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Abstract Diversity determinants have mostly been evaluated in high diversity areas,

leaving behind regions with less species diversity such as drylands. Here we aim to analyze

the patterns of plant diversity in tropical drylands in the southern Central Andes, and

determine the importance of water, energy, and environmental heterogeneity as diversity

determinants of the arid and semi-arid adapted flora. We examined the distribution of 645

native species from lowlands to 6000 m.a.s.l. in the north-western region of Argentina

(NWA) and define hotspots of diversity within each NWA ecoregion. Diversity is con-

centrated in regions of middle elevation with intermediate values of water and energy, at

the transition between arid and semi-arid regions. Furthermore, we showed that in tropical

drylands energy input is as fundamental for plant diversity as water input is and, we found

that the effects of these variables varied with elevation and, also with aridity. Water

variables had the strongest effect on the flora in the arid high Andean ecoregions, where an

increase in precipitation during the growing season stimulated species diversity. Energy

only became more important than water when the arid adapted flora entered the low and

semi-arid regions where energy increments reduce species diversity. Our analysis provides

strong quantitative support for climate variables as the main determinants of plant diversity

across different ecoregions of the southern Central Andes. Given the present climate
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change events, knowing how these variables affect the distribution of the arid adapted flora

is crucial for planning strategies for achieve their present and future conservation.

Keywords Diversity � Arid/semi-arid climates � Water-energy variables � Argentina �
Andes

Introduction

Dryland systems cover more than 40% of Earth’s surface and are inhabited by more than

two billion people that depend on their ecological/cultural services (Bonkoungou 2003;

Safriel and Adeel 2005; UNEP 2006; Pernetta 2014). These lands are defined by water

scarcity, and characterised by seasonal climatic extremes and unpredictable rainfall pat-

terns. The lack of humidity prevents forest formations and high species richness in dry-

lands but allow the development of a great variety of endemic biota with special

adaptations to water deficit (Bonkoungou 2003; Safriel and Adeel 2005; Pernetta 2014). At

present, however, several of these regions are undergoing loss of habitat (see Myers et al.

2000). Worldwide these lands are threatened by the effects of climate change with

decreasing mean annual precipitation (Dore 2005) and increments in temperature (Hughes

2003); both changes are expected to bring consequences for the flora and fauna found in

drylands. Despite this, studies on species diversity in these ecosystems and the mechanisms

driving it are still scarce (Li et al. 2013).

The spatial variation of vascular plant diversity in relation to climatic and environ-

mental variables has been widely documented (Francis and Currie 1998; Ricklefs et al.

1999; Gaston 2000; Kreft and Jetz 2007; Blach-Overgaard et al. 2010). Water-energy

variables have been indicated as the dominant predictors of global plant species richness

(Francis and Currie 2003; Hawkins et al. 2003; Field et al. 2009—but see Stein et al. 2014),

with global peaks of diversity found in topographical complex regions with high annual

energy input and constant water supply (Kreft and Jetz 2007). However, most studies have

been carried out in high diversity areas such as in the tropics or in temperate regions of the

Northern Hemisphere where water acts as the limiting factor of plant richness at low

latitudes and energy at higher latitudes (Hawkins et al. 2003; Whittaker et al. 2007;

Eiserhardt et al. 2011). The Southern Hemisphere, which holds some of the most important

centres of plant species richness such as the Atlantic Forest in Brazil and the Tropical

Eastern Andes slopes (see Barthlott et al. 2005), is in lack of studies. Hawkins et al. (2003)

suggested that in this hemisphere, as a consequence of a more oceanic climate, water could

be the most important determinant of diversity irrespectively of latitude, while tempera-

tures become the determinant factor only at high altitudes. To our knowledge, however,

few studies have examined the drivers of species diversity in this part of the globe (Crisp

et al. 2001; Moser et al. 2005; Distler et al. 2009; Eiserhardt et al. 2011) and none in

tropical drylands (but see Li et al. 2013 for temperate drylands)—which is the principal

aim of the present study.

The Tropical Andes comprise the Andean regions of Venezuela, Colombia, Ecuador,

Peru, Bolivia, and the northern portions of Argentina and Chile (CEPF 2015, http://www.

cepf.net/). Despite being recognized as a global hotspot for biodiversity, it is one of the

most severely threatened areas in the tropics, with a large portion of its landscape being

transformed by human activities (Myers et al. 2000; CEPF 2015). Its species richness have
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been explained in terms of environmental factors; with the most outstanding diverse areas

found on the eastern slopes of the northern Andes where a great input of energy and water

occurs, in combination with a topographical complex environment (Kreft and Jetz 2007).

Which factors drive the diversity of the southern portion of the Tropical Andes is, however,

unknown. Towards the south, the Tropical Andes become increasingly dryer; with aridity

acting as a strong filter for Andean elements in the southernmost part (Luebert and Wei-

gend 2014).

The high diversity and endemism that characterized the northern part of the Tropical

Andes decline south of the Tropic of Capricorn and level out between 258S and 298S in

north-western Argentina—hereafter abbreviated as NWA (Jorgensen et al. 2011; Kessler

et al. 2011; Luebert and Weigend 2014). In this part of the Andes the complex topography

combined with a steep climatic gradient, with tropical moist broadleaf forest on the eastern

slopes and some of the world’s most arid deserts towards the west, support a conspicuous

east–west turnover in the flora and fauna. This turnover has been acknowledged by early

South American biogeographers who divided the region into phytogeographic units

(Lorentz 1876; Holmberg 1898; Castellanos 1944; Parodi 1945; Hauman-Merck et al.

1947; Cabrera and Willink 1973; Cabrera 1976; Ibisch et al. 2003; Josse et al. 2003) that

are still recognized in contemporarily biogeographic schemes such as the ecoregions of

Olson et al. (2001) and used by governmental and non-governmental organizations

(Ribichich 2002). The main part of these ecoregions are found in arid to semi-arid climates

at different altitudes, which makes them particularly sensible to damage caused by human

activities or climate changes (Ezcurra 2006; Pernetta 2014). For vascular plants, the NWA

region holds some of the most species rich ecoregions of the Southern Cone both in terms

of endemism and diversity (Cabrera 1976; Zuloaga et al. 1999; Aagesen et al. 2012).

Vascular plant endemism is mainly found in semi-arid to arid regions (Young et al. 2002;

Roig et al. 2009; Aagesen et al. 2012; Godoy-Bürki et al. 2014) while the humid/sub-

humid cloud forest on the eastern Andes slopes (Southern Andean Yungas) hold the

highest species diversity (Cabrera 1976; Brown et al. 1993; Vides-Almonacid et al. 1998).

These ecoregions are presently all threatened in a variable degree mainly by changes in

land use (Grau et al. 2005; Izquierdo and Grau 2009) but also by the ongoing climate

change (Gonzales 2009; Godoy-Bürki 2016). Furthermore, a recent study carried out in the

area showed that the endemic flora of the NWA is nearly unprotected by the regional

system of protected areas (Godoy-Bürki et al. 2014).

The traditional biogeographic scheme that has been developed for the NWA (e.g.,

Cabrera 1976; Cabrera and Willink 1973) is mainly based on qualitative observations but

still widely used, among other by Olson et al. (2001) as mentioned above and by Morrone

(2006, 2014) in his biogeographical regionalization of the region. The NWA is considered

a part of the transition zone between the Neotropical and Andean flora and fauna that are

composed by elements with different biogeographic history and with different climatic

requirements (Morrone 2006). It is the aim of the present study to quantify plant diversity

and environmental diversity drivers within each of these ecoregions, both to quantify the

differences among these units that have been delimited by qualitative criterions, as well as

to estimate if and where there is a turnover in the relative importance of water and energy

within the transition zone. We analyze the distribution of the dry adapted flora found in the

semi-arid to arid ecoregions of the tropical drylands surrounding the southernmost part of

the Tropical Andes, and identify which are the main determinants of plant diversity in

NWA region. Knowing which variables determine the distribution of the native flora

adapted in each of these ecoregions is furthermore crucial knowledge for developing

strategies for their present and future conservation.
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Methods

Study area

The southernmost part of the Tropical Andes includes north-western Argentina and

northern Chile. In this study we examine species diversity in the Argentinean portion of the

region (Fig. 1). Specifically, we studied the flora of the arid and semi-arid drylands of the

Fig. 1 Ecoregions and aridity climate classes (drylands) in north-western Argentina (NWA). Location of
NWA in South America (in red). Ecoregions follow Olson et al. (2001). Climate classes were defined
according to the Global Aridity Index (Trabucco and Zomer 2009)
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region, which comprise the full range of drylands surrounding the southernmost part of the

Tropical Andes (Fig. 1).

The NWA region is characterized by a climatic heterogeneity associated with the

availability of moisture laden air masses along different altitudinal gradients (Bianchi and

Yañez 1992). The altitudinal gradient, with mountains and hills oriented north–south,

range from 300 m.a.s.l. at east to elevations above 4000 m.a.s.l. at west (Cabrera 1976).

The highest peaks are located towards the southern-west in the Southern Andean Steppe

ecoregion at approx. 6300 m.a.s.l. (Cabrera 1976; Olson et al. 2001). The precipitation

follows a monsoon regime; with summer rain falling mainly from November to February

and a dry winter period (Bianchi and Yañez 1992; Garreaud et al. 2003). The rainfall

values range between 900 and 3500 mm year-1 on the eastern Andes slopes, but decreases

to less than 100 mm year-1 on the western slopes (Bianchi and Yañez 1992). The tem-

perature varies within the area, with the south-western side of the region presenting

temperature occasionally under zero during the summer period (Cabrera 1976).

Predominantly, there are two climate types; warm and humid in the north-eastern part of

the region, and cold and arid in the south-western portion. The changes in temperature and

precipitation between these two extremes are reflected in the occurrence of seven ecore-

gions (Olson et al. 2001). Of those we will consider six: the Southern Andean Steppe,

Central Andean Dry Puna, Central Andean Puna, High Monte, Dry Chaco, and the

Southern Andean Yungas (Olson et al. 2001, Fig. 1). The Low Monte ecoregion was

excluded from the analyses due to its reduced extension within the NWA region, which we

considered non-representative (see Fig. 1). The Southern Andean Yungas, located in the

north-eastern portion of the NWA represent the only ecoregion in the study with both

humid and dry sub-humid climate (Fig. 1). The highest and coldest ecoregions are found

towards the west and include the Southern Andean Steppe and the Central Andean Dry

Puna (Fig. 1). For more details of each ecoregion see Table 1.

Species data

As this study explores the dry adapted flora of the NWA region, we included only species

inhabiting arid and semi-arid drylands, excluding those exclusively found in the Southern

Andean Yungas forest or in the Dry Chaco ecoregions (dry sub-humid or/and humid

climate, Fig. 1). Species found in hyper-arid drylands were analyzed together with the

species found in arid climates because hyper-arid climate is only found in a very small

fraction of the study region (Fig. 1). The dataset included species of the five most diverse

families of vascular plants in the study area; Asteraceae, Cactaceae, Fabaceae, Poaceae,

and Solanaceae (Cabrera 1976; Zuloaga et al. 1999—Online Resource 1). The Bromeli-

aceae family, despite being less diverse than some of the excluded plant families such as

Cyperaceae, Malvaceae, and Verbenaceae (Zuloaga et al. 1999), were included because

they are among the most characteristic families of the Neotropical region although one of

the least studied (Versieux and Wendt 2007). All data for the families was obtained from

the Vascular Plants Catalog Project the main database of Argentinean vascular flora,

available and updated at http://www.floraargentina.edu.ar (Zuloaga et al. 2008—see Online

Resource 1). The dataset includes information from herbarium specimens, literature, and

field collections, all properly georeferenced following the point-radius method (see

Wieczorek et al. 2004). Aagesen et al. (2012) provided the data for species that are

endemic to the study region (Online Resource 1—indicated with an *). The occurrence

dataset was spatially filtered to reduce the effect of sampling bias which should reduce the

degree of overfitting in species distribution models (Boria et al. 2014). For filtering, we
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randomly removed localities that were within 10 km of one another, keeping as many

localities as possible (see also Anderson and Raza 2010).

Because the botanical collections in the study area are neither exhaustive nor uniformly

distributed, we model the potential distribution of each species applying Maxent’s eco-

logical niche software (Phillips et al. 2006; Philips and Dudik 2008). Maxent has specif-

ically been developed to model species distributions with presence-only data (Phillips et al.

2006), and has shown to outperform most other modelling applications (Elith et al. 2006;

Pearson et al. 2007), as it is least affected by location errors in occurrences (Graham et al.

2008), and has the best performance when few presence records are available (Wisz et al.

2008; Kumar and Stohlgren 2009). To model species distributions we combined the spe-

cies data with bioclimatic variables obtained from WorldClim (http://www.worldclim.org,

Hijmans et al. 2005) at a resolution of 30 s. These variables constitute derivatives of

interpolated climatic data, in particular precipitation, temperature, and their seasonality.

According to Bucklin et al. (2015), implementing species distribution models with only

climate predictors provide an effective and efficient approach for initial assessments of

environmental suitability. We do not apply any test to remove correlated variables because

to obtain a correct prediction of the species occurrences (the best model), the correlation

between variables is not a problem. As was shown by Elith et al. (2011) the correlation

between variables does not interfere in the accuracy of the predictions. For each species we

defined the modelling area, applying a minimum convex polygon bounded by a buffer of

200 km. The species dataset was divided in two groups and different modeling techniques

were applied for each group. For those species with less than 25 occurrences we followed

Shcheglovitova and Anderson (2013) and for those species with more than 25 occurrences

we model according to Radosavljevic and Anderson (2014). For additional information of

each procedure see Online Resource 2.

As a result, we obtained the geographic distributions of 645 species; among which 262

species are endemic to the region (Online Resource 1).

Data analyses

Patterns of species diversity

The oldest and most fundamental concept of species diversity is species richness or species

number in a given area (Peet 1974). Here we use the two terms species diversity and

species richness interchangeable.

After modelling the species distributions, we divided the study area in hexagonal cells

of 25 km2 (21,058 cells). Using ArcGIS 10 software (ESRI 2011) we calculate the species

richness of each cell by superposing all modelled species distribution and counting the

number of species in each cell. We refer to hotspots as cells or groups of cells with high

species diversity, while coldspots refer to cells or group of cells with low species diversity.

To identify which cells within the NWA region correspond to arid drylands and which

cells correspond to semi-arid drylands, the Global Aridity Index classification (AI) was

applied. The AI data were obtained from CGIAR-CSI GeoPortal (Trabucco and Zomer

2009). We associate the diversity of each cell to an aridity value of this index (Fig. 2).

According to the AI, arid lands (the arid climate class) include those areas with an AI

between 0.03 and 0.2 while semiarid lands (semi-arid climate class) comprise those lands

with an AI between 0.2 and 0.5 (Fig. 2).
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Potential determinants of species diversity

We first analyzed the entire dataset as a single unit and then by ecoregion. To identify

which environmental variables affect the species diversity levels in each NWA ecoregion,

we built a generalized least squares model (gls function, nlme package, Pinheiro et al.

2012). We evaluate 14 variables representing water, energy, and environmental hetero-

geneity (Online Resource 3). All variables were downloaded at a 30 s resolution. Potential

evapotranspiration and aridity data were obtained from the CGIAR-CSI GeoPortal (Tra-

bucco and Zomer 2009) while the soil types (ST) were provided by the FAO (www.fao.

org). The remaining variables (Online Resource 3) provided from Worldclim (Hijmans

et al. 2005). Belts were calculated according to Kreft and Jetz (2007) and represent a

measure of environmental heterogeneity related to elevation, temperature, or precipitation

(Online Resource 3). The idea behind the belts is to reflect the association of discrete plant

communities to a determined range of temperature, elevation or precipitation (belt).

To avoid multicollinearity between variables, we excluded those variables that were

highly correlated based on pair correlations (Pearson correlation coefficient[0.7, Online

Resource 4). As a result we discarded 8 variables (Online Resource 4), to finally maintain 6

variables plus three quadratic terms for PCQ (winter precipitation), PWQ (summer pre-

cipitation), and PET (potential evapotranspiration). We evaluated autocorrelation between

errors potentially arising due to spatial proximity of hexagonal cells with the correlation

option and the Gaussian Correlation Structure (Zuur et al. 2009). We also modeled vari-

ance heterogeneity of errors with the option weights. All variables were standardized to

allow comparison between each variable importance as driver of species diversity, and to

avoid collinearity among linear and quadratic terms of PCQ, PWQ, and PET (Montgomery

et al. 2012). We ran this ecoregional level model, to find the primer determinants of species

diversity in each ecoregion. In Online Resource 5 we show the final models for each case

(b), including the analyses of the entire dataset as a single unit (a).

As no consensus appears on a single goodness of fit index for generalized least squared

models, we present three metrics (Online Resource 5). First, a likelihood ratio test among

the full model and the intercept only model, where rejection of the no effects hypothesis

Fig. 2 Plant diversity throughout NWA’s aridity climate classes distinguished between ecoregions (Olson
et al. 2001). Each point in the graph represents a cell of the study area. Species diversity is the total number
of species per cell
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means significant improvements of predictions with the addition of the independent

variables. Second, the McFadden pseudo R-squared, calculated with 1—(log-likelihood

(Full model)/log-likelihood (Intercept only model)), where a value greater than 0.2 rep-

resent excellent fit (McFadden 1979). Third, we present the common coefficient of

determination (R-squared) among the observed and fitted richness, as a measure of ability

of our models to predict the observed richness with the independent variables.

To compare the relative importance among variables with very different scales we

sorted the effect-estimates from higher to lower, after fitting models with the standardized

variables (Online Resource 5). We refer to these as proportion of the higher one and

discuss the highest three for each ecoregion (Table 1).

Results

Patterns of species diversity

We found that the cells with the highest species diversity (421-525 species) were located

towards the north of the study area (north 298S, Fig. 3), at the limit between the arid and

semi-arid climate classes, in cells with a mean AI of approx 0.2 (Fig. 2). The high diverse

cells were primary found in the Central Andean Puna and in the High Monte ecoregions,

especially in the montane grasslands (sensu Cabrera 1976) that form the transition zones

between these ecoregions and the Southern Andean Yungas (Figs. 2, 3). The coldspots

(less than 105 spp.) were mainly found in the Southern Andean Steppe and in the Central

Andean Dry Puna (Figs. 2, 3).

Potential determinants of species diversity

As the results obtained when analyzing the entire dataset as a single unit simply reflects the

conditions found in the two most extensive ecoregions (High Monte and Dry Chaco-

Online Resource 5a), we base our discussion on the results found when analysing the data

set by ecoregion (Online Resource 5b). The results from the regression analyses of the

three main drivers of species diversity and their effect-estimates are found in Table 1.

Model fitting values of all evaluated variables are found in Online Resource 5.

Species diversity was mainly affected by water and energy variables PWQ, PCQ, and

PET while heterogeneity explained little of the diversity found in the NWA (Table 1).

Water and energy variables differed in their relative importance, depending on the

ecoregion (Table 1).

We found that in the highest, driest, and coldest ecoregions—the Southern Andean

Steppe and the Central Andean Dry Puna, species diversity was strongly influence by water

variables (Table 1). PCQ appeared as the most important factor for the arid flora in the

Steppe, where it had a negative impact on species richness (Fig. 4a). PWQ was also

important (Table 1) and positively related to species richness in this ecoregion (Fig. 4b).

Increments in PWQ generated an increase in plant species richness up till 100 mm year-1

(Fig. 4b), which is the maximum amount of summer rainfall in this ecoregion (Table 1).

PET also presented a positive relationship with the Southern Andean Steppe flora (Fig. 4c)

but with less influence on species richness than PWQ (Table 1).

In the Central Andean Dry Puna, which covers lower and slightly warmer areas than the

Southern Andean Steppe, diversity was mainly determined by summer precipitation
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(Table 1). Increments in PWQ generated an increase in species richness up till

200 mm year-1 (Fig. 4b); which is the maximum amount of summer precipitation

occurring in this ecoregion (Table 1). As in the higher and dryer Southern Andean Steppe,

Fig. 3 Hotspots of plant diversity in NWA. Diversity is the total number of species per cell
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an increment in PET had a small but positive effect on the species richness in the Central

Andean Dry Puna (Table 1; Fig. 4c).

In the Central Andean Puna, the lowest ecoregion of the high Andes, species richness

continued to be conditioned mostly by increments in PWQ (Fig. 4b), but PET also had a

strong positive influence on the flora (Table 1; Fig. 4c). Plant species richness responded

Fig. 4 Relationship between environmental predictors and plant diversity in each ecoregion of NWA:
a Precipitation of the coldest quarter (PCQ) versus species diversity, b Precipitation of the warmest quarter
(PWQ) versus species diversity c Potential evapotranspiration (PET) versus species diversity. Each point in
the graph represents a cell of the study area. Species diversity is the total number of species per cell
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positively to increments in PWQ up to 200 mm year-1 where after the relationship

remained constant until 300 mm year-1, which is the maximum amount of summer pre-

cipitation in this ecoregion (Table 1; Fig. 4b). An increase in PET also generated a positive

response of the plant species richness up till 1500 mm which is the maximum value of

potential evapotranspiration in the ecoregion (Fig. 4c).

In the High Monte, the lowest and warmest area of the sampled ecoregions, species

richness was mainly determined by PET (Table 1). In this ecoregion the diversity of the

flora increased with increments in PET until 1300 mm from whereon increments in

PET generated a decline in diversity (Fig. 4c). PWQ also had a strong influence on the

flora (Table 1) and was related positively to species diversity (Fig. 4b). The flora

responded positively to increments in PWQ up to 200 mm year-1, as in the Central

Andean Puna (Fig. 4b). However, different cells within the High Monte responded dif-

ferently to an increase in PWQ between approx. 100 and 200 mm year-1 (Fig. 4b). The

highlands cells which received this maximum precipitation present a higher diversity than

the lowlands cells receiving the same amount of rain. Winter precipitation (PCQ), as in the

Southern Andean Steppe, had a negative influence on the diversity in the High Monte

ecoregion (Fig. 4a).

The Southern Andean Yungas and the Dry Chaco whose flora was not sampled here,

contain part of the arid flora of NWA (Fig. 2). We found that in these ecoregions energy

(PET) acted as the main diversity determinant and presented a far stronger negative effect

on the arid adapted flora than water or heterogeneity variables did (Table 1; Fig. 4c).

Discussion

When analyzing the distribution of the native flora found in the semi-arid to arid ecore-

gions of NWA, we found that the relative effects of water and energy on plant species

richness vary with elevation (along the energy gradient) and also with aridity (from arid to

semi-arid). The present study supports that water determines the species richness of the

native flora at high elevations (3000–6000 m.a.s.l.) in the southernmost tropical Andes,

while energy becomes increasingly important below 3000 m.a.s.l. (Table 1). Species

diversity responds positively to water increments (available as PWQ) in the arid ecoregions

while high quantities of energy reduce the number of species in the semi-arid regions

(Fig. 4b, c). Consequently, the most diverse part of the arid flora of the Southern Central

Andes is located at the limit between arid and semi-arid climates (AI: 0.2—Fig. 2) in

mountain regions with intermediate values of water and energy. These areas correspond to

the Central Andean Puna and the High Monte ecoregions and to the montane grasslands

that are found at the transition zones between these two regions and the Southern Andean

Yungas (Figs. 2, 3). Recent studies carried out in the region supported our results high-

lighting the high concentrations of endemic plants found in the above mentioned ecore-

gions, especially in the montane grasslands of the Yungas ecoregion (Aagesen et al. 2012;

Godoy-Bürki et al. 2014).

Water and energy variables dominate the diversity of the native flora in the tropical

drylands of the southernmost Tropical Andes, as found in previous studies at global level

(Francis and Currie 2003; Hawkins et al. 2003; Whittaker et al. 2007; Field et al. 2009;

Eiserhardt et al. 2011). These studies have indicated that either water or energy are the

dominant predictors of global plant species richness regardless of the location of the study

area. In agreement with the patterns found in temperate drylands of China (Li et al. 2013),
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we found that water variables had the strongest effect on the diversity of the arid drylands

(Table 1). In the present study, PCQ had the strongest effect on the arid flora in the

Southern Andean Steppe, the only ecoregion within the NWA that receives more winter

than summer rainfall (Table 1). However, PCQ has a negative effect on the species

diversity of the native flora (Fig. 4a), which is interpreted as an artefact of our study caused

by sampling bias in this ecoregion. As a consequence of the higher amount of winter rain,

compared to summer precipitation, a floristic change occurs in the southern part of the

Andean Steppe (Villagrán et al. 1983; Martı́nez-Carretero 1995). In the present study, we

specifically sampled the monsoon regime flora and this flora disappears in regions where

winter rain dominates over summer rain. In the Central Andean Dry Puna and the Central

Andean Puna ecoregions where summer rain prevails, PWQ appears as the main diversity

driver (Table 1). Moreover, it is the second most important diversity driver in the High

Monte and in the Southern Andean Steppe ecoregions with a high influence on its flora

(Table 1). An increment in the precipitation of the warmest quarter affects positively

species diversity, indicating that summer rainfall always stimulates species richness

(Fig. 4b). However, this increment stops when the precipitation reaches the maximum

value received in the arid and semi-arid ecoregions (between 100 and 200 mm year-1

depending on the ecoregion, Fig. 4b). In sites where the summer rainfall is higher than

approx. 200 mm year-1 the vegetation changes into southern Yungas forest or Chacoan

shrubland both recognized as distinct biogeographic units (Fig. 4b). The dry adapted flora

that was sampled in the present study enters these more humid ecoregions and the diversity

peaks in the transition zone to these where after there is a conspicuous decline in diversity

with raising PWQ (Fig. 4b). As the Southern Andean Yungas forest is recognized as one of

the most species rich ecoregions in the Southern Cone (Cabrera 1976; Brown et al. 1993;

Vides-Almonacid et al. 1998; Ibisch et al. 2003) this decline represent the transition into a

flora that was not sampled here—composed of species restricted to dry sub-humid and

humid climate.

According to our results, energy (expressed as PET) shifts its relative importance and its

effect on the native flora of the arid and semi-arid ecoregions along with the elevation

differences that exist between these ecoregions (Table 1; Fig. 4c). In the Southern Andean

Steppe (3500–6000 m.a.s.l.) and in the Central Andean Dry Puna (3500–5500 m.a.s.l.)

PET presented a weak influence on the flora (Table 1) but affects species richness posi-

tively (Fig. 4c). Although the two ecoregions are the most arid ones in the NWA region, an

increase in PET does not impact the diversity negatively as is predicted by the water-

energy hypothesis (Francis and Currie 2003; Kreft and Jetz 2007—Fig. 4c). The weak

relationship between PET and diversity may be indicating that the flora of the Southern

Andean Steppe and Central Andean Dry Puna is well adapted to low temperatures but is

sensitive to water availability; as the slightest increase in summer rainfall generates a

positive linear response in species richness (Fig. 4b). In the Central Andean Puna

(3000–4500 m.a.s.l.) energy attained more importance but water still had a considerable

effect on the flora (Table 1); which may indicate a transition towards a flora more

dependent on energy input but still sensitive to the precipitation received. This pattern is

consistent with the biogeographic scheme of Morrone (2006, 2014) who places the Puna in

the American Transition Zone, where a transition between the Andean and Neotropical

taxa occur. In contrast to the temperate drylands of China where water always had a

stronger influence on plant species richness than energy (Li et al. 2013), in the tropical

drylands of the southernmost Central Andes, energy input is as fundamental for plant

diversity as water input is. According to our analyses, energy becomes the variable with

highest effect on plant diversity at middle altitudes in the High Monte and in areas where
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the native flora of the arid and semi-arid regions enter more humid ecoregions such as the

Southern Andean Yungas and the Dry Chaco (Table 1). In these regions PET values above

1300 mm generated a decline in the species richness (Fig. 4c). Beyond this amount of

energy, the native flora of the Central Andes drylands disappears to be replaced by the

more tropical and humid adapted flora of the eastern Andes slopes and the Chaco lowlands.

Conclusion

Our study contribute to the limited knowledge on plant species diversity patterns in the

drylands of the Southern Cone, an understudied but outstanding region in terms of diversity

and endemism. We indicate where are located the hotspots of dry adapted flora and, which

environmental factors determine them. The knowledge on where hotspots are will help to

develop better conservation strategies to create new protected areas systems or expand the

existent reserves allowing a long term conservation of the flora of the region, rich in

endemic species. We show which particular climate conditions of the southernmost

Tropical Andes affects the regional dry adapted flora; water variables had the strongest

effect on the flora in the arid high Andean ecoregions, while energy only became more

important than water when the arid adapted flora entered the lower and semi-arid regions.

Water has a positive effect on plant diversity, as increments in summer rainfall stimulated

species numbers. Conversely, energy increments tend to reduce species diversity of the

arid adapted flora. This knowledge would help predicting which areas will be most affected

under different scenarios of future climate change and consequently developing more

effective conservation strategies. We hope this study serve to promote quantitative studies

on biodiversity patterns for other plant families and other megadiverse clades in the

Tropical Andes, to improve our understanding of diversity gradients and, the role each

potential diversity determinant has in such enigmatic regions as drylands.
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Cabrera AL (1976) Regiones fitogeográficas argentinas. Enciclopedia Argentina de Agricultura y Jardinerı́a
2:1–85
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