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Abstract Distributional patterns of Valeriana species
from southern South America were analyzed. We prepared
a database with the records of 40 species from Argentina
and Chile south of 33°S, obtained from herbarium speci-
mens, published taxonomic studies and field trips. We
undertook a track analysis and a parsimony analysis of
endemicity (PAE), the latter with 134 grid cells of 1.5°
latitude by 1.5° longitude. Three generalized tracks and one
node were obtained, and three areas of endemism were
identified. These general patterns of distribution in Vale-
riana were used to infer possible vicariance and dispersal
events that might have shaped them. We identified a center
of diversification in Central Chile and the Argentinean
province of Neuquén. It represents a complex area that is
related to both the Central Chilean and Subantarctic
subregions.
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Introduction

Southern South America has a complex biogeographic
history. The uplift of the Andes during the Tertiary and the
establishment of connections between Central and South
America in the Late Pliocene (3.5 mya) permitted the
Andean biota to be enriched with some Nearctic floristic
elements (Van der Hammen 1974; Hooghiemstra 1984;
Van der Hammen and Cleef 1986; Hooghiemstra and Cleef
1995; Ricardi et al. 1997; Cody et al. 2010). The devel-
opment of an arid diagonal zone from the Mid-Miocene to
Late Pliocene (7—4 mya) induced the gradual isolation of
the temperate forests of southern South America (Armesto
et al. 1995; Aizen and Ezcurra 1998; Villagran and
Hinojosa 2005), which constitute a biogeographic island
completely separated from the tropical and subtropical
forests of the continent (Armesto et al. 1995). This diag-
onal coincides with the South American Transition Zone
(Morrone 2004, 2006; Urtubey et al. 2010), representing a
continuous strip of arid climate that extends along the
Andes from western Venezuela and northwestern Chile, to
northeastern Patagonia, in Argentina (Villagran and
Hinojosa 1997, 2005; Ezcurra 2002; Hinojosa 2004). In
this transition zone should be expected marked variations
in species richness as well as rapid changes in the geo-
graphical ranges of species or a combination of both
(Ruggiero and Ezcurra 2003). In addition, the formation of
the hyper-arid Atacama Desert in northern Chile would
have prevented north-south expansion of woody elements
along the Andean chain (Armesto et al. 1995; Villagran
and Hinojosa 2005). Nevertheless, several Holarctic genera
of shrubs and herbs (e.g., Astragalus, Berberis, Lupinus,
Rubus, Ribes, Satureja and Valeriana) managed to migrate
from north to south (Van der Hammen and Cleef 1986;
Aizen and Ezcurra 1998; Hughes and Eastwood 2006;
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Scherson et al. 2008). The repeated advances of glaciers at
high latitudes during the Pliocene—Pleistocene and associ-
ated climatic changes finally contributed to shape the
current distribution patterns of vegetation in Chile and
Argentina (Villagran and Hinojosa 1997, 2005). Several
studies have analyzed distributional patterns of plant and
animal taxa from southern South America, revealing
complex biogeographic relationships that have been
attributed to both vicariance and dispersal events (Morrone
1994a, 1996; Morrone et al. 1994, 1997; Posadas et al.
1997; Katinas et al. 1999; Posadas and Morrone 2003).

Valerianaceae comprise ca. 400 species (Hidalgo et al.
2004; Kutschker 2009), distributed in tropical and tem-
perate regions of both hemispheres, with the exception of
Australia and New Zealand. Valeriana, the most diversified
and widely distributed genus within the family, is distrib-
uted in the temperate northern hemisphere, Africa and
South America, the latter being an important center of
diversification, especially in the North Andean Paramo
(Borsini 1966; Eriksen 1989; Luteyn 1999; Bell 2004; Bell
and Donoghue 2005). Pollen records (Van der Hammen
1974; Van der Hammen and Cleef 1983) indicate that
Valeriana may have dispersed into South America through
the Isthmus of Panama in the Late Pliocene (Simpson
1983; Xena de Enrech 1993) or during the Late Miocene-
Early Pliocene, prior to the formation of the Isthmus, when
the northwestern Andes did not present their current ele-
vations (Bell and Donoghue 2005). South America harbors
a large number of species of Valeriana, mainly along the
Andean chain, but also in tropical, sclerophyll and rain
forests, monte, steppes, and the Atlantic and Pacific
coastlines. Peru is the richest country, and there are high
numbers of species in Chile, Ecuador, Argentina and
Colombia (Kutschker 2009). Species in the southern Andes
are mostly found in mid- and low-elevation habitats, with
some species restricted to the upper alpine. Species in
northern Chile and northwestern Argentina are mostly
inhabitants of the arid diagonal zone or areas above it, and
are taxonomically related to species occurring in the
northern Andes (Kutschker 2009).

Here, we use biogeographic analysis to reveal general
biogeographic patterns and infer the processes associated
with the complex geobiotic evolution of southern South
America, using Valeriana as a case study. We use bio-
geographic methods such as track analysis (Croizat 1958,
1964; Craw et al. 1999) and parsimony analysis of ende-
micity (Rosen 1988; Morrone 1994b) that do not require a
previous phylogenetic hypothesis (Crisci et al. 2003;
Morrone 2009). Although some phylogenetic analyses of
Valerianaceae have been published, none of them includes
Valeriana species that occur in the southern Andean region
(Hidalgo et al. 2004; Bell and Donoghue 2005; Bell 2007,
Moore and Donoghue 2007). In particular, we want to
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explore the hypothesis that the wide diversification of
Valeriana within this region has been due to both dispersal
and vicariance events, which have induced biotic overlap
and endemism, respectively.

Materials and methods

The study area covers the southern region of South
America, from 33° to 56° south latitude, basically corre-
sponding to the Andean region (Morrone 2006). In
Argentina it includes all the Patagonian provinces (between
62° and 74°W) and the province of Mendoza, and in Chile
it extends from Region V (Valparaiso) in the north to
Region XII (Magallanes) in the south (Figs. la, 3). This
temperate area, delimited by average annual temperatures
below 12°C and rainfall above 100 mm annually, is limited
in the north by the South American Transition Zone
(Ruggiero and Ezcurra 2003), which separates the Andean
and Neotropical regions (Morrone 2004, 2006; Urtubey
et al. 2010).

The biogeographic analyses were based on the geo-
graphical distributions of 40 species of Valeriana. Locality
records were obtained from 1,000 specimens of the major
herbaria in Argentina (BA, BAB, BCRU, LIL, LP and SI)
and Chile (CONC and SGO), systematic treatments
(Borsini 1944, 1946, 1966, 1999; Lorcher 1990) and field
sampling. With this information we mapped the distribu-
tion of species, and conducted a track analysis and a par-
simony analysis of endemicity (PAE) based on grid cells
(Morrone 1994b), in order to infer distributional patterns.

Track analysis

The localities were recorded on maps and for each species
an individual track was constructed, joining the localities
by a minimum spanning tree (Craw et al. 1999; Crisci et al.
2003; Morrone 2009). Generalized tracks were obtained by
the superposition of individual tracks of at least two taxa.
These tracks represent general patterns of distribution,
which could have been shaped by either vicariance or
dispersal. Nodes were found in the areas of superposition
of different generalized tracks.

Parsimony analysis of endemicity

We built a grid with 134 grid cells of 1.5° latitude by 1.5°
longitude (“Appendix”), set from 24° to 54°S and from 76°
to 57°W, starting the numbering in the southwestern sector.
Scoring the presence (1) and absence (0) of the species in
each grid cell, we built a data matrix (Table 1). A hypo-
thetical grid cell, where all taxa are absent, was added to
root the resulting cladograms (Morrone 1994b). The matrix
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Fig. 1 Individual tracks of Valeriana species. a Valeriana boelckei
Rossow, b V. borsinii Rossow, ¢ V. bracteosa Phil., d V. bridgesii Hook.
& Arn., e V. carnosa Sm., t V. chilensis Borsini, g V. clarionifolia Phil.,
h V. crispa Ruiz & Pav., i V. descolei Borsini, j V. dinorrhiza (Griseb.)
Hock, k V. fonckii Phil., 1 V. graciliceps Clos., m V. grandifolia Phil.,
n V. hebecarpa DC., o V. hornschuchiana Walp., p V. hyalinorrhiza

Ruiz & Pav., q V. lapathifolia Vahl, r V. laxiflora DC. Argentinean
provinces: CA Catamarca, CHU Chubut, JUJ Jujuy, LR La Rioja, MZA
Mendoza, NQ Neuquén, RN Rio Negro, SA Salta, SC Santa Cruz, SJ San
Juan, TF Tierra del Fuego, TU Tucuman; Chilean regions: IV
Coquimbo, V Valparaiso, M Metropolitana, VI O’Higgins, VII Maule,
VIII Bio-Bio, IX Araucania, X Los Lagos, XI Aisén, XII Magallanes
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Table 1 Data matrix used in the parsimony analysis of endemicity
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Table 1 continued
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Table 1 continued
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Table 1 continued
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Rows are grid cells and columns are taxa (see references of species at the bottom of the table)

Species: 0, V. boelckei; 1, V. borsinii; 2, V. bracteosa; 3, V. bridgesii; 4, V. carnosa; 5, V. chilensis; 6, V. clarionifolia; 1, V. crispa; 8, V. descolei;
9, V. dinorrhiza; 10, V. fonckii; 11, V. graciliceps; 12, V. grandifolia; 13, V. hebecarpa; 14, V. hornschuchiana; 15, V, hyalinorrhiza; 16,
V. lapathifolia; 17, V. laxiflora; 18, V. lepidota; 19, V. leucocarpa; 20, V. macrorhiza; 21, V. moyanoi; 22, V. munozii; 23, V. obtusifolia; 24,
V. papilla; 25, V. peltata; 26, V. philippiana; 27, V. polemoniifolia; 28, V. polystachya; 29, V. radicalis; 30, V. ruizlealii; 31, V. samolifolia; 32,
V. sedifolia; 33, V. sphaerocarpa; 34, V. stricta; 35, V. vaga; 36, V. valdiviana; 37, V. velutina; 38, V. verticillata; 39, V. virescens

was constructed with Mesquite (Maddison and Maddison
1997), and the parsimony analysis was run with TNT
(Goloboff et al. 2008), performing a heuristic search with a
maximum of 100 trees and 10 replicates and using a
multiple search strategy TBR (tree bisection and recon-
nection). For the identification of the areas of endemism,
we took into account only those groups of grid cells sup-
ported by at least two species (Morrone 2009).

Results

Figures 1 and 2 show the individual tracks obtained.
Valeriana radicalis and V. sphaerocarpa have only been
registered in two very close localities and the type locality,
respectively, and therefore their individual tracks could not
be obtained, although they were included in the maps
(Fig. 21, p). Most of the individual tracks are found in the
Andean region (Central Chilean, Subantarctic and Pata-
gonian subregions, according to Morrone 2006), especially
in its southern sector. The individual track of V. polystac-
hya (Fig. 2k) lies in the Pampa biogeographic province
(Chacoan subregion, Neotropical region), which extends in
central western Argentina, Uruguay and the Brazilian state
of Rio Grande do Sul.

The overlap of the 38 individual tracks yielded three
generalized tracks (Fig. 3): (1) Central Chilean, (2) Sub-
antarctic in the broadest sense and (3) Prepuna,

representing a single endemic Andean pattern. The Central
Chilean generalized track is defined by species endemic to
Chile distributed in the western Andes from Region VII to
Region IV (V. bracteosa, V. bridgesii, V. grandifolia,
V. hyalinorrhiza, V. lepidota, V. obtusifolia, V. papilla, V.
peltata, V. radicalis, V. vaga, V. velutina and V. verticilla-
ta). The Subantarctic generalized track is defined by spe-
cies present on both sides of the Andes, and some of them
are widely distributed (V. carnosa, V. clarionifolia, V.
laxiflora, V. polemoniifolia and V. virescens), whereas
other species grow exclusively in mountain areas above the
tree-line (V. boelckei, V. chilensis and V. philippiana). The
Prepuna generalized track is defined by V. descolei, V.
dinorrhiza, V. munozii and V. ruizlealii, endemic to
Argentina, that are distributed from Salta to Mendoza
(Figs. 1, 2). The intersection of the first two generalized
tracks led to the identification of one node (Fig. 3).

PAE

The analysis of the data matrix (Table 1) led to 10 equally
parsimonious cladograms, 118 steps long, a consistency
index of 0.34 and a retention index of 0.65 (Fig. 4). Three
clades are supported by at least two species and are thus
interpreted as areas of endemism (Fig. 5): (1) Clade A. It
includes grid cells C37, C50, C62, C67, C78 and C83,
and is supported by V. laxiflora (17), V. leucocarpa (19),
V. moyanoi (21) and V. virescens (39). Nested within it,
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Fig. 2 Individual tracks of Valeriana species. a Valeriana lepidota
Clos, b V. leucocarpa DC., ¢ V. macrorhiza DC., d V. moyanoi Speg.,
e V. munozii Borsini, f V. obtusifolia DC., g V. papilla Bertero ex
DC., h V. peltata Clos, i V. philippiana Briq., j V. polemoniifolia

@ Springer

Phil., k V. polystachya Sm., 1 V. radicalis Clos, m V. ruizlealii
Borsini, n V. samolifolia (DC.) Colla, o V. sedifolia d’Urv., p V.
sphaerocarpa Phil., q V. stricta Clos, r V. vaga Clos, s V. valdiviana
Phil., t V. velutina Clos, u V. verticillata Clos, v V. virescens Clos
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Fig. 3 Map of the study area, showing biogeographic subregions and
South American Transition Zone (sensu Morrone 2006). Generalized
tracks and panbiogeographic node are indicated. / Central Chilean
generalized track, 2 Subantarctic generalized track and 3 Prepuna
generalized track

there is a smaller clade supported by V. philippiana (26)
and V. polemoniifolia (27). (2) Clade B. It contains grids
C79, C82, C94, C97, C98 and C108, and is supported by
V. grandifolia, V. obtusifolia and V. samolifolia. It contains
four nested clades (indicated in Fig. 4). (3) Clade C. It
comprises grids C77 and C84, and is supported by V. boelckei
and V. chilensis.

Discussion

Based on the species richness and the results of the track
and parsimony analyses, we postulate the existence of a
center of diversification for Valeriana in southern South
America, located in central Chile and the province of
Neuquén in Argentina, where there are 25 endemic species

(Kutschker 2009). The track analysis yielded three gen-
eralized tracks. The Central Chilean track is defined by
Chilean endemic species, all of them characterized by a
fruit with pappus, which could have facilitated dispersal
from the Andean zone to the coast and vice versa. The
same type of fruit is found in the species of the Subant-
arctic generalized track, which are distributed in Argentina
and Chile, in a wide range of ecological conditions,
namely, above/below the tree-line, in lower slopes, tem-
perate forests, foothill valleys, coastal areas and Patagonian
steppe (Kutschker 2009). The Prepuna generalized track is
defined by species endemic to Argentina, all of them
having a fruit without pappus and a reduced dispersal
capability. This track is located in the South American
Transition Zone, which acted as a barrier and filter through
the evolutionary biogeographic history of the flora of the
South (Aizen and Ezcurra 1998; Villagran and Hinojosa
2005), and its formation can be considered a vicariant
event that has slowed the spread between the Andean and
Neotropical biotas (Morrone 2004). The Prepuna continues
to the north with the Puna province, which is closely
related to the North Andean Paramo (Morrone 2006),
another center of diversification for Valeriana (Eriksen
1989; Luteyn 1999; Bell and Donoghue 2005).

The Maule area (34°-37°S) was defined as a node in the
track analysis. This is a complex area related to both the
Central Chilean and Subantarctic subregions. Additionally,
it comprises smaller areas of endemism, supported by
several species. In a previous panbiogeographic analysis
based on weevil taxa (Coleoptera: Curculionidae), Morrone
(1996) also identified this area as a node, related to the
other Subantarctic provinces and the Central Chilean sub-
region (Morrone et al. 1994; Morrone 2006). Moreira-
Muiioz and Muiioz-Schick (2007) suggested the existence
of a panbiogeographic node in this zone based on species
of Asteraceae, and Rovito et al. (2004) identified a floristic
boundary at 35°S approximately.

The endemic areas established in the parsimony analysis
of endemicity coincided with the generalized tracks. Sim-
ilar relationships have been established by Posadas et al.
(1997) based on Andean vascular plants. The northern part
of the Subantarctic subregion shows complex relationships
with the southern part of the Central Chilean subregion.
This complexity may be due to past dispersal events that
involved the Maule province, where dispersal could have
occured in both directions (Posadas and Morrone 2003).
The Central Chilean subregion was clearly delimited in our
analysis, and its relationship with the Subantarctic subre-
gion was also determined in previous studies (Morrone
1994a; Morrone et al. 1997). This area has been recognized
as one of the world biodiversity hotspots (Arroyo et al.
1999; Myers et al. 2000).
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It has been suggested that the uplift of the Andes during et al. 2008; Antonelli et al. 2009) and provided refugia
the Neogene triggered allopatric (vicariant) diversification  for plants during climatic fluctuations in the Pleistocene
in plants by isolating populations on either side of the  (Villagran and Hinojosa 2005). During the Neogene, there
chain, and also favored the dispersal of boreotropical plant ~ was also a recurring pulse of warm and cold periods with
lineages from the north (Bell and Donoghue 2005; Ezcurra  the subsequent rise and fall of mountain vegetation, leading
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Fig. 5 Map showing areas of endemism A, B and C, found by the
PAE

to rapid speciation and radiation (Ricardi et al. 1997,
Villagran and Hinojosa 2005). The final Andean uplift in
the Late Pliocene/Pleistocene produced two severe rain
shadows, one from the westerly winds resulting in the wide
desert of Patagonia, and the other on the western side of the
Central Andes as a result of the orographic interception of
summer rainfall of Amazonian and Atlantic origin. These
Neogene climatic changes on both sides of the Andes
appear to have affected the biota of the southern land-
masses in very different ways, according to their tectonic
history and associated with a wide range of ecological
conditions, under different selection pressures in the dif-
ferent regions (Ezcurra et al. 2008).

Our results support the hypothesis that both dispersal
and vicariant processes have contributed to the wide
diversification of the genus Valeriana in southern South
America, which became a center of diversity for the genus.
Diversification was especially high in the area comprising
Regions VII, VIII and IX of Chile and Neuquén province in
Argentina. This area consists of several areas of endemism
supported by characteristic species and also harbors a
panbiogeographic node relating the Central Chilean with
the Subantarctic subregion.
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