting species dispersal over landscape, it
builds up a proper friction landscape so that predicted and observed biotic flows coincide.

2 Reverse Flow Connectivity: Mathematical Formulation
Let L(X,V,z,t) be areal 3D landscape at generic time t, where L [1,...,n]. In other words, L is a generic
(categorical) landcover or land-use map with n classes.

Let @(L) be the landscape friction (i.e. how much each land parcel is unfavourable) to the species under
study. In other words, @(L) is a function that associates a friction value to each pixel of L.

Landscape friction has 2 components, i.e. the structural and the functional one, and the overall friction
should be equal to their product (not the sum) since they’re interactive:

P(L) = @grr (L) * @pppe (L) ()

Let L.(X,Y, (L)) be a landscape where, for each pixel, the z-value is equal to the friction for the species
under study. In other words, L is a 3D fictional landscape with the same coordinates and geographic
projection as L, but with pixel-by-pixel friction values in place of real z-values. Higher elevations represents
areas with elevated friction to the species due to whatever reason (unsuitable landcover, human disturbance
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etc...), while lower altitudes represent the opposite. Barriers (structural or functional) can be simulated using
very elevated friction values.

Let S(X,Y,t) be a binary landscape with the same coordinates and geographic projection as L and L,
but with binary values at each pixel representing species presence/absence at generic time t.

At time Ty,

Sp=S(x,¥,1y) )
Now | have simulated the biotic flow over the fictional landscape L as follows (Ferrarini, 2013)
M:divs:v.s:ﬁ_l_ﬁ ©)

t oxX oy

with initial conditions S, at time To.
As defined in Ferrarini (2013), the resulting biotic flow is as follows:

P
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Fig. 1 illustrates the above-described concepts.

3 species
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Fig. 1 The fictional landscape Ls has been built upon the real landscape L(x,y,z,t). Elevation represents for each pixel the

landscape friction (p(L) for the species under study: the higher the elevation, the higher the friction to the species. Black points

represent sites where the species has been simulated to be present (So=1) in Ferrarini (2013).
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My model assumes that the species dispersal ends at a stability point, if exists, where:

oS (x,y,t)

=V-§=0 5
St ®)

Now, | define P as the predicted path for the species over the fictional landscape Ls, and P~ the real path

followed by the species as detected by GPS data-loggers or in situ observations. The prediction bias B between
P and P* can hence be calculated as (Fig. 2)

B = mod( j Pdx — j P dx) (6)
where the function mod indicates the module of the difference, hence:
.[ Pdx —I P dx where P>P"

o _[P*dx—'[ Pdx where P">P

(7

Fig. 2 Expected biotic dispersal path P from simulated presence (black point) is depicted in red. The path ends when the model
detects a stability point. The path in magenta represents the detected path P* via GPS data-loggers. The area between the two
curves represents the prediction bias B. Both the predicted and the detected paths can be seen as curves in a XY-plane. Hence, the
bias B is equal to the area between the two curves. Reverse flow connectivity aims at setting B to 0 by optimizing friction
(resistance) values of land cover types.
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Now, reverse flow connectivity acts as follows:

setBto O (8)
or, at least,
minimize B 9

by optimizing (L) under the constraints that

{gp(Li)ZO Vi

. . 10
o(L)=n Vi, with n integer value 10

In other words, reverse flow connectivity assigns realistic resistance values to each land cover type by making
null the bias B between the predicted dispersal and the detected one. To do this, it builds up the fictional 3D
landscape L, (X, y¥,@(L)) so that the predicted biotic flow P corresponds to the one (i.e. P*) detected in situ.

The optimization of @(L) can be properly achieved using genetic algorithms (GAs; Holland, 1975). In
order to apply reverse flow connectivity modelling to real landscapes, | wrote the ad hoc software Reverse
Connectivity Lab (Ferrarini, 2013b). GAs are powerful evolutionary models with wide potential applications
in ecology and biology, such as optimization of protected areas (Parolo et al., 2009), optimal sampling
(Ferrarini, 2012c; Ferrarini, 2012d) and networks control (Ferrarini, 2011b; Ferrarini, 2013c; Ferrarini, 2013d;
Ferrarini, 2013e).

There are two useful suggestions when seeking true-to-life values for landscape resistance values. First, it
is always better to start with a 3D fictional landscape L (X, Y, ®(L)) built upon friction values taken from
literature. In this way, it’s likely that reverse flow connectivity might need just minor corrections to such
values when optimizing @(L) in order to set B to 0. Instead, if the researcher starts from completely
unknown values for @(L) (e.g. friction values set to 0 for each land category), it is possible that the
computational effort becomes very high for common computers. Of course, the computational effort also
depends on the number of land categories and on the length of the path P*. Secondly, a potential drawback
arises when the real path P* does not meet all the land cover categories present in the landscape. In this case,
reverse flow modelling will be only able to assign resistance values to those land categories that have been
intersected by P*,

3 Conclusions

The pivotal topic in connectivity ecology is how to assign realistic resistance (frictional) values to landscape
categories. Based on these values and on the dispersal model, a large number of ecological processes can be
understood, and many environmental management goals can be achieved such as preserving plant and animal
populations, predicting infective disease spread and conserving biodiversity.

While in a previous paper (Ferrarini, 2013) | proposed a connectivity model and conceptual framework that
is alternative to circuit theory, in this paper | have proposed an advance to flow connectivity that is able to
assign true-to-life frictional values to landscape categories. Thanks to the conceptual and operative framework
proposed here, named reverse flow connectivity, the subjectivity in ecological connectivity is minimized and
proper prediction of population dispersals across landscape is how possible.

Since connectivity is a pillar of metapopulation theory and gene flow, reverse flow connectivity can be
regarded as a contribution to different fields such as ecology, biology and landscape genetics. Reverse flow
connectivity can also be applied to conservation planning and for predicting ecological and genetic effects of
spatial heterogeneity and landscape changes.
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