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Spatiotemporal seed transfer zones as an efficient restoration
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Abstract. Restoration of wild plant populations in a changing environment is not a simple task, and it
becomes increasingly complex and challenging in the context of climate change. In the present study, a spa-
tiotemporal approach was used to delimit provisional seed transfer zones (STZs), for restoration activities
involving two wild perennial grasses in Argentina. Ecogeographical land characterization maps were built
specifically for the two species of Trichloris genus for the present bioclimatic conditions to define the differ-
ent STZs; then, they were projected for two future climate scenarios (2050 and 2070). This allowed us to
identify populations occurring in cells that underwent changes in ecogeographical categories, potential
future beneficiaries of germplasm, and populations that could be used as corresponding source popula-
tions under the present conditions. Finally, the conservation status of populations was surveyed and a
germplasm collection for future restoration activities was proposed. For the 2050 scenario, for Trichloris cri-
nita, 32 potential beneficiary populations belonging to nine changing categories were identified, whereas
for Trichloris pluriflora, four changing categories determined seven beneficiary populations. The number of
changing categories and, consequently, the beneficiary populations increased in the 2070 scenario in both
species. Several potential seed source populations are already stored in Argentine germplasm banks, but
there is little representation of potential beneficiary populations. Spatial locations of still non-conserved
populations, both seed sources and beneficiaries, were prioritized for future germplasm collecting mis-
sions. This novel approach used for Trichloris spp. can also be adopted for other species for collection and/
or restoration purposes in the light of climate change.
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INTRODUCTION increased by about 0.5°C in the last century and
precipitations increased on average 5 mm/yr

In the last decades, global warming has caused  (Barros et al. 2008, Doyle et al. 2012), showing a
impacts on natural and anthropogenic systems displacement of isotherms and isohyets to the
across all continents and oceans (IPCC 2014). west and southwest of the country. Projected
Particularly in Argentina, mean temperature changes suggest trends of increasing temperature
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and extreme intensity and frequency of rainfall
events (IPCC 2014, Barros et al. 2015).

The rate of climate change is likely to exceed
the species’ capacity to adapt to such change
(Davis and Shaw 2001). Accordingly, predicting
the response of wild plant genetic resources to
those changes has become an active field of
research (Bellard et al. 2012, Guittar et al. 2016).
A wild plant genetic resource is defined as any
genetic material of plant origin that has under-
gone a long process of natural selection and
adaptation to variations in the local environment
and that has potential for ecosystem restoration
and plant breeding (Brown and Marshall 1986,
Handel et al. 1994). Since survival of wild plant
genetic resources depends only on their adapta-
tion abilities, they may be highly vulnerable to
climate change if natural populations do not
have sufficient genetic diversity to cope with
change.

Threatened plant species persistence in their
natural habitats depends on genetic diversity of
the adaptive traits (Jump and Penuelas 2005). If a
given population has low genetic diversity and
shows signs of maladaptation, resulting in lower
fitness, a reinforcement action may be necessary.
This reinforcement will be successful only if the
germplasm used for rehabilitation is compatible
with that of the target population and has the
adaptive capacity to survive in the environment
where it occurs (Bower et al. 2014).

Seed transfer zone (STZ) is a methodological
approach that has been developed for accurately
detecting well-adapted wild plant genetic
resources to be used in restoration of ecosystems
subjected to environmental changes (Havens
et al. 2015). A STZ is a geographical area within
which germplasm of a native population can be
translocated to similar environmental scenarios
with minimal risk of maladaptation (Kramer and
Havens 2009, St. Clair et al. 2013, Havens et al.
2015). Species exhibit wide spatial and temporal
variation in local patterns of adaptation, which
are related to a number of biotic and abiotic fac-
tors (Hanson et al. 2017). Since genetic informa-
tion on target wild plant species previous to
collection or restoration activities is often lacking,
population differentiation in terms of abiotic
adaptation (the basis of the STZ approach) can
indirectly reflect genetic variation (Peeters et al.
1990).
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The first approaches to provide seed zones in
order to avert or prevent failures in planting
date from early 20th century (Bates 1930, Fow-
ells 1946). Over the years, assorted approaches
were used to delimit STZs with different speci-
ficity levels. Provisional STZs are based on
assumptions about ecogeographical features
that are important across species distribution
range, and they are widely used by restoration
managers because empirical species-specific
zones based on genecological studies often are
not available for most species and because of the
time and effort to develop them (Vogel et al.
2005, Bower et al. 2014, Omernik and Griffith
2014, Doherty et al. 2017, Gibson and Nelson
2017, Germino et al. 2019, Cevallos et al. 2020).
Some studies about genetic and phenotypic dif-
ferentiation can be used to support provisional
STZs and seed transfer guidelines (Johnson et al.
2004, Doherty et al. 2017, Durka et al. 2017), but
the cost and time involved in the empirical spe-
cies-specific approaches lead managers to use
provisional STZs to support decisions in restora-
tion activities. On the other hand, studies only
based on genetic studies cannot provide clearer
patterns to develop species-specific STZs
(Jorgensen et al. 2016). This is particularly
important when facing the challenge to enhance
the use of wild plant materials in revegetation in
some countries where STZ-based tools are inex-
istent. For instance, this is the case of Argentina,
where restorations and revegetation activities
are yet established by ecogeographical regions
or the use of local genotypes as the best source
for revegetation. Although the latter can be seen
as a valid method, it becomes insufficient in the
face of changing climate.

Several guidelines for germplasm collection
and transfer based on the use of ecoregions as a
parameter to delimit STZs have been proposed
(Erickson et al. 2004, Johnson et al. 2010, Miller
et al. 2011). However, the environmental catego-
rization that provides an ecoregion may be too
broad to detect certain limiting environmental
factors and adaptive patterns (Parra-Quijano
et al. 20124). On the other hand, sensitivity to
limiting environmental factors varies among spe-
cies; therefore, a species-specific approach is nec-
essary, such as the one developed by Garcia et al.
(2017) for the conservation of plant genetic
resources based on the use of ecogeographical
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land characterization (ELC) maps. Ecogeographi-
cal land characterization maps can be created for
one species or a group of phylogenetically
related species using ecogeographical variables
closely related to species distribution, providing
a helpful characterization of different environ-
mental scenarios where the target species occurs
in a given territory (Garcia et al. 2017, Parra-Qui-
jano et al. 2018).

As aforementioned, the first studies based on
STZs were limited to present-time situations and
covered only the spatial dimensions (Withrow-
Robinson and Johnson 2006, Bower et al. 2014).
However, under the current conditions of rapid
climate change, the temporal dimension adds to
the spatial one. This approach consists of produc-
ing STZs, whose present environmental charac-
teristics are maintained in the future conditions.
Thus, the spatial limits for seed transfer within a
zone are defined for different time periods (Pot-
ter and Hargrove 2012, Havens et al. 2015,
Richardson and Chaney 2018, Shryock et al.
2018).

Seed zones have been widely applied in for-
estry over time, but their use for herbaceous spe-
cies is recent (Erickson et al. 2004, St. Clair et al.
2013, Bower et al. 2014, Durka et al. 2017, Erick-
son and Halford 2020). In Argentina, STZ
approaches have also been mainly developed for
tree species (Pastorino 2012, Azpilicueta et al.
2013, Atkinson et al. 2018). The use of wild for-
age species for rangeland rehabilitation is essen-
tial for the restoration of ecosystems modified by
climate change. In Argentina, rangelands are
mostly covered with gramineous species. Partic-
ularly, species of the genus Trichloris (Poaceae),
T. crinita (lag.) Parodi, and T. pluriflora E. Fourn
are C4 perennial grasses with a disjunct distribu-
tion in Argentine and USA rangelands (Lloyd-
Reilley 2011, Quiroga et al. 2018). Both species
are highly autogamous (Gutiérrez et al. 2016,
Kozub et al. 2017), and they are distributed in
semiarid rangelands, but only T. crinita grows in
arid (150 mm of annual rainfall) and saline envi-
ronments (Rugolo and Molina 2012, Marinoni
et al. 2015, 2020). Although both species have
good forage quality for livestock production in
arid and semiarid rangelands (Kunst et al. 1995,
Quiroga et al. 2013, Kozub et al. 2018b), T. crinita
has been more studied because of its tolerance to
extreme environmental conditions. Genetic
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studies in the latter species are scarce and do not
include representative populations along the dis-
tribution range (Cavagnaro et al. 2006, Kozub
et al. 2018a), and they are lacking in T. pluriflora
(Tomas et al. 2012). In a previous study, we
found adaptive differentiation in seed mass in
populations of T. crinita and T. pluriflora along
their distribution range. Thus, seed mass of pop-
ulations was found to be related to certain cli-
matic and geophysical variables, such as latitude,
altitude, rainfall, and temperature (Marinoni
et al. 2018). Given the wide distribution of
Trichloris species in Argentina and their forage
value for livestock production, the study of the
effects of climate change across their distribution
range provides a valuable contribution to the
design of management strategies for rangelands
and wild plant genetic resources.

With the goal of optimal conservation and use
of the genetic resources of two important native
forage species, the present study aimed at (1)
defining provisional spatiotemporal STZs for
T. crinita and T. pluriflora; (2) based on the result-
ing STZs, determining the origin of germplasm
to be used for rangelands restoration under a cli-
mate change scenario; and (3) identifying the cur-
rent priorities for germplasm collection based on
the vulnerabilities associated with climate
change.

MATERIALS AND METHODS

Spatial data of species occurrences

The study was conducted using the georefer-
enced occurrence dataset of the genus Trichloris
in Argentina generated by Marinoni et al. (2015).
Occurrence data were updated using the Global
Biodiversity Information Facility (GBIF) database
(http://data.gbif.org/), the Documenta Florae
Australis database (http://www.darwin.edu.ar/
iris/), which gathers data from Argentine her-
baria, and local germplasm banks, from the Insti-
tuto Nacional de Tecnologia Agropecuaria
(INTA), the Instituto Argentino de Investiga-
ciones de Zonas Aridas (IADIZA), and the Facul-
tad de Ciencias Agrarias of the Universidad
Nacional del Litoral (FCA-UNL; see occurrence
databases in Appendix S1: Tables S1, S52). A total
of 305 and 99 occurrence records were obtained
for T crinita and T pluriflora, respectively
(Fig. 1), which were processed using GEOQUAL
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Fig. 1. Species distribution maps: (a) occurrence dataset of Trichloris crinita and (b) occurrence dataset of
Trichloris pluriflora.

from CAPFITOGEN toolkit (http://www.capf
itogen.net/es) to assess georeferencing quality
(Parra-Quijano et al. 2018). This tool generates a
parameter called TOTALQUAL100 for each
occurrence record, which ranges from 0 (low
accuracy georeferenced data, mistaken coordi-
nates, or inconsistencies between coordinates
and the associated locality names) to 100 (theo-
retically optimum quality data). Occurrence data
with TOTALQUAL100 <70 were discarded
from analysis.

Present and future ecogeographical data

For each georeferenced occurrence record, eco-
geographical data were extracted from layers
with a grid cell size of 2.5 arc-minutes
(~5 x 5 km at the equator). A total of 20 biocli-
matic, 15 edaphic, and 5 geophysical variables
were gathered from various sources compiled in
the CAPFITOGEN toolkit (Appendix S2:
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Table S1). Edaphic and geophysical layers were
obtained from Harmonized World Soil Database
(http://webarchive.iiasa.ac.at/Research/LUC/Exte
rnal-World-soil-database/HTML, FAO et al
2012) and Digital Elevation Model of Shuttle
Radar Topography Mission (http://www.srtm.c
si.cgiar.org), respectively. Bioclimatic layers for
the present conditions were obtained from ver-
sion 2.0 of WorldClim database (http://www.
worldclim.org, Fick and Hijmans 2017), whereas
projected bioclimatic layers for future conditions
were obtained from version 1.4 (Hijmans et al.
2005), since they were not available for version
2.0. To analyze future climate conditions, the val-
ues of the BCC-CSM1-1, CCSM4, HadGEM2-AO,
HadGEM2-ES, IPSL-CM5A-LR, MIROC5, MRI-
CGCM3, and NorESM1-M GCMs of the Coupled
Model Intercomparison Project Phase 5 (CMIP5)
were averaged. Assembly of these GCMs was
successfully used by Aguirre et al. (2017), and
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some of these GCMs were used in studies for
South America and Argentina (Maenza et al.
2017, Rivera et al. 2017). The RCPs 4.5 (opti-
mistic) and 8.5 (pessimistic) scenarios projected
for 2050 and 2070, respectively, were the selected
future scenarios. RCP 4.5 was the scenario
selected for 2050 because it predicts that emis-
sions will peak by that year and then will stabi-
lize, whereas RCP 8.5 predicts that emissions
will continue to rise (Thomson et al. 2011, IPCC
2014, Thomas et al. 2017).

Variable selection process

To determine the most important variables
influencing plant distribution and detect redun-
dancies, random forest classification and bivari-
ate correlations were, respectively, performed for
each species and within each ecogeographical
component (i.e.,, bioclimatic, edaphic, and geo-
physical; Garcla et al. 2017), with the data
extracted for the present conditions. First, the
importance of each variable in the random forest
classification was determined via the mean
decrease in the accuracy (MDA) of each variable
(Cutler et al. 2007). Half of the variables present-
ing the lowest values in the MDA ranking were
discarded (except for the geophysical compo-
nent, which only contains five variables). Then,
the variables that were significantly correlated (P
value < 0.01; correlation coefficient (r) > |£0.5|)
were discarded in a stepwise procedure, and the
variable with the highest value in the MDA rank-
ing was retained. These analyses were performed
using R software (R Core Team 2014), and the
randomForest (randomForest package) and cor.t-
est (stats package) functions (R code in Data S1).

Spatiotemporal seed transfer zone delineation

The Tzones tool from CAPFITOGEN toolkit
was used to construct both present and future
ELC maps of Argentina. An ELC map character-
izes a given territory through the delineation of
areas with similar environmental characteristics,
referred to as ecogeographical categories (Parra-
Quijano et al. 2018). First, the ELC map for the
present conditions was generated with the previ-
ously selected ecogeographical variables. Each
bioclimatic, edaphic, and geophysical component
was subjected to a cluster analysis to determine
the optimal number of groups (derived from
combinations of selected variables). Clustering
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was performed using successive non-hierarchical
K-means, and the Bayesian information criterion
was used to determine the optimal number of
groups. Tzones uses the find.clusters function
from adegenet package (Jombart et al. 2015) to
perform this process. Then, the groups obtained
for each component were combined to generate
the ecogeographical categories of ELC map for
the present conditions.

The bioclimatic component is the only one that
changes over time, and for which a modification
in the spatial distribution of bioclimatic groups is
expected for future projections. A random forest
algorithm was used to determine a grouping pat-
tern between ELC map categories and the pre-
sent bioclimatic variables used for ELC map
construction. Then, this pattern was used to pro-
ject the bioclimatic categories onto the future
ELC maps for both climate change scenarios
(ensemble of GCM for RCP 4.5/2050 and RCP
8.5/2070). This procedure was followed sepa-
rately for each Trichloris species and allowed us
to have homologous ecogeographical categories
for both present and future ELC maps. The
parameters used to generate the present and cor-
responding future ELC maps using the Tzones
tool are included in Appendix S3: Tables 51, S2
for reproducibility purposes.

The ecogeographical categories of ELC maps
defined the different STZs for Trichloris species.
Thus, seeds from populations belonging to one
ecogeographical category, and, consequently, to
one STZ, can be transferred to other populations
of the same category/STZ with minimum risk of
maladaptation (Withrow-Robinson and Johnson
2006, Bower et al. 2014). The temporal dimension
is provided by the homology between ecogeo-
graphical categories of the present and future
ELC maps, which allows seed transfer from pre-
sent to future adaptive scenarios (Fig. 2).

Use of spatiotemporal STZs

We assumed that populations occurring in
locations where the ecogeographical categories
changed between present and future ELC maps
would be maladapted and threatened as a result
of a rapid change in climate conditions. Thus,
these populations were identified as potential
beneficiary populations. In parallel, we identified
as suitable seed source populations those cur-
rently located in the same ecogeographical
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Fig. 2. Germplasm flow between populations (black
points) according to seed transfer zone (STZ) structure.
The arrows indicate the potential germplasm flow
within STZs: (a) potential germplasm flow under pre-
sent conditions (1950-2000) among populations occur-
ring in three different STZs (solid blue, red, and
yellow areas), and (b) potential germplasm flow across
spatiotemporal STZs under a climate change scenario.
Dashed blue and yellow areas illustrate areas changing
from red to blue and yellow STZs, respectively, due to
climate change. The tail of the arrows indicates present
seed sources that can be used to reinforce future bene-
ficiary populations (head of arrows).

categories as those where potential beneficiary
populations will occur in the future. The latter
will be used for assisted germplasm transfer if
local populations become maladapted to the new
conditions resulting from climate change. In this
context, the identification and collection of suit-
able seed sources at present will allow us to use
this germplasm for restoration plans in the
future.

Ex situ conservation assessment

The ex situ conservation status of germplasm
from seed source populations and potential ben-
eficiary populations was checked in local germ-
plasm banks from INTA, ADIZA, and FCA-UNL
in Argentina. For each studied species, popula-
tions that are currently not conserved ex situ
were identified for their prioritization in future
optimized collecting designs (OCDs; Marinoni
et al. 2015, Garcia et al. 2017).
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Table 1. Ecogeographical variables used to construct
ELC maps for Trichloris crinita and Trichloris pluriflora.

Variables
Component Trichloris crinita Trichloris pluriflora
Bioclimatic Isothermality Minimum temperature
of coldest month
Maximum Annual temperature
temperature of range
warmest month
Rainfall during the ~ Rainfall during the
wettest month driest month
Seasonality of
rainfall
Edaphic Clay content in Silt content in
surface soil surface soil
Saturation of bases  Clay cation exchange
in surface soil capacity in
surface soil
Salinity of surface Saturation of
soil bases
in surface soil
Salinity of surface soil
Geophysical  Longitude Longitude
Latitude Latitude
Gradient of the Average solar radiation

land surface

Average solar
radiation

Note: ELC, ecogeographical land characterization.

REsuLTS

The ecogeographical variables selected as the
most important by random forest and bivariate
correlations analysis for T. crinita and T. pluriflora
included four and three bioclimatic variables,
three and four edaphic variables, and four and
three  geophysical variables, respectively
(Table 1). The values of mean decrease in accu-
racy and correlation used in the selection process
are included in Appendix S4. For this procedure,
one occurrence record of the T. crinita dataset
was discarded due to low georeferencing quality,
whereas no records were discarded for T. pluri-
flora. Thus, a total of 304 and 99 occurrence
records were finally used for T. crinita and T. plu-
riflora, respectively.

Spatiotemporal seed transfer zone delineation

The ELC map for the present conditions
consisted of 52 ecogeographical categories for
T. crinita and 45 for T. pluriflora (Fig. 3), which
were defined by a set of descriptive statistics
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Fig. 3. Ecogeographical land characterization maps generated for Trichloris crinita with ecogeographical data
from (a) present, (b) RCP 4.5 scenario for 2050, and (c) RCP 8.5 scenario for 2070, and for Trichloris pluriflora with
ecogeographical data from (d) present, (e) RCP 4.5 scenario for 2050, and (f) RCP scenario 8.5 for 2070.

and specific ranges for each of the environ-
mental variables included in the classification
(Appendix S5). In both species, the combina-
tion of bioclimatic variables generated four
bioclimatic groups, whose geographic extent
differed depending on the temporal setting
(Fig. 4).

The categories of ELC maps projected for dif-
ferent future scenarios varied in extent and num-
ber of cells with respect to those found in the

ECOSPHERE % www.esajournals.org

ELC map for the present conditions for T. crinita
and T. pluriflora (Fig. 3). One new EC was
detected for RCP 8.5/2070 scenario for T. crinita
and for both scenarios (RCP 4.5/2050 and RCP
8.5/2070) for T. pluriflora. New ECs in future ELC
maps are generated by new combinations of bio-
climatic, edaphic, and geophysical groups not
reported for the current conditions. In all cases,
the changes were more evident as changes in the
frequency and distribution of the present-time
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Fig. 4. Bioclimatic groups derived from combination of bioclimatic variables, used to generate ecogeographical
land characterization maps for Trichloris crinita: (a) present, (b) RCP 4.5 scenario for 2050, and (c) RCP 8.5 sce-
nario for 2070, and for Trichloris pluriflora: (d) present, (e) RCP scenario 4.5 for 2050, and (f) RCP 8.5 scenario for
2070.

categories rather than as emergence of new cate-
gories. The frequency histograms for both species
and for all scenarios are provided in
Appendix S5: Fig. S1.

For T. crinita, occurrence data were recorded
in 24 categories of the present ELC map. In both
future projections, occurrences were found in the
same ecogeographical categories, but with differ-
ent frequencies in several of them. In the RCP

ECOSPHERE % www.esajournals.org

8.5/2070 scenarios, no occurrences were found
for the category no. 8 (Table 2). Occurrences of
T. pluriflora were found in 15 categories of the
present ELC map, and changes in the frequencies
in both future scenarios were also observed, as
well as missing categories (Table 3). Thus, the 24
and 15 ecogeographical categories where species
occur (T. crinita and T. pluriflora, respectively)
under present conditions define the species-

May 2021 %* Volume 12(5) *%* Article 03462



Table 2. Number of populations of Trichloris crinita
within each ecogeographical category of ELC maps
for the present time and both future projections
(RCP 4.5/2050 and RCP 8.5/2070 scenarios).

MARINONI ET AL.

Table 3. Number of populations of Trichloris pluriflora
within each ecogeographical category of ELC maps
for the present time and both future projections
(RCP 4.5/2050 and RCP 8.5/2070 scenarios).

Future Future Future Future
Ecogeographical =~ Present projection projection Ecogeographical =~ Present projection projection
categories time RCP 4.5/2050  RCP 8.5/2070  categories time RCP 4.5/2050  RCP 8.5/2070
0 1 1 1 8 1 0t 0t
1 9 9 9 19 4 4 5
2 2 9 9 20 3 3 3
3 72 75 75 21 15 15 14
5 1 1 1 22 17 17 20
6 11 10 6 23 12 15 18
8 3 5 0f 24 3 3 4
9 10 5 7 25 1 1 2
16 1 1 1 32 1 1 0f
19 3 3 2 34 4 4 5
20 1 1 1 35 4 4 1
23 1 1 1 36 9 7 4
25 3 2 2 38 11 11 0
26 8 1 1 39 12 12 11
27 5 2 1 45 1 1 1
28 2 2 1 ; - -

Note: ELC, ecogeographical land characterization.

29 2 2 2 + Non-represented category in the RCP 4.5/2050 scenario.
37 6 7 7 1 Non-represented category in the RCP 8.5/2070 scenario.
40 25 25 26
41 8 8 9
44 10 10 11 located in 5 and 8 sites that changed STZs,
45 46 47 51 respectively (Table 5). Accordingly, 40 and 56
ig ?3) ;g gz potential seed source populations belonging to

Note: ELC, ecogeographical land characterization.
+ Non-represented category in the RCP 8.5/2070 scenario.

specific STZs. The identification number of the
ecogeographical categories was used to identify
the different STZs.

Use of spatiotemporal STZs

In T crinita, 32 potential beneficiary popula-
tions were identified in 10 STZs that undergo
changes in their distribution for the RCP 4.5/
2050 scenario (Fig. 5a, Table 4). For RCP 8.5/
2070, 37 potentially beneficiary populations
were found, located in 12 sites that changed
STZs (Fig. 5b, Table 4). Consequently, 226 and
261 potential seed source populations belong-
ing to 9 and 11 different STZs were identified
for the optimistic (Fig. 5¢) and pessimistic sce-
narios (Fig. 5d), respectively (Table 4). Similarly,
for T. pluriflora, 7 and 15 potential beneficiary
populations were identified for RCP 4.5/2050
(Fig. 6a) and RCP 8.5/2070 (Fig. 6b) scenarios
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4 and 7 different STZs were identified to be
used for future restorations, for the optimistic
(Fig. 6c) and pessimistic (Fig. 6d) scenarios,
respectively (Table 5).

Optimized collecting design

According to the occurrence database com-
piled for the present study (Appendix S1), the
germplasm banks of INTA and IADIZA cur-
rently contain 11 (R. E. Quiroga, personal commu-
nication) and 96 (P. C. Kozub, personal
communication) accessions of T. crinita, respec-
tively, whereas the germplasm bank of FCA-
UNL has a Trichloris collection with 53 accessions
of T. crinita and 29 accessions of T. pluriflora (J.
M. Zabala, personal communication).

In T. crinita, 23 of the 32 threatened popula-
tions identified as potential beneficiary for the
RCP 4.5/2050 scenario are already conserved in
germplasm banks, as well as 56% of the seed
source populations, except for populations from
the STZ no. 8. Seed source populations from all
spatiotemporal STZs for the RCP 8.5/2070
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Table 4. Description of spatiotemporal seed transfer zones (STZs) in Trichloris crinite.

Changing No. of threatened Conservation Future No. of seed source Conservation
Future scenario STZ populations statust STZ populations statust
RCP 4.5 2050 25 1 1 1 9 7
26 7 3 2 2 1
27 3 3 3 72 59
40 3 3 3 72 59
47 2 1 8 3 0
48 3 3 9 10 10
1 1 0 37 6 5
3 3 0 40 25 17
6 1 1 45 46 12
9 8 8 48 53 15
Total 32 23 226 126
RCP 8.5 2070 25 1 1 1 9 7
26 7 3 2 2 1
27 4 4 3 72 59
40 2 2 3 72 59
48 3 3 9 10 10
1 1 0 37 6 5
3 3 0 40 25 17
28 1 1 41 8 3
19 1 0 44 10 6
6 5 2 45 46 12
8 3 0 47 20 9
9 6 6 48 53 15
Total 37 18 261 144

Notes: The number of threatened populations (potential beneficiaries) occurring in changing STZs is indicated and the num-
ber of potential seed source populations for future restorations is detailed, out of a total of 304 populations recorded. Conserva-

tion status is also provided.

+ Number of accessions stored at germplasm banks of the Instituto Nacional de Tecnologia Agropecuaria (INTA), the Insti-
tuto Argentino de Investigaciones de Zonas Aridas (IADIZA), and the Facultad de Ciencias Agrarias of the Universidad Nacio-

nal del Litoral (FCA-UNL).

scenario are conserved, and so are 22 of the 37
threatened populations (Table 4).

However, in T. pluriflora, there is no availabil-
ity of germplasm of seed source populations
from the STZ no. 34 (RCP 4.5/2050) or no. 25
(RCP 8.5/2070). Moreover, because only the
germplasm bank of FCA-UNL stores accessions
of T. pluriflora, there is a significant lack of poten-
tial beneficiary populations. Only one of the
seven populations identified for the optimistic
scenario and two of the 15 populations detected
for the pessimistic scenario are already con-
served (Table 5). Populations from almost all
spatiotemporal STZs for seed sourcing for future
scenarios are already conserved in germplasm
banks, accounting for 25% (RCP 4.5/2050) and
18% (RCP 8.5/2070) of total occurrences.

The 34 target populations (still not conserved
ex situ) for both species and future projections,
either threatened (potential beneficiary) or seed

ECOSPHERE % www.esajournals.org

source populations, are detailed in Fig. 7. As it
can be observed, most prioritized populations
coincided for both future projections, and some
additional ones appeared for the pessimistic
future scenario.

DiscussioN

In the present study, we used ELC maps for
delimiting provisional STZs, specifically for two
native forage species of the genus Trichloris as a
case study. This approach allowed us to define,
qualitatively and objectively, ecogeographically
homologous areas for present and future climatic
conditions, projected for two of the most widely
used scenarios for the study of the impact of cli-
mate change (Akhter et al. 2017, Thomas et al.
2017). The proposed approach produces STZ
maps useful for present (spatial) and present-fu-
ture (spatiotemporal) transfers. In this study, we
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Table 5. Description of spatiotemporal seed transfer zones (STZs) in Trichloris pluriflora.

Future Changing No. of threatened Conservation Future No. of seed Conservation
scenario STZ populations statust STZ source populations statust
RCP 4.5 2050 34 1 0 21 15 3
36 3 1 23 12 1
8 1 0 23 12 1
21 1 0 34 4 0
23 1 0 36 9 6
Total 7 1 40 10
RCP 8.5 2070 32 1 0 19 4 1
34 1 0 21 15 3
35 3 0 22 17 4
36 5 2 23 12 1
8 1 0 23 12 1
38 1 0 24 1
39 1 0 25 1 0
21 2 0 34 0
Total 15 2 56 10

Notes: The number of threatened populations (potential beneficiaries) occurring in changing STZs is indicated and the num-
ber of potential seed source populations for future restorations is detailed, out of a total of 99 populations recorded. Conserva-

tion status is also provided.

1 Number of accessions stored at germplasm banks of the Facultad de Ciencias Agrarias of the Universidad Nacional del

Litoral (FCA-UNL).

focused on the use of the spatiotemporal
approach; we assumed some populations as
threatened in the future because they occur in
locations that will undergo a change in STZs,
and detected appropriate seed sources in the pre-
sent that would be required for the reinforcement
of such threatened populations in the future.
Seed transfer would be necessary when potential
beneficiary populations show signs of maladap-
tation (i.e., negative demographic trends, loss of
genetic diversity). The continuous monitoring of
threatened populations, besides the ex situ con-
servation measures, should ensure timely deci-
sion making.

Patterns of genetic variation differ among spe-
cies and are closely related to reproductive and
dispersal systems. It is known that in autoga-
mous species, genetic diversity is higher among
than within populations. An autogamous popu-
lation is composed of highly homozygous lines
(Loveless and Hamrick 1984, Falconer and
Mackay 2006); therefore, a local habitat is occu-
pied by the best adapted lines (Allard et al.
1968). Although some studies revealed substan-
tial genetic variation between populations of
both Trichloris species (Cavagnaro et al. 2006,
Tomas et al. 2012, Kozub et al. 2018a), variation
within threatened populations may not be
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enough to face rapid climatic changes; therefore,
germplasm collection and management plans are
imperative (Erickson and Halford 2020).

Several studies have focused on the develop-
ment of species-specific STZs, using multivariate
statistics, algorithms, and clustering analysis to
define patterns of climatic similarity and pro-
viding a guide for transfer of germplasm, giving
priority to sources for restoration of natural
ecosystems (Doherty et al. 2017, Crow et al
2018, Shryock et al. 2018). However, in our
study, as in that of Coulston and Riitters (2005)
and Potter and Hargrove (2012), we included
geophysical and edaphic variables, which have
important implications in the geographic distri-
bution and adaptation patterns in plants. These
variables should also be taken into account,
since germplasm will be transferred to environ-
ments with specific geophysical and soil condi-
tions; ignoring them can lead to maladaptation.
Here we performed a cluster analysis separately
for each component (i.e.,, bioclimatic, edaphic,
and geophysical), which allowed us to find the
optimal set of variables that defines the real
structure of the underlying groups (Raftery and
Dean 2006, Dean et al. 2018) and a balanced
contribution for each component. This is partic-
ularly important in both Trichloris species, since
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bols represent populations prioritized only for RCP 8.5 scenario.

geophysical and bioclimatic factors have been
associated with adaptive genetic variation in
seed weight, a critical trait of plant’s life history
related to fitness across plant species (Marinoni
et al. 2018) as well as with adaptive traits asso-
ciated with tolerance to water and salt stress
(Marinoni et al. 2020).
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Regardless of the method used for STZ devel-
opment, for most of the species used in restora-
tion projects, the results are often a best guess,
given the lack of a true understanding of adap-
tive variation (Broadhurst et al. 2008). Although
some studies relating adaptive genetic variation
to geographical and climatic variables have been
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performed (Hamann et al. 2011, St. Clair et al.
2013, Massatti et al. 2020), the genetic characteri-
zation of each population of every species used
for restoration, though a valuable conservation
task, is often logistically and economically unfea-
sible (McKay et al. 2005). This approach is not
often practical, since in the frame of germplasm
collecting, extensive genetic characterization may
lead to redundancy (Jaramillo and Baena 2000,
Parra-Quijano 2011), and resources for this task
are a limiting factor (Vogel et al. 2005). However,
validation of the delineated STZs in terms of
genetic differentiation is essential (Massatti et al.
2020, Yoko et al. 2020) especially in the context of
climate change. Here we present provisional spa-
tiotemporal STZs as a first step in seed transfer
guidance for restoration purposes of Argentinian
rangelands in response to climate change. In the
near future, reciprocal transplant experiments
within and between designated STZs and genetic
diversity and functional traits analyses will be
carried out to validate the ecogeographical
approach used in the present study. Although
the results of the present study will allow us to
collect and conserve germplasm from popula-
tions for seed sourcing and endangered popula-
tions, the final application of the spatiotemporal
STZs will be subject to the results of the afore-
mentioned adaptive traits evaluation studies.
The usefulness of ELC maps for OCD has been
previously reported (Parra-Quijano et al. 20125,
Marinoni et al. 2015, Phillips et al. 2016, Garcia
et al. 2017, Quinaluisa et al. 2018); here we pre-
sent a new application within the frame of OCD
in the scenario of climate change. In the present
study, we used this OCD approach as a strategy
to mitigate the negative impacts of climate
change in native forage grasses of the genus
Trichloris. Because of the uncertainty about the
direction and potential impact of climate change
on species distribution (Harris et al. 2006), we
assessed two possible scenarios, an optimistic
(RCP 4.5) and a pessimistic (RCP 8.5) one, and
prioritized the threatened populations (potential
beneficiaries of germplasm) and seed source
populations (for possible future restorations) for
germplasm collection. Regarding seed source
populations, germplasm collection from cur-
rently non-represented STZs is imperative to
assist the beneficiary populations. Collecting all
potential threatened populations is also
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recommended to respond to the risk of maladap-
tation and loss of genetic diversity. Finally, the
target populations to consider for the OCD will
depend on the future scenario that is assumed.
We propose a first step involving the germplasm
collection of populations in common for both
future scenarios; then, the remaining prioritized
populations for optimistic and pessimistic sce-
nario, in accordance with the economic
resources’ availability, the most limiting factor in
collection activities.

Climate change poses a new challenge in terms
of collection, conservation, and management of
the most suitable populations for ensuring
restoration success. For years, the idea that local
or the nearest sourced seed would be better
adapted to the restoration site prevailed (Mort-
lock 2000). However, in the era of global warm-
ing, when ecosystems are subject to rapid
changes in environmental conditions, local geno-
types are potentially less optimal than other
genotypes already exposed at their sites of origin
to the conditions that will prevail in the future
(Sgro et al. 2011). Here, we suggest a reasonable
seed transfer strategy for two native forage
grasses to guarantee rangeland resilience to cli-
mate change. The proposed approach is feasible
for use in other species and helps to promote the
use of native plant genetic resources.
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