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ABSTRACT

Understanding species richness spatial distribution is of fundamental importance to face the current
biodiversity crisis that affects biotas around the world. Taxonomical covariation in species occurrence may
offer the possibility to identify common factors that restrict species richness, as well as some guidelines to the
identification of key areas for conservation purposes. To this aim, we analyze the geographic distribution of
mammals and butterflies in Chile using 0.5° latitude and longitude quadrats. We found that, for both taxa,
there is a strong bell-shaped latitudinal gradient in species richness with a peak at mid-latitudes (33-43° S).
The results from multiple stepwise regression analysis shows that for both taxa productivity measured using
the Normalized Difference Vegetation Index (NDVI) is the most important variable driving changes in species
richness followed by glaciation and elevation depending on the taxa. Mid-domain effects were either weak or
unimportant in affecting the richness pattern. Variance partitioning analysis shows that the spatial components
alone are irrelevant to the richness pattern. We show that spatial covariation in richness of butterflies and
mammals, is strongly influenced by spatial scale, possibly as the result of a scale-dependent effects on
individual species ranges, whereas factors related to specific ecological characteristics, are more important at
smaller scales. Because richness gradients are ultimately the product of speciation and colonization processes
on longer time scales, we propose that species richness gradients in Chile may be explained by the interaction
between historical processes associated to desertification and glaciation together with productivity. The
former sets the domain within which productivity produces a similar richness pattern for both taxa despite
their different phylogenetic histories and physiological requirements.

Key words: lepidoptera, mammalia, Chile, latitudinal gradient, species richness.

RESUMEN

Comprender la distribucidn espacial de la riqueza de especies es un aspecto de fundamental importancia para
enfrentar la actual crisis que afecta a las biotas del mundo. En este sentido, el estudio de la covariacidén
taxonémica en el espacio nos da la posibilidad de identificar factores comunes que restringen la riqueza,
ademds de ofrecer una oportunidad para identificar dreas claves para la conservacién. Con este propdsito,
analizamos la distribucién geogrifica de mamiferos y mariposas en Chile usando cuadriculas de 0,5° de
latitud y longitud. Para ambos taxa, existe una distribucién latitudinal unimodal con un maximo de riqueza a
latitudes intermedias (33-43° S). Usando una regresion miltiple paso a paso mostramos que la productividad
es el factor gravitante para explicar la riqueza de ambos taxones seguido por efectos asociados a glaciaciones
y elevacién segiin sea el taxa. Efectos asociados al dominio medio muestran ser débiles o no significantes
para determinar la distribucién latitudinal de la riqueza en Chile. Un dnalisis de particién de varianza muestra
que componentes exclusivamente espaciales son también irrelevantes para explicar el patrén de riqueza.
Mostramos que la covariacién entre la riqueza de mariposas y mamiferos estd fuertemente influenciada por la
escala espacial, posiblemente producto de efectos que actian sobre los rangos de distribucion a distintas
escalas, mientras que factores relacionados con caracteristicas ecoldgicas son mds importantes a escalas
pequeiias. Debido a que los gradientes de riqueza son en tltimo término producto de procesos de especiacién
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y colonizacién, proponemos que la riqueza de especies en Chile podria explicarse por la interaccién entre
procesos histéricos asociados con desertificacion y glaciaciéon junto a procesos relacionados con la
productividad. En este contexto, procesos histéricos determinarian el dominio en que factores asociados a la
productividad condicionan el patrén de riqueza para ambos taxones a pesar de estos tener historias

filogenéticas y requerimientos fisiol6gicos distintos.

Palabras clave: lepidoptera, mammalia, Chile, gradiente latitudinal, riqueza de especies.

INTRODUCTION

Under the present burgeoning human alteration
of earth’s ecosystems and the associated
biodiversity crisis, the need to quantify the
levels and distribution of biodiversity, and to
improve our understanding of the processes
underlying its generation, distribution and
maintenance, has become a fundamental issue
(Gaston 2000). The analysis of macroecological
patterns of distribution and spatial covariation
in diversity among taxa have important
theoretical and practical implications ranging
from the identification of common causal
factors underlying the spatial variation in
biodiversity to the design of reserve networks.
Ecologists have been describing and analyzing
patterns in biological diversity across time and
space for more than three decades (e.g., Wilson
1974, Rapoport 1975, Rosenzweig 1995,
Brown & Lomolino 1998). However, no
consensus has been reached regarding the
mechanisms responsible for generating and
maintaining biodiversity gradients at large
spatial scales (Shmida & Wilson 1985, Currie
& Paquin 1987, Rohde 1992, Kerr & Packer
1997, Rosenzweig & Sandlin 1997, Colwell &
Lees 2000, Hortal et al. 2008). It is becoming
increasingly clear that biodiversity patterns are
of multivariate nature such that no one factor
will, by itself, explains the variability in
species richness. The final cause seems to be
hidden 1in the interaction among the
physiological and ecological characteristics of
species, and the pattern of variability in the
abiotic and biotic environment in which they
are, and have been, embedded (Currie & Paquin
1987, Latham & Ricklefs 1993, Kerr & Packer
1997, Kerr et al. 1998, Kerr & Currie 1999,
Kerr & Packer 1999, Gaston 2000, Marquet et
al. 2004).

One way of improving our understanding of
the factors determining variation in biodiversity
is to analyze patterns in species diversity
for taxonomically, physiologically, and

ecologically distinct taxa within a similar area.
The few studies that have looked into this issue
report that when correlations are found these
are usually weak and vary in strength with the
scale of analysis (Gaston 1996, Bokma et al.
2001, Jetz & Rahbek 2001, 2002, van Rensburg
et al. 2002). Covariation has been explained by
a shared latitudinal effect (Pearson & Cassola
1992, Flather et al. 1997), however, since
latitude per se does not affect species richness,
the pattern remains largely unexplained.
Additionally, covariation becomes weaker
when the analysis focuses on areas of high
richness among different taxa (Prendergast et
al. 1993, Dobson et al. 1997, van Jaarsveld et
al. 1998, Wessels et al. 1999), which further
complicates the design of preserve networks
(Pressey et al. 1993, Vane-Wright 1996, Cofré
& Marquet 1999, Tognelli et al. 2008).

In this paper we assess the spatial
covariation in species richness between two
distantly related taxa: mammals and butterflies
in Chile. This country provides a good testing
ground to evaluate the hypotheses pointed out
above. This is mainly due to: (1) its wide
latitudinal range with strong gradients in
abiotic conditions, (2) its long history of
isolation from the rest of the Neotropics caused
by major geographic barriers (the Pacific
Ocean to the west, the dry Atacama desert in
the north and the Andes mountain to the east,
Cabrera & Willink 1973, Marquet 1994,
Villagran & Hinojosa 1997, Armesto et al.
1998, Marquet et al. 1998, Ruggiero et al.
1998), and (3) a well documented and active
Quaternary glacial history (Hollin & Schilling
1981, Clapperton 1994) that caused country
wide changes in climatic conditions acting as a
strong environmental forcing that affected all
of its biota (Villagran & Hinojosa 1997,
Latorre et al. 2007). Considering these
attributes, it seems plausible to hypothesize that
at the scale of the whole country, diversity
patterns should be highly covariant among taxa
because of a shared history of environmental
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fluctuations through time linked to glaciations
in southern Chile and desertification in the
north. Furthermore, we hypothesize that the
strength of the pattern of spatial covariation
should vary across space becoming weaker as
the spatial scale of analysis is reduced, because
of the increasing importance of local
idiosyncratic conditions that might disrupt
richness covariation. Thus, at an ecoregional
scale, we expect to find a weak covariation in
species richness. We tested these hypotheses
using distribution (extent of occurrence) data
on butterfly and mammal richness at two
spatial scales (country and ecoregion).

MATERIAL AND METHODS
Species distribution data

To analyze the geographic distribution of
species richness, we divided the country in
half-degree quadrats employing a Geographic
Information System. Only quadrats that had at
least 75 % of their area as emerged land were
used to minimize the oceanic influence. This
method has been widely used in ecological
studies to map species diversity (Wilson 1974,
McCoy & Connor 1980, Arita et al. 1990,
1997, Ceballos & Navarro 1991, Willig &
Sandlin 1991, Kerr & Packer 1997, Tognelli &
Kelt 2004). Species incidence on each of these
quadrats was estimated by recording species’
presence or absence using geographic
distribution maps collected from the literature
(Mann 1978, Redford & Eisenberg 1992, Kelt
& Gallardo 1994, Medel et al. 1990, Spotorno
et al. 1994, Wilson & Reeder 2005 for
mammals, Pefia & Ugarte 1996, Shapiro 1997,
Concha-Bloomfield & Parra 2007 for
butterflies). To minimize biases associated with
uncertainty in range boundaries, we used a
conservative criterion to register the presence
of a species in a quadrat. The geographic
distribution of each species was required to
overlap at least 75 % of the quadrat area in
order to be recorded as present. We repeated all
analyses using the mean richness per latitudinal
band. This procedure avoids comparing
latitudinal bands with different number of
quadrats, which would lead to inaccuracies
related to the species-area structure of
latitudinal bands (Romdal et al. 2005).

Environmental determinants of species richness
data

Simple correlation analyses were used to
evaluate covariation of species richness
between mammals and butterflies. We then
used multiple regression analyzes to
understand if the observed correlation, or lack
of thereof, is the result of the shared influence
of some environmental drivers. To such aim,
five abiotic variables were considered into a
multiple stepwise regression model: the
normalized difference vegetation index
(NDVI), the mean elevation (ELEV), the mean
daily temperature (TEMP), precipitation (PP),
the number of vegetation types (VEG),
latitude (LAT), and glaciation (GLA) in each
quadrat. Values for each of these variables
within each half-degree quadrat were
considered. All these variables are used as
surrogates for different factors that have been
proposed to affect species richness. NDVI is
an indicator of green biomass and primary
productivity (Fjeldsa et al. 1997, Oesterheld et
al. 1998, Hurlbert & Haskell 2003, Kerr &
Ostrovsky 2003). Mean NDVI value from
April 1992 to March 1993 (Smith et al. 1997
available at http://edcdaac.usgs.gov/1KM/
lkmhomepage.html) is a surrogate for
available energy, as it accounts for the amount
of greenness and is know to be highly
correlated to potential evapotranspiration and
actual evapotranspiration (Box et al. 1989).
ELEV (available at http://edcaac.usgs.govV)
was included to account for the strong
altitudinal gradient in Chile and to control for
its effects (Stevens 1992, Rahbek 1997). VEG
captures the level of landscape heterogeneity
in terms of the different landscape units
perceived by species (Rabinovich & Rapoport
1975, Nichols et al. 1998) and was obtained
by counting the number of vegetation types in
each quadrat, following the vegetation atlas of
Chile (Gajardo 1994). PP and TEMP account
for the physiological restrictions to species
occurrence (Root 1988) and were compiled
from the 1961-1990 database (available at the
IPCC Data Distribution Center http://
ddcwebl.cru.uea.ac.uk/). We additionally
included latitude (LAT) and glaciation in
multiple regression analyzes. The former
variable accounts for those factors that, while
varying with latitude, have not been included



138 SAMANIEGO & MARQUET

in the analysis. Glaciation was accounted for
by tagging each quadrat based on the amount
of overlap with the last glacial cover as
mapped by Hollin & Schilling (1981). The
same criterion employed to estimate species
incidence per quadrat was used to determine if
a quadrat had been glaciated. GLA was then
entered as a binary variable into the model
(see below) to account for the fact that,
especially in southeastern Chile, a large
fraction of the territory was covered by ice
during the last glacial maxima (Clapperton
1994), which might have affected the
colonization/extinction dynamics of these
areas (e.g., Hawkins & Porter 2003b), and
thus the contemporary richness patterns (see
also Cofré et al. 2007).

Correlation and regression analysis

Simple pairwise correlations were used to gain
a general understanding on how each variable
relates to species richness. After this
exploratory analysis we used a multiple
stepwise regression model, to describe how
environmental variables explain species
richness variability. We standardized each
variable in order to compare the weight of each
independent variable in the selected model.
Both, backward and forward elimination was
used in the multiple regression procedure, in
conjunction with the Akaike information
criteria, which penalizes more complicated
models for the inclusion of more variables
(Venables & Ripley 2002). We carried out this
procedure using 0.5° latitude longitude
quadrats and also using mean richness values
per latitudinal band. This later analysis allowed
us to assess the effect of geometric constraints
on species richness (see below).

Geometric constraint analysis

We also checked for the existence of a potential
mid-domain effect (MDE, Colwell & Hurtt
1994). MDE has been considered a null model
that accounts for geometric contraints to species
occurrence imposed by abrupt changes in biotic
and/or abiotic variables (but see Zapata et al.
2003, Colwell et al. 2005, Hawkins et al. 2005,
Rangel & Diniz-Filho 2005, Kerr et al. 2006,
McClain et al. 2007). We used a one dimension
framework to evaluate MDE by looking at

species richness per latitudinal bands. MDE
predictions were computed by considering only
those species whose northern latitudinal ranges
lie south of the Chile/Peru border (17° S).
Random midpoints from the empirical species
range frequency distribution (Colwell & Lees
2000) were used to feed a Monte Carlo
simulation with 5,000 replicates as implemented
by McCain (2005).

Variance partitioning

Following Borcard et al. (1992), we partitioned
species richness, of our full set of quadrats, in
four components of variation: (a) non-spatial
environmental component, (b) spatially
structured environmental component, (¢) non-
environmental spatial component, and (d)
unexplained. The spatial component of species
richness (b + c¢) corresponds to the spatial
structuring of the environmental variables (e.g.,
spatial autocorrelation). The portion of
variability explained by each component was
assessed using the coefficient of determination,
r?, of the best model resulting of using a
stepwise regression procedure with a third-
order polynomial as input model (Legendre
1993). The selected model to evaluate the
effect of components (b + ¢) was:

Z=by+ byx + by + bx + byy? + bsxy? + bg® + by, (1)

where Z is species richness, x is latitude, and y
represents longitude.

The r? resulting from regressing species
richness on the environmental variables
selected in previous multiple regression
analysis, represents the proportion of
variability explained by the non-spatial
environmental component and spatially
structured environmental component (a + b).

The resulting r? from the regression of
species richness on both environmental
variables and spatial variables quantifies the
proportion of variability in species richness that
is explained by the environmental and spatial
variables (@ + b + ¢). This quantity will help us
to obtain the unexplained component (d = I —
(a + b + ¢)). Finally, the contribution of each
component is calculated as b = (@ + b) + (b +
c)—-(a+b+c)ya=((@+b)-b,c=(b+c)-
b (Legendre & Legendre 1998, but see Lobo et
al. 2002 for other examples).
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Environmental determinants by ecoregion

In order to test the hypothesis of a reduction in
the strength of covariation at the ecoregion
level, we repeated the multiple regression
analysis for five different ecoregions that
encompass the bioclimatological regions of
Chile (Hajek & Di Castri 1975). The northern
area was divided in two ecoregions: (1) the
Atacama desert, one of the driest desert on
earth with high thermal oscillation, and (2)
Puna, which corresponds to the adjacent
highlands of the Atacama desert (above 2,000
m of altitude), with a cold arid climate and
summer precipitation. The selection of the
southernmost boundary for the Puna area was
set at 27°, where the high altitude plateau ends
and an intrusion toward higher elevation of the
Atacama Desert occurs (Marquet 1994, Moreno
et al. 1994). In central Chile we distinguished
(3) the central Mediterranean zone (27-35° S).
This area has been recognized as a truly

endemic ecoregion restricted to the Chilean
territory in the Neotropics (Arroyo 1994, Myers
et al. 2000). Finally, towards the southernmost
part of the country we distinguished (4)
temperate forest dominated by mixed
Nothofagus forest (35-44° S latitude, Armesto
et al. 1995), and (5) the subantarctic forest and
Patagonian steppe (44-55° S latitude),
dominated by extensive Nothofagus pumilio
(Poepp. & Endl.) Krass forest and grasslands.

RESULTS
Richness distribution and latitudinal patterns

Species richness is a peaked function of
latitude (Fig. 1). There is a strong decline in
richness of both taxa from latitudes 18 to 27°
S then a steep increase occurs until
approximately 37° S, followed by a decrease
in richness until 50° S. For mammals two
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Fig. I: Latitudinal distribution of species richness by macrobiome. Plant species richness from
Villagran & Hinojosa (1997) is shown as a dotted line; the lowess curve is shown for visual

purposes only.

Distribucién latitudinal de la riqueza de especies por ecorregion. Riqueza de plantas es mostrada en linea punteada segin
Villagrdn & Hinojosa (1997); la curva tipo lowess se muestra solo para efectos visuales.
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areas of high richness in the subantarctic
forest ecoregion punctuates this decrease. The
distribution of species richness within the
country is shown in Fig. 2. Two areas of high
richness exist in butterfly richness, one of
them in the Puna highland (34+ species at 18°
S) and the second —and most conspicuous— in
the south/central area, at the transition
between the Mediterranean and temperate
forest (49+ species at 37° S). The distribution
of mammal richness shows at least three
centers of high species diversity. The
maximum richness (29 species) is located in
the highlands (18° S). The second highest
richness zone (28 species) corresponds to the

area of the Torres del Paine National Park
(51°30° S), an area of confluence of three
main vegetation types, the temperate forest,
the subantarctic forest and Patagonian steppe.
Finally, the third area of high richness (25
species) is at the Alto Biobio area (37°30° S).

Taxonomic covariation

There is a striking similarity in the latitudinal
richness pattern in both taxa (Fig. 1). This is
reflected in a high and significant correlation
between mammal and butterfly richness per
latitudinal bands (Pearson’s r = 0.78, P <
0.0001, n = 74). However, the correlation

Butterflies Mammals
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Fig. 2: Richness distribution map for mammals and butterflies in Chile.

Mapa de distribucién de la riqueza de mamiferos y mariposas en Chile.
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diminishes on a quadrat-base at the country
level (r =0.55, P < 0.04, n = 34). In general, on
a quadrat-base, the correlation in richness
becomes stronger at the ecoregional level as
compared to the country level except in the
northern Atacama desert where no relationship
was found (Pearson’s r = 0.27, P > 0.05, n =
28) and in the southern subantarctic forest,
which exhibits a negative relationship between
taxa (Pearson’s r = —-0.31, P < 0.05, n = 109).
Pearson’s correlation coefficients are highest in
the Puna highland (r = 0.86, P < 0.001, n = 60),
followed by the Mediterrranean region and
temperate forest with r = 0.81 (n = 59, P <
0.001) and r = 0.59 (n = 79, P < 0.01)
respectively.

Environmental influence

Per quadrat based pairwise correlations
between species richness and environmental
variables, identify NDVI as the variable that
best correlates with species richness variability
for both taxa, it also shows that the importance
of variables rank similarly for both taxa. NDVI
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has the highest coefficient value, followed by
the number of vegetation types (VEG) (Table
1A). However, when the analysis is performed
per latitudinal bands a different order of
importance arises. NDVI still shows to be the
factor that correlates strongest with richness
and MDE becomes important only after VEG
for butterflies and is not significant at all for
mammals (Table 1B).

As in the pairwise rank correlation, the
multiple regression analysis at the country
level, shows that NDVI is the variable that
mostly affects species richness in both taxa
(Table 2A). However, different models, with
different explanatory power, are obtained
through this procedure. The most apparent
difference lies in the role of precipitation (PP),
which negatively affects butterflies richness
while it does not significantly affect mammal
richness. For butterflies GLA is important, but
for mammals elevation is more important than
GLA.

The selected model for butterfly richness
has a high explanatory power (R?> = 0.695) as
compared to the model that best explains

TABLE 1

Pairwise Pearson correlation coefficients between species richness and environmental/spatial
variables; n.s. = not statistically significant; (.) =P < 0.1, (*) =P <0.01, (**) =P < 0.001,
(***) =P < 0.0001

Coeficientes de correlacién de Pearson entre riqueza de especies y variables ambientales/espaciales; n.s. = diferencias
estadisticamente no significativas; (.) =P <0,1; (¥) =P <0,01; (**) =P <0,001; (***) =P <0,0001

Mammals Butterflies
(A) All Chile - per quadrats (n = 340)
NDVI 0.376 (FH*) 0.689 (FH*)
Number of vegetation types 0.146 (**) 0.479 (F#F)
Temperature -0.023 (n.s.) 0.316 (F*%)
Precipitation 0.017 (n.s.) -0.276 (F*%)
Elevation 0.134 () 0.144 ()
Latitude 0.086 (n.s.) 0.090 (n.s.)
(B) All Chile - per latitudinal bands (n = 74)
NDVI 0.503 (FH*) 0.767 (¥**)
Number of vegetation types 0.228 () 0.601 (F**F)
Temperature 0.480 (k**) 0.527 (F**)
Precipitation -0.187 (n.s.) -0.242 (*)
Elevation 0.148 (n.s.) -0.076 (n.s.)
Latitude 0.305 (FH*) 0.161 (n.s.)
Mid-domai effect 0.305 () 0.161 (*#*)
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mammal richness (R? = 0.301), which is in
agreement with the variance component
analysis. When the multiple stepwise
regression analysis is performed by latitudinal
bands, GLA acquire high importance but only
after NDVI for both mammals and butterflies.
While for mammals GLA is important only
after ELEV, GLA is the most important
variable to explain butterfly richness after
NDVI. MDE only shows a weak and negative
effect in explaining richness patterns in both
taxa (Table 2B).

Environmental influences on species richness
among ecoregions in both taxa are summarized
in Table 3. In general, species richness is
affected by different factors among mammals
and butterflies across ecoregions on a per
quadrats-and per latitudinal bands-basis. Further,
even within the same taxa, explanatory variables
change in importance, direction, and identity.

In the Atacama desert, while ELEV and
TEMP are the most important variables for
butterfly richness, VEG is the only significant
variable selected in the regression model for

SAMANIEGO & MARQUET

mammals (Table 3). In the Puna highlands
mammals and butterflies share ELEV and
TEMP as the variables that explain most of the
richness variability. The selected model for the
Mediterranean area shows TEMP as the
variable with highest influence on both taxa
and ELEV as the variable of second importance
for butterflies only. In the southern temperate
forest, mammal richness seems to be driven
mostly by ELEV and NDVI, although PP has a
negative influence on species richness. In this
ecoregion butterflies are negatively affected by
PP, ELEV and TEMP. Finally, in the
subantarctic forest ecoregion, mammal and
butterfly diversity is driven by TEMP and
ELEV respectively. NDVI is the variable of
second importance for both taxa. However, in
contrast to butterflies, mammals are negatively
affected by this variable. Interestingly, ELEV is
not important in explaining mammal richness in
the southern part of the country. When the
analysis is carried out on the basis of latitudinal
bands, R? becomes higher and MDE is stronger
in explaining richness in some ecoregions.

TABLE 2

Multiple stepwise regression and adjusted coefficient of multiple determination. Variables are
normalized to allow comparison; (.) =P < 0.1, (¥*) =P <0.01, (**) =P <0.001, (***) = P < 0.0001

Regresion miultiple paso a paso y coeficiente de determinacion ajustado. Las variables han sido normalizadas para permitir
su comparacién; (.) =P <0,1; (*) =P <0,01; (**) =P <0,001; (***) =P < 0,0001

Mammals Butterflies
(a) All Chile - per quadrats (n = 34) (R2=0.301) (R2=0.695)
Intercept 9.776 (FE) 18.928 (F**)
NDVI 4.025 (F%*) 11.994 (FH*)
Elevation 3.033 (Gl 3.420 (%)
Precipitation -6.618 (F**)
Glaciation 1.760 (k) 7.186 (%)
Number of vegetation type -0.615 (%) 1.892 (F**)
(b) All Chile - per latitudinal band (n = 76) (R?=0.535) (R?=10.778)
Intercept 13.819 (HE) 22.669 (F**)
NDVI 5.039 (FH*) 13.206 (F*%)
Elevation 2.016 (k) 4318 (%)
Precipitation -1.139 (k%) -3.318 (F**)
Temperature -0.303 (.)
Mid-domain effect —1.145 (%)
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TABLE 3
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Per quadrat based multiple stepwise regression by ecoregions; n.s. = not statistically significant;
()=P<0.1,(*) =P <0.01, (**) =P < 0.001, (***) = P < 0.0001

Regresion miiltiple paso a paso por ecorregion; n.s. = diferencias estadisticamente no significativas;

()=P<0,1; (*) =P <0,01; () =P < 0,001; (***) = P < 0,0001

Mammals Butterflies
North-Atacama desert (n = 28) (R2=0.693) (R2=0.532)
Intercept 3.897 (k**) 12.172 (kkk)
NDVI -0.436 (n.s.)
Number of vegetation types 2.100 (F**)
Temperature 6.356 (k)
Precipitation 0.401 (n.s.)
Elevation 3.662
North-Puna highland (n = 60) (R2=0.701) (R2=10.709)
Intercept 11.426 (F**) 14.639 (FHk)
NDVI 1.337 (n.s.) 2611 )
Elevation 9.903 (F**) 7.756 (*¥*)
Temperature 8.881 (F*¥) 8.281 (F*F)
Precipitation 2.651 (%)
Number of vegetation types -1.047 (n.s.) -3.252 (FHE)
Central-Mediterranean (n = 59) (R2=0.542) (R2=10.880)
Intercept 11.557 (F**) 28.344 (F**)
Elevation - 14.401 (F*F)
Temperature -4.622 (k**) -18.035 (F**)
Number of vegetation types 1.329 (%) 4.667 (k)
NDVI 2.438 (F**) 5.377 (F**)
Precipitation 0.160 (%) -3.564 ()
South-temperate forest (n=79) (R2=0.507) (R2=0.735)
Intercept 14.150 (F**) 39.313 (F**)
NDVI 2.240 (%)
Precipitation -1.157 (*) -8.329 (k)
Elevation 2.961 (k%) -4.402 (%)
Temperature 0.978 (n.s.) -2.654 (%)
Number of vegetation types -0.929 (%) -1.957 (Gl
Subantarctic forest (n = 109) (R2=0.298) (R2=0.543)
Intercept 8.354 (F**) 11.664 (k)
NDVI -1.284 *) 2.881 (%)
Precipitation 1.064 (*) -1.655 (k)
Elevation 3.255 (F**)
Temperature 2.616 (k**) 1.671 (%)
Number of vegetation types -1.229 (%) 1.540 (k)
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Variation partitioning

Figure 3 illustrates the partition of variance in
species richness among different components.
This figure shows that purely spatial
component do not have a major importance in
driving species richness patterns in either taxa.
Shared spatial component (spatial structure and
environmental factors) has a considerable
importance to explain butterfly richness
variability as compared to mammals (36 versus
8 %). On the other hand, the environmental
component weight similarly for butterflies (45
%) and mammals (40 %). Among the explained
fraction, the environmental is the most
important for both taxa. However, for mammals
49 % of the variance remains unexplained.

DISCUSSION

The study of the spatial distribution of species
richness and the processes that originates it is a
complex task because of the difficulties in
differentiating historical from ecological
processes (Ricklefs & Schluter 1993, Hawkins
& Porter 2003b, Harrison & Grace 2007,

(A) Mammals

Thomas et al. 2008). We have shown the
existence of a strong taxonomic covariance
between mammals and butterflies species
richness in Chile, while no correlation would
have been expected, given their physiological
and life history differences.

We show that taxonomic covariation changes
when assessed at different spatial scales. In
particular, at the scale of latitudinal bands we
find a stronger correlation between taxa than at
the 0.5° quadrat level. Moreover, environmental
determinants for both taxa also vary with spatial
scale. We hypothesize that this scale dependency
emerges because at small spatial scales the
presence of a species in a given site is mostly
driven by individual physiology and species
tolerances to local environmental conditions and
ecological context. As the scale of analysis is
increased, variables important at the local scale
become less so, and other variables take over.
While this hypothesis is not explicitly tested
here, our results agree with the notion that
climatic gradients are more important at large
spatial scales (Hortal et al. 2008). Possibly as
the result of a scale-dependent effect on
individual species ranges, whereas factors
related to specific ecological characteristics,

0.40 U 0.49

(B) Butterflies

0.0 0.2 0.4

environmental shared

0.36
| |
0.6 0.8 1.0
spatial unexplained

Fig. 3: Partitioning the sources of variation in species richness. Proportion of variance that is
explainable by the effect of environment (NDVI, VEG, PP, TEMP, and ELEV), space (MDE and
LAT), shared by environment and space, and unexplained by none of these factors. The spatial
proportion of the variance for mammals richness is of 0.034. For butterflies, the proportion of

variance explainable by space alone is 0.004.

Particion de las fuentes de variacion de la riqueza de especies. Proporcion de la varianza explicable por efectos ambientales
(NDVI, VEG, PP, TEMP y ELEV), espaciales (MDE y LAT), efectos compartidos entre ambientales y espaciales y por
efectos no explicables por ninguno de los factores considerados. La proporcidn espacial de la varianza para mamiferos es
de 0,034. Para mariposas, la proporcion de la varianza explicada solo por el espacio es de 0,004.
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particularly those defining habitat type and
biotic interactions, are more important at a
smaller scale. For example, while NDVI shows
to be the variable that best explains species
richness at the country level, its importance is
seriously challenged at smaller spatial scales
where differences may partly be explained by
physiological differences of each taxa (see
Tables 1 and 2 versus Table 3). Similarly, within
ecoregions for example, in the dry Atacama
desert and Puna highlands, mammal richness
seems to be mostly restricted by landscape
heterogeneity and elevation respectively, while
for butterflies temperature restrictions determine
butterfly richness in both ecoregions. In contrast,
in the southern temperate and subantarctic
forest, temperature is important to mammals
while precipitation and elevation seem to mostly
affect butterfly richness. Finally, in the
Mediterranean ecoregion, temperature seems to
affect both taxa negatively. However, only
butterflies are strongly, and negatively,
determined by elevation.

Hence, taxon-specific differences between
Chilean mammals and butterflies are unveiled
at the smallest scale of analysis; large-scale
richness gradients seem to be explainable by a
productivity hypothesis (sensu Currie et al.
2004). Although environmental variables are
the strongest correlates of richness at large
scales, the history and physiographic
characteristics of a region can also produce
differences between the richness and their
response to environmental gradients. Because
richness gradients are ultimately the product of
speciation and colonization processes on longer
time scales, historical processes have often
been ascribed to explain richness gradients of
large scales (Ricklefs 1987). This is the type of
explanation proposed in this research.

Several co-occurring factors may explain
the observed large scale taxonomical
covariation. We hypothesized that this
covariation is the result of historical factors
linked to glaciation events in the south and to
the presence of the Atacama desert in the
northern part of Chile. The main components of
this hypothesis are: (1) the unique geographic
distribution of Chile (narrow north-south
orientation) which produces extreme
environmental gradients, (2) the hyperarid
conditions in the north, that constraints
diversity in the lowlands and (3) the active

Pleistocene glacial history in southern
temperate areas which may have induced a
northward shift in the fauna and vegetation
(Clapperton 1994). Clearly, these factors have
interacted through time. The long-term
prevalence of hyperarid conditions in the
Atacama desert during the Oligocene-Miocene,
that increased during Pleistocene times (Arroyo
et al. 1988, Clapperton 1994, Hinojosa &
Villagran 1997, Latorre et al. 2003, 2007), not
only limited diversity because of being harsh
and unproductive but also acted as a strong
barrier to species migration at a time when
glacial activity in the south pushed species
ranges up toward northern latitudes. In this
scenario, which is consistent with the
significant role of glaciation in explaining
diversity patterns for butterflies, the mid-
latitude mediterranean area, acted as a large
refuge for species flanked by hyperarid
conditions in the north and glacial advances in
the south and the Andes mountain range to the
east (Fig. 4). It is also likely that these climatic
processes also fostered speciation events
through different mechanisms, including
repeated cycles of isolation in mountains as
proposed by Fuentes & Jaksic (1979).
Similarly, Villagran & Hinojosa (1997)
suggested glacial history as a main process
accounting for the observed large number of
forest plant species in Mediterranean areas. In
fact, forest plant species (shrubs, vines and
epiphytes) follow the same pattern as butterfly
richness in Chile (see dotted line in Fig. 1B).

It is also likely that historical processes, by
generating hard boundaries to species
distribution (i.e., the Atacama desert in the
north and Glacial advances in the south) may
be associated with a MDE (Colwell & Hurtt
1994). However, Table 2 shows that MDE is
not important in explaining the observed
biodiversity patterns in Chile. Null models,
such as MDE, serve to establish a null
hypothesis based on the action of geometric
constraints only, thus if a pattern differs from
the MDE expectation then other important
processes might be involved (Harvey et al.
1983, Gotelli & Graves 1996). In our case,
ecological and historical processes are
important at the country level.

Our analysis shows that both groups, despite
sharing a common Quaternary history, are
affected in their richness by different sources of
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variation. This is shown in the partition of
variance analysis. The proportion of the
variance in species richness explained by
spatial and environmental component is highly
dissimilar between taxa (Fig. 3). This is likely
the result of physiological and life history
differences between the two taxa. However,
because mammals and butterflies differ in so
many ways, it is difficult to single out a key
factor that might account for these differences.
Interestingly, and unlike butterflies, most
variance in mammal richness is unexplained.
This variance likely represents the effect of
history, as we included most of the
environmental variables known to be of
relevance in explaining large-scale richness
patterns in mammals (Currie 1991, Ruggiero &
Kitzberger 2004). Further, considering that the
amount of unexplained variance in butterfly
richness could be further reduced if other
variables known to be associated to geographic
patterns in butterfly richness were included (see
below), our results suggest that historical
factors may be more important in affecting
richness patterns for mammals than for
butterflies. This is in agreement with the
greater importance of historical processes upon

Historical

iversity

D

patterns in species richness of mammals and
birds (Hawkins & Porter 2003b) as compared to
butterflies (Hawkins & Porter 2003a). In this
latter group, the more important role of spatial
and environmental components of species
richness reflects a higher dependence on NDVI
(Table 1 and 2), which is in turn highly
correlated to plant species richness (Box et al.
1989, Paruelo et al. 1998). This is reflected in
the existence of a correlation between number
of butterfly species and forest plant species
richness in Chile (Pearson’s r = 0.804, P <
0.0001, n = 74) and is related to butterfly plant
host specificity (Ehrlich & Raven 1964,
Hawkins & Porter 2003a). However, we cannot
rule out the effect of other variables known to
be associated to butterfly richness patterns such
as summer temperature, hours of summer
sunshine, number of land cover types, number
of sunny days per year or actual
evapotranspiration (Turner et al. 1987, Kerr et
al. 1998, 2001, Kerr 2001, Hawkins & Porter
2003b, 2003c, Hortal et al. 2004). The analysis
by ecoregions emphasizes the existence of a
place and scale dependence on the factors that
affect species richness. The high richness
observed in the north is restricted to the Puna

Historical

18° S
North

55°S
South

Fig. 4: Proposed model to explain latitudinal gradient of species diversity in Chile.

Modelo propuesto para explicar gradiente latitudinal de diversidad de especies en Chile.
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highland, an ecoregion marginally represented
in Chile that is shared with Peru, Bolivia and
Argentina. This area has been described as
highly vicariant, representing an active species
generation center for vertebrates in general and
for mammals and birds in particular (Muller
1973, Vuilleumier & Simberloff 1980, Reig
1986). Similarly, the peak in mammal richness
in this southern part of the country (Patagonia),
is associated to the progressive lowering of the
Andean mountain range that allow the addition
of large number of faunal elements typical of
the Argentinean steppe (Johnson et al. 1990).
Interestingly our results are in agreement with
Ruggiero & Kitzberger (2004) at the scale of
the South American continent regarding the
effects of productivity.

Area effects and sampling biases have
usually been invoked to explain species
richness covariation (Rosenzweig 1995, Lyons
& Willig 1999, 2002). Eventhough, our
quadrats decrease in area as we move
southward, no significant area effect is
observed when we regressed area and latitude
on species richness (sensu Lyons & Willig
1999). Sampling effect has been minimized on
this dataset by the use of range distribution
maps instead of sampling point distribution.
This highly reduces any potential sampling
biases among quadrats since butterflies and
mammals are among the best known taxa in
Chile, with a long tradition of research by
many active taxonomists, biogeographers and
ecologists (Mann 1978, Redford & Eisenberg
1992, Jaksic 1996, Pefia & Ugarte 1996,
Simonetti et al. 1996, Muiioz & Yaidez 2000),
not to mention their economic importance as
pests, which has made them to become well
known in terms of their distribution within the
country (e.g., Artigas 1994a, 1994b).

Implications for conservation

The effective understanding of the processes
involved in the spatial distribution of
biodiversity imposes a growing challenge as we
build up in the understanding of the implacable
consequences of global change (Kareiva et al.
1993, Mooney et al. 1993). Our results together
with those of Arroyo & Cavieres (1997),
Armesto et al. (1998), among others and in
particular those of Myers et al. (2000), who
includes central Chile as one of the most

important areas of high richness to protect
biodiversity at a global scale, underscores the
paramount importance of south-central Chile
for biological diversity. Paradoxically, this is
the least protected part of the country.
Currently, Chile protects roughly a 20 % of its
territory (Tognelli et al. 2008). However, less
than 5 % of the Mediterranean area is currently
protected (Valencia et al. 1987, Pauchard &
Villarroel 2002, Armesto et al.1998). Despite
the efforts that have been made in order to
apply basic scientific knowledge to improve the
protection of natural habitats (Pressey et al.
1996, Rodriguez & Rojas-Sudrez 1996,
Simberloff 1998, Cofré & Marquet 1999,
Cornelius et al. 2001, Cavieres et al. 2002,
Pauchard & Villarroel 2002, Oltremari &
Thelen 2003, Tognelli et al. 2008), there is no
single recipe for success. Our results, suggest
that because of the existence of strong
taxonomic covariation in richness patterns, the
creation of a large network of protected areas
between 27-35° S is likely to assure the
conservation of a large portion of Chile’s
biodiversity.
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