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Dynamic selection of dispersal pathways
for species persistence under climate
change

Diogo Alagadot, Jorge Orestes CerdéeiraMiguel Bastos Araijd

Abstract — Ongoing climate change is already affecting distions of many species. Future impacts of clintdignge

are expected to be even greater. Conservation pignrméthodologies are usually based on the assumifitad species
distributions change relatively slowly unless thae directly affected by human activities, but thssumption is
inappropriate under climate change. To addressptioislem we develop a model that, assuming a fixedbet limiting

the selection of areas devoted to conservatioectelreas for each of different periods of tim&l andicates how
species disperse between selected areas on swecgssiods. These areas are termed dispersal pathwWaeir

effectiveness is assessed based on the perforniamegain species suitable climates over time, amdhe ability of

species to disperse between the areas. The menhifigs maximum effective dispersal pathways, téaito some given
budget. We applied the model to nine Iberian ggeand considered four climate change and budgetamyarios.
Climate change scenarios assuming reductions ohboese gas emissions had relatively modest gairspéties

retention areas. But larger budgets for area setedtanslate in significantly better retention levéNevertheless, our
model identified species that, regardless the kigiservation investment attained with unlimited deetd have a very
limited ability to disperse to climatically suita&hreas. Connectivity enhancement and assistedizatiom could be
considered for such cases.

K eywor ds —Connectivity, Habitat suitability, Mathematical gramming, Spatial conservation planning, Specasje
shifts.

1 INTRODUCTION modelling attempts have been proposed [6-8] to
select a minimum number of areas assuring that a
here is an urgent need to assess the impact@rtain number of species populations persist as
I climate change on biodiversity [1-2] in orderclimate changes. These approaches have been
to delineate measures to mitigate the expectegpecially dedicated to obtain solutions that ahie
negative consequences of such changes (e.predefined conservation targets at minimum cost. A
species’ range shifts and consequent loss of specteversed approximation, where conservation targets
representation within conservation areas) [3-5]. are maximized for a given cost, can help quantifyin
Implicit in assessing species range adjustments ov@e return-on-investment of conservation actions.
time is the requirement that climatically suitableunder such framework the following questions can
habitats are sufficiently connected through timd anpe raised: How likely do targeted areas, whose
that species can disperse to remain in suitabilection is constrained by a given budget, retain
environmental conditions. In such regard, a fewpecies distributions within suitable climates unde
climate change? To what extent is a given budget
sufficient to ensure retention of suitable climates
across species distributions? Is species retetion
all achievable?
We present a model to identify maximum effective
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dispersal pathways, subject to a given budget, that
permits to addresses these questions. Dispersal
pathways are collections of areas selected for each
of different time periods, together with a indiceti

on how species disperse between selected areas on
successive periods. The model uses the species
modelled climatic suitability of each area in drffat
times in the future, and species specific dispersal
ability to determine, given some budget that limits
the selection of areas, dispersal pathways of
maximum effectiveness. Effectiveness is assessed
based on the performance of areas to retain species
suitable climates over time, and on the ability of
species to disperse between the areas. In order to
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build future dispersal pathways preferentially frominclude mean temperature of the coldest month,
areas that are already being targeted fanean annual summed precipitation, mean annual
conservation, we penalize the selection of dispersgrowing degree days and a moisture index. We
pathways away from existing protected areas. Wabtained future projections for the same variables
thus assign acost to every area, reflecting the using three global circulation models (CSIRO2,
unprotected surface area, and consider differe@GCM2 and HadCM3) for the periods of 1991-2020
budgets to limit area selection. Contrary to othefreferred to as 2020), 2021-2050 (2050), and 2051-
approaches, that whenever an area is selected #@80 (2080), and averaged results across two
corresponding cost is accounted regardless of isnission scenarios: A1Fl and B1 [16: 167].
(previous and) later use, our model assesseschn ean ensemble forecasting strategy [17] was applied
time period, if the conservation investments in théo combine projections from the different
preceded periods are still required to achievkioclimatic models and global circulation models.
conservation targets and, if they are not, it degel The climatic suitability S(u,sp,t) of each grid celu
areas and transfers resources to other betterdvalder each speciesp, was obtained from bioclimatic
areas. suitability projections into four time periods,O
Here we apply the proposed model in the study gf990,2020,2050,2080}, at the resolution of the
retention levels of nine species with distinct @ie climate data. To avoid predicting species
tolerances in the Iberian Peninsula, using thresccurrences in the baseline period (1990) in grid
global circulation models (CSIRO2, CGCM2 andcells where the species were not recorded, we
HadCM3) averaged across two emission scenariggnverted all downscaled non-zero climate
(e.g., ALFI, and B1). The model also explores twguitability scores to zero if they coincided with a
assumptions regarding the available budget farid cell where the species has not been recorded.
conservation (minimum required for non-nullin order to focus the identification of suitable
effectiveness level for every species, and unlichitepathways for species dispersal in areas that are no
budget). directly exposed to anthropogenic threats, we used
the human footprint index [18] as a measure of
human pressure. “Footprint” values range from 0 to
100. Higher values correspond to greater levels of
pressure. Here, we assumed that grid cells with a
“footprint” above 50 would be unsuitable for the

We conducted the analysis for nine Iberian speci@étab”Shmem of dispersal pathways for species.

(Table 1) listed as threatened by the Europea% digital map of Iberian Peninsula protected areas

Habitats Directive [9] and/or World ConservationV&S prepared from the World Database on Protected
eas [19]. We selected protected areas under-the |

Union [10]. Records of presence and absence @1 UCN t cat _ q ded th
species on a UTM 50x50 km grid resolution were " mafnagerf:len_dca elglgones ar:j brecor te i de
obtained from European atlases of vertebrates [1E[opor lon of each grid cell covered by protecte

13] and plants [14] (for more details on the data s areas. For_a more detailed descrip}t_ion of the dath
Williams et al. [15] and Aradio et al. [5]). the modelling procedures see Araujo et al. [5]_.
In order to encourage the selection dispersal

cpathways within existing protected areas a cost

2 METHODOLOGY

2.1 Data

Table 1. Studied species and their taxonomi

conservation and dispersal characteristics. value, C(u,t) was assigned to each grid celland
time t corresponding to the fraction of the grid cell
Species Common name Taxa  List D‘?ffng)s‘“z area not cover_ed_ by protected areas. Thus, ifch gri
Marsilea quadrifolia Four Leaf Clover Plant HD 40 Ce” IS tOta”y Wlthln prOtECted are£(urt):oi for a”
Herniaria lusitanica Hairy rupturewort Plant HD 30 time perlodsi.
Dianthus cintranus ) Plant HD 30 We assumed for every species a maximum dispersal
Paeonia officinalis Common Peony Plant HD 20 distance in each time periOd (Table 1)- thus
Pleurodeles waltl Iberian ribbed newt Amphibian ~ RLVS 5 eXCIUding the pOSSIblllty for |0ng'di5tance dismrs
Lacerta schreberi  Schreiber'slizard  Reptie  RLVS 20 events. Since the time periods that were considered
Ofis tarda Great bustard Brd  RLVS 60 are of fixed length (30 years), we denote the
Galemys pyrenaicus ~ Pyrenean Desman Mammal RLVS 30 maximum dispefsa| distance of SpeCieS Sp Slmp|y by
Mustela lutreola European Mink Mammal RLVS 40 DmaX(Sp) (WithOUt referring to t)- For distances

' RLVS — Red List of Vertebrate Speciét) — Habitats Directive Short.er than the maXiml%m dis_Persal qiStance’ we

2 The maximum distance a species disperse in 3@ yBanax) cqn5|dered that the species ability to .dlspersm fro
grid cell u to v, D(u,v,sp) is a function of the

We derived four different climate parameters fronfuclidean distance betwearandv, dist(u,v)

original monthly-average climate data recorded from _ (exp(-adist(u,v)) if dist(u,v) < Dmax(sp)

1961-1991 (refereed to as 1990) and mapped at a J¥u.v.sP) =

grid cell resolution. The variables were chosen to

reflect major drivers of species distributions and

1)

0 if dist(u,v) > Dmax(sp)
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We chosex values so that the decay rate of dispersgiven budget, the best retention opportunities for

ability decreases d@3maxgets larger. each species, regarding the number of pathways
required for the species. Pathways with low
2.2 Themodel retention values represent areas where species

persistence through time is unlikely. Pathways with
We term dispersal pathway any orderehigh retention values represent areas where species
chain of four grid cellsP=(u,v,w,z) that persistence under climate change is more likely.
links grid cellu in 1990 to grid cellz in We designed a mixed integer linear programming

. . . formulation for the above model, which fits in the
2080, passing by grid cellsandw in 2020 ulti-commodity flow setting [20: 649] devised by

and 2050, respectively. The effectiveness @hjiips et al. [7] for the problem, initially proped
dispersal pathways in retaining speciesy Wiliams et al. [6], of finding efficient setsf o
depends on the grid cells’ climaticdispersal pathways for species under climate change
suitability and on the species' ability tdn our model, we define the sum of the retentions

. . . .__indices of the pathways as the objective to be
move between the grid cells in a given tim aximized, and we treat efficiency as a constraint

|nterva| TO measure eﬁeCtlveness Wgounded by a given budget In our approach
propose a species retention index fa#tficiency is evaluated differently than by Philips
pathwayP, which is defined as: al. [7]. While these authors assume that once ea ar
is selected in some time period, its cost is added
2) even if the area is not used in all time periods, o
model enables deselecting areas selected in previou

which ranges between 0 and 1. The maximurﬂm_e periods, only incorporating costs during the
retention,R(P,sp¥1 occurs when specieg remains Periods they are used. Saved costs from area
in the same cell during all periods an8(u,sp,t)=1 deselecting are then applied in better-valued areas
(for all time periodst). The minimum retention, W& used CPLEX 11.0 to run the model with the
R(P,sp)=0,occurs if a grid cell in the pathway ischosgn nine species. The cl|mat|c suitability of
unsuitable for the specieS(u,sp,)=0 or if the SPecies, S(u,spst) were obtained from the
distance between some pair of consecutive grig ceffistribution projections under the AlFI and Bl
in pathwayP exceeds the dispersal capacity of th§cenarios. We requirddsp)=10 dispersal pathways
speciesPmax(sp). for egch species and. fo_r each cllmat|c_ scenario we
Two or more dispersal pathways are said to n0,(‘:_0n3|der_ed two_alternatlve budgets: (i) minimum
overlap (in the same time period) when the gridscelPudget, i.e., letting the budget to be equal to the
used in the same period are distinct. A solutioa js Minimum value that guarantees the selection of
collection of a given numberk(sp) of non- k(sp)_:lo non-zero r_et(_entlon pathvyays for each
overlapping dispersal pathways for each spesjes SPeCiesSp and (ii) unlimited budget, i.e., no budget
The cost of a solution is the sum of the costshef t constraint.

grid cells used in each period. As we have defined

the cost of a grid cell as the fraction not covelogd

protected areas, the cost of a solution surrogates 3 RESULTS

amount of allocated resources outside existing

protected areas network, counted only during thehe model generates a sequence of areas to acquire
periods that they are used. The efficiency of gand release) across time that maximizes species
solution increases as more grid cells are used fggtention for a given budget (Fig. 1). Solutions
multiple pathways. Since the pathways required fq§roduced for the different emission scenarios
the same species are non-overlapping, efficieierlap extensively (see overlap numbers in Taple 2
solutions tend to include grld cells for severabut, augmenting the budget from the minimum (i_e_,
species during the same time periods. only assuring the selection of 10 non-zero retentio

A solution is feasible if its cost does not exceed dispersal pathways per species) to unlimited bydget
given budget. Our model seeks to find a feasiblgauses more areas selected, especially along the
solution that maximizes the sum of the retentiovestern regions of Iberian Peninsula (Fig. 1).
indices across dispersal pathways. Note that optim@deed, solutions obtained with no budgetary
solutions for large budgets are likely to be lesgmitations presented twice the number of grid ell
constrained since a large budget decreases the n@gfkn compared with the minimum budget approach.
for finding sets of pathways that overlap forunder this latter scenario the turnover of
different species. If there is no budget constraant  selected/deselected grid cells is higher and it

optimal solution can be obtained by maximizing thglecreases with time, as the number of selected grid
sum of the retention capabilities of the(sp) cells (Table 2).

dispersal pathways for each speciesp,
independently. Optimal solutions retrieve, for a

R(P,sp) = S(u,sp,1990) x D(u,v,sp) x S(v,sp,2020) x ...
... xD(w,z,sp) x S(z,sp,2080)
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a) Minimum budget
1990

Fig. 1. The selected dispersal pathways (black grid xfdlsthe retention of nine species in the Iberian
Peninsula, under the B1 climate scenario, usihghe minimum feasible budget arty unlimited
budget. Red grid cells (including more than 1% miate areas coverage) are favored regions for the
selection of pathways.

Solutions obtained with no budgetary limitationsscenarios are less marked when using the minimum
present twice the number of grid cells wherbudget. For each species, retention indices oithe
compared with the minimum budget approachdispersal pathways show important variability,
Under the former scenario there are few deselectedpecially under the minimum budget.
grid cells across all time periods and the number €hanges in retention are mostly determined from
selected grid cells maintain constant. Under thbudget availability. The average retention sucoéss
latter scenario the number of deselected grid ¢®lls pathways increases markedly from minimum to
higher while decreasing with time, like the numbeunnlimited budget. Major increments are expected
of selected grid cells (Table 2). for Lacerta schreberi(c. 22 times higher) and
Mustela lutreola (c. 21 times higher), while
Table 2. Number of selected (Sel) and deselected (Deseferniaria lusitanicaand Pleurodeles waltlare less
grid cells in each time period under two climatersrios  favoured €. 3 times higher) (Fig. 2). However, even
(ALFI a_nd B1). In 1990, the number of deselected griwith no budgetary limitationsyiarsilea quadrifolia
cells with more than 1% protected area coverage ig,q\ystela lutreolaappear not to be able to track

indicated parenthetically. The spatial agreeménid-I . . . . .
and B1 solutions is evaluated by the number of geits Fhe. expected climatic shifts, as their retention
indices are close to zero.

entering both solutions (Overlap).

1990 2020 2050 2080 o a) Minimum budget 030 b) Unlimited budget
Sel Desel Sd Desel Seéd Desel Se § 020 040
Minimum budget g o 030
ALl 46 17(5) 44 8 41 2 39 5
BL 45 17(5) 43 8 40 2 38 " o
Overlap 45 43 40 37 0% Mg HI De Po PwLs Ot Gp Mi ™ "Mq HI Dc Po PwLs Ot Gp M

Species

Unlimited budget . . .
Fig. 2. Average retention of the 10 temporal corridors
A1FI 81 0(0) 81 2 81 2 81 obtained with th&) minimum feasible budget arx) with
unlimited budget for two climatic scenarios: AlFatk
Bl 80 1(0) 80 3 80 0 80 grey bars) and B1 (rose bars). Whiskers mark maximum
Overlap 69 69 67 65 and minimum retention valueklg: Marsilea quadrifolia;
HI: Herniaria lusitanica; Dc: Dianthus cintranus; &
Paeonia officinalis; Pw: Pleurodeles waltl; Ls: Latar
. schreberi; Ot: Otis tarda; Gp: Galemys pyrenaicu|:
Although solutions produced under A1FI and B1,ustela lutreola. P ys by l
using the same budget, are similar in size, average
retention success of dispersal pathways for the B}k
scenario is higher for all nine species (Fig. 2),

Nonetheless, the differences between the tw

dopting the minimum budget approach restricts
he potential success of species retention. By
avouring grid cells predicted to be reasonable
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suitable for several species simultaneously, citnat principles of adaptive management and enables a
suitability of the selected grid cells is considdya more efficient allocation of scarce resources for
lower than when using unbounded budget (Fig. 3)conservation when priorities are bound to change
It should be mentioned that for the majority ofthrough time and space.

species, the average grid cell’s suitability with n In our implementation of the model, we found that
budgetary constraint is not very different from wha albeit distinct emission scenarios are likely tbic¢h
occurs if species could disperse freely betweemmpacts of varying degrees on species potential
every two grid cells (i.e.,D(u,v,sp)=1 and distributions, the dispersal pathways required to
Dmax(sp¥+»). An exception is Marsilea enable adaptation of the nine species studied, aave
guadrifolia, for which (the absolute values of) thesesignificant degree of overlap between the ALFI and
differences are significantly increasing with timeB1 scenarios. In other words, with climate changes
(Fig. 3). Under the B1 scenario, the climaticof different magnitudes, the distribution of the
suitability for this species is predicted to in@edat different dispersal pathways does not differ
least in some regions in Iberian Peninsula), bat thmarkedly. However, as the two emission scenarios

species is not able to reach them. will impose different levels of local suitability,
species retention within the selected pathways are
1990 | 2020 [ 2050 M 2080 likely to differ. For example, our study reportath

1.00 7

the average corridor retention index increasede¢. 2
- : (for Marsilea quadrifolig to c. 89% HKustela
. b Ber lutreola) when comparing the more severe emission
j0s0 9 iy . s scenario (AlFI; lower values) with the less severe
Ta scenario (B1; higher values). Nonetheless, this
’ tendency is veiled by the considerable within-
species variation in the retention achieved by
different pathways (ex.Pleurodeles waltl and

o
®
3

o
@
3

B8y i i

:

o
Y

0

Grid cell suitability

i \ "
020 1h " ‘ { [ Galemys pyrenaicuin Fig. 3a), denoting that the
“H H ﬂi persistence of species is mostly dependent on a few
Mg HI De Po Pw Ls O Gp va[‘ critical pathways, to which prioritization shoule@ b
Species given.

Fi%’ 3 Avgrage Séiitabi“éy scores of tr?e ten targetedri]gri ur results also demonstrate that, more than
Coll 10 e used 35 dspersal patnuays under € Bdducing. greenhouse gas_emissions, it is the
the minimum budget solution (whiskers mark theavailable budget for area acquisition the maindact
minimum and maximum scores). Filled squares refer tdetermining conservation success (i.e., species
the unlimited budget solution and crossings refr tretention). The available budget permits to select
universal dispersaDmax(sp¥+o, with unlimited budget . . . - !
solution. Mg: Marsilea quadrifolia; HI: Hemiaria €ach time period, the areas most climatically sigta
lusitanica ; Dc: Dianthus cintranus; Po: Paeonia for each species. When budget is reduced the model
off!cina_lis; Pw:'PIeu'rodeIes waltl; Ls: ITacgrta §chxeri; is forced to select areas capable to support more
8{;(300'25 tarda; Gp: Galemys pyrenaicus; MI: Mustelagocies put with lower suitability. There are,
however, species whose traits (e.g., low climatic
tolerance, low dispersal rate) make them unequipped
4 DISCUSSION to follow the pace of climate change, even when
dispersal pathways are selected with no budgetary
Spatial conservation planning when based simply atonstraints. This was the case dflarsilea
current needs of species risks wasting opportsnitigquadrifolia andMustela lutreola(Fig. 2), for which
for achieving more effective and efficientthe targeted areas exhibit small retention
conservation outcomes [21-22]. This is particularlexpectancies. Under situations like these, three
true under climate change since species will need ¢onservation mechanisms may rescue the species
move in and out of protected areas in order toktragrom regional extinction. First, averting habitat
climate suitability. Here, we present a model thafragmentation and increasing landscape connectivity
anticipates the identification of regions requited (e.g., decreasing the human footprint index in our
facilitate species’ range shifts under climate dean case-study) could increase the chance that species
The model uses assessments of changes of climatigcks climate suitability as it changes [23-24].
suitability across space and time and makeSecond, increasing carrying capacity and ‘in situ’
assumptions of species’ dispersal to determine thgiaptation (e.g., increasing suitability valuesour
location of the candidate areas for the establistimecase-study) have been suggested to improve species
of dispersal pathways. Final outcomes of the modeésilience and recovery to change [25-26]. Third,
are solutions to maximize species range retention iising assisted colonization, a manipulative
the future for a given budget. A dynamic mechanismmechanism to physically relocate species in
of selection and deselection of areas for speciéscations outside their existing or historical rang
dispersal is explored; the approach implementdat are predicted to be favourable for species
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persistence [27-28]. In our analysis this optionldo possibility of trading-off of areas selected in
be viable for speciedMarsilea quadrifolia and previous periods by new areas is allowed. This more
Mustela lutreolaas suitable climate conditions arerealistically favors adaptive management schemes
predicted to occur in some areas in lberian Peldansuand the dynamic reallocation of the scarce ressurce
(Fig. 3).Whether this is worth doing depends on thénto new areas as priorities change.

magnitude of the potential gains for conservatio®ur findings show that climate change mitigation
and the required investm€i29-30]. efforts (reductions of greenhouse gas
Additionally, the model presented here allows t@oncentrations) have to be complemented with
plan (in advance) the areas to be selected aenservation planning strategies aimed at incrgasin
dispersal pathways making possible to avoithe retention of species ranges in the landscapes.
unnecessary conflicts with competing land-use§.he approach proposed herein allows researchers
This anticipative planning allows conservationists and planners alike the identification of cost-efffex
engage society in the efforts to conserve biodityers dispersal pathways for species that enable speries
while preparing integrative management schemes track suitable climates as it changes. The apprizach
maintain the conservation value of the areas to lpotentially  useful to  assist conservation
selected in the future. This requires new on-thesrioritization schemes and guide policies aimed at
ground conservation instruments including theromoting connectivity and assisted colonization
acquisition of development rights such as loggingnder a changing climate.

concessions, agri-environmental schemes and

positive or negative incentives to landowners [31:

14, 32]. Conversely, there can be financial gains BACKNOWLEDGMENT

trading areas whose conservation status reversed. ial f ided by th
These gains can be allocated to target bett %]sgghe‘es;uggl?r:;aggneg ;\::ailesnfero;;deTecKn(t)k?gy
conservation-valued areas. If available, such kihd )
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