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A B S T R A C T

The effects of climate and topography on soil physico-chemical and microbial parameters were studied along an
extensive latitudinal climate gradient in the Coastal Cordillera of Chile (26°–38°S). The study sites encompass
arid (Pan de Azúcar), semiarid (Santa Gracia), mediterranean (La Campana) and humid (Nahuelbuta) climates
and vegetation, ranging from arid desert, dominated by biological soil crusts (biocrusts), semiarid shrubland and
mediterranean sclerophyllous forest, where biocrusts are present but do have a seasonal pattern to temperate-
mixed forest, where biocrusts only occur as an early pioneering development stage after disturbance. All soils
originate from granitic parent materials and show very strong differences in pedogenesis intensity and soil depth.

Most of the investigated physical, chemical and microbiological soil properties showed distinct trends along
the climate gradient. Further, abrupt changes between the arid northernmost study site and the other semi-arid
to humid sites can be shown, which indicate non-linearity and thresholds along the climate gradient. Clay and
total organic carbon contents (TOC) as well as Ah horizons and solum depths increased from arid to humid
climates, whereas bulk density (BD), pH values and base saturation (BS) decreased. These properties demon-
strate the accumulation of organic matter, clay formation and element leaching as key-pedogenic processes with
increasing humidity. However, the soils in the northern arid climate do not follow this overall latitudinal trend,
because texture and BD are largely controlled by aeolian input of dust and sea salts spray followed by the
formation of secondary evaporate minerals. Total soil DNA concentrations and TOC increased from arid to
humid sites, while areal coverage by biocrusts exhibited an opposite trend. Relative bacterial and archaeal
abundances were lower in the arid site, but for the other sites the local variability exceeds the variability along
the climate gradient. Differences in soil properties between topographic positions were most pronounced at the
study sites with the mediterranean and humid climate, whereas microbial abundances were independent on
topography across all study sites. In general, the regional climate is the strongest controlling factor for pedo-
genesis and microbial parameters in soils developed from the same parent material. Topographic position along
individual slopes of limited length augmented this effect only under humid conditions, where water erosion
likely relocated particles and elements downward. The change from alkaline to neutral soil pH between the arid
and the semi-arid site coincided with qualitative differences in soil formation as well as microbial habitats. This
also reflects non-linear relationships of pedogenic and microbial processes in soils depending on climate with a
sharp threshold between arid and semi-arid conditions. Therefore, the soils on the transition between arid and
semi-arid conditions are especially sensitive and may be well used as indicators of long and medium-term cli-
mate changes. Concluding, the unique latitudinal precipitation gradient in the Coastal Cordillera of Chile is
predestined to investigate the effects of the main soil forming factor – climate – on pedogenic processes.

1. Introduction

Soil forms at the interface between the atmosphere and lithosphere
sustaining Earth's life and biogeochemical cycles (Amundson et al.,
2007). Excluding anthropogenic effects, soils and their properties are
commonly regarded as forming from interactions between five factors
including: climate, biota, topography, parent material and time (e.g.
Dokuchaiev, see Glinka, 1927; Hilgard, 1914; Jenny, 1994). Climate
has a strong effect on soil properties via biological and hydrological
processes, as the changing water flow, vegetation and soil biological
activity affects soil physical and chemical properties, including BD, soil
organic matter, clay formation, pH value and the degree of leaching or
accumulation of base cations and pedogenesis in general (Bojko and
Kabala, 2017; Jenny, 1994; Lin, 2010; Pastalkova et al., 2001; Smith
et al., 2002).

Previous studies on latitudinal and elevational soil-climate gradients
with similar parent materials (including granites, loess, basalts, para-
gneiss) demonstrated that increasing precipitation and decreasing
temperature result in a decrease of silt contents, soil pH and BS,
whereas TOC, acidity and exchangeable aluminum (Alex), electrical
conductivity and clay contents increase (Bardelli et al., 2017; Bojko and
Kabala, 2016; Khomo et al., 2011; Khormali et al., 2012; Raheb et al.,
2017; Smith et al., 2002; Xu et al., 2014). Specific thresholds for the
occurrence of shifts in these properties, like a certain elevation,
e.g. > 1000m a.s.l. or a mean annual precipitation (MAP) of 1400mm
were suggested (Bojko and Kabala, 2017; Chadwick et al., 2003). Ac-
cording to Slessarev et al. (2016), the pH value has a threshold with a

steep transition from alkaline to acidic when MAP exceeds potential
evapotranspiration (PET). Regarding the soil microflora, microorgan-
isms are highly responsive to their environment and the composition of
microbial communities is shaped by a wide range of soil properties. For
example, several studies highlighted the influence of pH (Lauber et al.,
2009), particle size (Sessitsch et al., 2001; Wagner et al., 1999), organic
carbon content (Fierer et al., 2007; Goldfarb et al., 2011; Zhou et al.,
2002) and nutrient availability (Fierer et al., 2003) on microorganisms.
In general, microbial abundances tend to be lower under arid climate
conditions, increase with increasing precipitation (Bachar et al., 2010;
Fierer et al., 2012; Ollivier et al., 2014) and decrease with soil depth
(Agnelli et al., 2004; Fierer et al., 2003; Goberna et al., 2005; Schulze-
Makuch et al., 2018; Will et al., 2010). The previous studies show that
the study of pedogenic characteristics and microbial abundances along
latitudinal gradients is a promising approach to explore the interactions
between climate effects on soils and microorganisms, and to identify
the thresholds involved.

In addition to climate, the topographic position of soils is regarded
as an essential factor in soil formation ever since Milne (1935) pub-
lished the concept of a catena. A catena describes soils along a land-
scape sequence, where soil properties change gradually depending on
geological, geomorphic, atmospheric, or biological processes with up-
slope mobilization, downslope redistribution and transfer of solutes,
colloids and particles (Sommer and Schlichting, 1997; Wysocki and
Zanner, 2006). Bojko and Kabala (2016) reported finer soil textures and
higher contents of base cations downslope as a result of the selective
transport of material along the slope for soil developed from granitic
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parent material within the Karkonosze mountains in Poland. The rates
and mechanisms of hillslope processes, however, change with climate
conditions. Khomo et al. (2011) described an increasing intensity of
clay redistribution on hillslopes from top to foot slope position with
increasing precipitation, influencing other soil properties as a con-
sequence of the differing clay contents. Biota contribute also to slope-
dependent transport of soil (Amundson et al., 2015) and soil fertility
can be related to topography as well (Scholten et al., 2017). However, a
study relating soil and microbial characteristics and their interrelations
to slope-dependent transport processes is still missing.

Another factor of local topography, the slope aspect (e.g. north-fa-
cing vs. south-facing), affects the local microclimate with lower soil
temperatures and higher soil moisture on sun-averted slopes (Barbosa
et al., 2015; Carletti et al., 2009; Egli et al., 2006; Zhao and Li, 2017).
Aspect can influence both physico-chemical and microbial parameters.
Higher soil organic matter contents (Barbosa et al., 2015; Carletti et al.,
2009) and more intense leaching and acidification on the moister slope
were detected (Zhao and Li, 2017). However, Egli et al. (2006) did not
find such differences in soil organic matter between slope exposures in
moderate to high alpine climate zones. Gómez-Brandón et al. (2017)
detected higher microbial abundances in combination with higher mi-
crobial activity on a moister sun-adverted slope, whereas Zhao and Li
(2017) detected lower microbial activity on the sun-averted slope, most
likely due to the lower temperatures. These diverging case studies show

that further research is necessary to detect the general role of slope
aspect induced microclimate effects on soil organic matter and micro-
bial properties.

In the Coastal Cordillera of Chile, a broad climatic and ecologic
gradient can be found due to the large latitudinal extent (Fig. 1). The
proximity to the Pacific Ocean, the effects of the Humboldt Current and
the Pacific High-Pressure Zone lead to a climate varying from extreme
aridity in the north (e.g. Atacama Desert), to a mediterranean climate in
central Chile, and finally to a colder and rainier climate in the south
(Garreaud et al., 2009; Pizarro et al., 2012). In accordance with the
climate, the vegetation types range from very sparse higher desert ve-
getation, but abundant cryptogamic cover (biological soil crusts or
biocrusts) as associations of microorganisms and soil particles in the top
millimeters of the soil, via semi-arid open shrubland and mediterranean
dry forest to temperate mixed broadleaved-coniferous forest. Con-
cordantly, characteristic soils range from salt-enriched soils and un-
developed soils like Leptosols in the dry north to Cambisols, Lixisols,
Fluvisols, Luvisols, Acrisols, Umbrisols and Andosols in the south of
Chile (Casanova et al., 2013). The broad latitudinal climate gradient of
Chile now offers the possibility to differentiate in our study between
climatic and local topographic effects on soils developed from similar
parent material.

In this study, we evaluate the hypotheses that: (1) Soil formation
and microbial abundances will increase from the arid to the humid
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Fig. 1. Location of the four primary EarthShape study areas (squares, from north to south): Pan de Azúcar, Santa Gracia, La Campana, and Nahuelbuta (different
colors represent elevation bands).
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climate (regional scale). However, potential non-linearity and thresh-
olds occur along the gradient for specific soil properties. (2) A local
gradient of soil properties along the catena (local hillslope scale) due to
changes of moisture and downslope movement of solutes and soil will
be present. This trend is minor in comparison to the regional scale as
this steep climate gradient overprints local heterogeneity. (3) Soil
properties and microbial abundances are affected by aspect. Our in-
vestigations along the Costal Cordillera of Chile allow us to identify
regional and local trends and interrogate whether local variability of
physico-chemical and microbial parameters exceed the climate gra-
dient, or if climate overprints local heterogeneity.

The research presented in this paper is part of the German-Chilean
priority research program EarthShape (www.earthshape.net).
EarthShape (Earth Surface Shaping by Biota) is a large research net-
work studying the role of microorganisms, animals and higher plants
for shaping and developing the Earth's surface over time scales from the
present-day to the distant geologic past. It includes investigations into
the influence of climate, vegetation and topography on weathering,
pedogenesis and microbial abundances. A companion publication
(Oeser et al., 2018) describes the architecture of the weathering zone,
the degree and rate of rock weathering, denudation rates and microbial
abundances of bacteria and archaea in the saprolite. With these two
papers, we also provide the basic critical zone background data that
will serve as basis for future studies employing other field and labora-
tory techniques in EarthShape that aim to decipher the role of biota in
Earth surface shaping along the EarthShape gradient.

2. Material and methods

2.1. Environmental settings of the study sites

The four primary study sites of EarthShape (Fig. 1) are located in the
Coastal Cordillera of Chile from 26°S to 38°S. The study sites are si-
tuated within the nature protection sites Pan de Azúcar National Park
(AZ), Santa Gracia Natural Reserve (SG), La Campana National Park
(LC) and Nahuelbuta National Park (NA). The Coastal Cordillera con-
sists mostly of early Permian to late Triassic igneous rocks (Hervé et al.,
2007; Pankhurst and Hervé, 2007), mainly composed of hornblende-
biotite gabbros, diorites, tonalities/granodiorites and minor granites
(Parada et al., 2007). Along the studied gradient, the lithology com-
prises granitoid parent material only, allowing to keep this factor of soil
formation rather constant. In detail, the bedrock samples from AZ, LC
and NA are granites, granodiorites, and tonalites, respectively. SG
bedrock is dioritic (Oeser et al., 2018). The tectonic uplift maintains
topography with generally V-shaped valleys. The study sites were not
glaciated as the most northern limit of the last glaciation in the Coastal
Cordillera was 40°S (Hulton et al., 2002).

The climate in Chile is strongly influenced by the South Pacific
anticyclone, which produces the characteristic clear skies in the north
of Chile and controls floods and droughts (Muñoz et al., 2007). The
monthly rainfall distribution patterns are similar in all sites, where most
of the rainfall occurs in the austral winter months May to August. The
mean annual temperature (MAT) decreases from north (AZ, 16.8 °C) to

south (NA, 6.6 °C, Table 1). The MAP increases from north to south in
the study sites and ranges from 12mm in AZ to 1469mm in NA
(Table 1). Even though the MAP increases gradually with latitude from
north to south, rainfall intensity does not change much (Pizarro et al.,
2012). This leads to different soil moisture regimes in the study sites
from north to south: aridic – xeric-udic (Gardi et al., 2015). AZ is lo-
cated in the northern zone (~26°S), in the Atacama Desert, with almost
no rainfall and mostly endorheic water resources. SG is located in the
semi-arid zone (~29°S) with mostly winter rainfall and substantial
annual variation in the precipitation quantities (Table 1) and LC lies
within the central zone (~32°S) with rainfall concentrated during the
cold winter season, as it is typical for mediterranean climate. NA is
located in the cold and humid zone (~38°S; Muñoz et al., 2007). The
duration of this climate pattern is supposed to have persisted since the
late Pliocene for northern Chile as evidenced by paleoclimate modeling
(Jungers et al., 2013; Mutz et al., 2018), geological and marine records.
Thus, this region should reflect long-term impact of climate on soils
(Ewing et al., 2006). In accordance with the climate, the vegetation
types in the study sites range from very sparse higher plant desert ve-
getation in the north, where biocrust soil coverage can reach as much as
40% of the area (which is named then biocrust-dominated desert ve-
getation) (Table S6, Bernhard et al., 2018) to semi-desert open shrub-
land to mediterranean dry forest and to temperate mixed broadleaved-
coniferous forest in the south.

2.2. Soil sampling and classification

In each study site, one catena was established with three south-fa-
cing soil profiles on different hillslope positions (upper, mid and lower
slope), and an additional profile on the north-facing mid slope. For each
of the soil profiles, one additional shallow replicate profile (plot re-
plicates) was established up to 40 cm depth. This enabled us to analyze
regional variations of physico-chemical and microbial soil properties
between the four study sites along the climate gradient and further, the
local variations between the topographic positions along the hillslopes
(upper vs. mid vs. lower slope), as well as influences of aspects (north-
vs. south-facing slopes due to their highest insolation difference).

Soils were described and classified according to Food and
Agriculture Organization of the United Nations (FAO, 2006) and IUSS
Working Group WRB (2015). Sampling was carried out horizon-wise
and per depth increment 0–5, 5–10, 10–20 and 20–40 cm, and further
down to the weathered rock or saprolite in 20 cm steps. Bulk samples
were taken from the soil genetic horizons and depth increments. Ad-
ditional volumetric samples from the depth increments were sampled as
triplicates by using 100 cm3 steel cylinders for BD. Separate samples
were collected for DNA-based methods under sterile conditions and
were stored at −20 °C until further processing.

2.3. Physical and chemical soil analysis

All bulk samples were, if not indicated differently, air dried and
sieved (< 2mm) before the following analyses.

The BD was gravimetrically (samples dried at 105 °C) determined

Table 1
Location of the soil pits and climate characteristics of the study sites Pan de Azúcar (AZ), Santa Gracia (SG), La Campana (LC) and Nahuelbuta (NA). MAT=mean
annual temperature, MAP=mean annual precipitation.

Location Longitude Latitude MATa [°C] MAPa [mm] Elevation [m a.s.l.] Climate classificationb,c

AZ −70.549 −26.110 16.8 12 329–351 Arid
SG −71.166 −29.757 13.7 66 642–720 Semiarid
LC −71.063 −32.955 14.1 367 708–732 Mediterranean
NA −73.013 −37.807 6.6 1469 1200–1270 Humid

a Fick and Hijmans (2017).
b Owen et al. (2011).
c Muñoz et al. (2007).
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from the three replicate volumetric samples per depth increment and
not corrected by the amount of coarse fragments (> 2mm). Texture
analysis was performed after Blume et al. (2011) according to DIN ISO
11277. Seven fractions were determined with combined sieving of the
fractions > 20 μm and pipette method of the fractions < 20 μm using
1000mL Köhn cylinders.

Soil pH was determined with a 0.01M CaCl2 solution (soil-to-solu-
tion ratio 1:2.5) by a WTW pH meter pH 340 (WTW GmbH, Weilheim,
Germany) using a Sentix 81 electrode according to DIN EN 15933.

The effective cation exchange capacity (CECeff) was determined for
carbonate-free samples (all locations except for AZ) after Lüer and
Böhmer (2000). A total of 2.5 g soil (< 2mm) were dried at 40 °C and
subsequently extracted with a 1M NH4Cl solution. The exchangeable
cations (Ca2+, Mg2+, K+, Na+, Fe2+, Mn2+, Al3+) were then measured
by inductively coupled plasma - optical emission spectroscopy (ICP-
OES, Optima 5300 DV, Perkin Elmer, USA) with a Miramist nebulizer
and a cyclone chamber. The following wavelengths were used for the
respective cations: Ca2+ (317.933 nm), Mg2+ (280.271 nm), K+

(760.490 nm), Na+ (589.592 nm), Fe2+ (283.204 nm), Mn2+

(257.61 nm), Al3+ (396.153 nm). Exchangeable protons (H+) were
determined as difference in the pH of the NH4Cl solution before and
after extraction. The effective BS was calculated as the percentage of
the sum of exchangeable base cations (Ca2+, Mg2+, K+, Na+) from
CECeff. For total C, N and S analyses, about 30mg (two replicates) of
finely milled sample material was weighed into tin foil and analyzed
using oxidative heat combustion at 1150 °C in a helium atmosphere in a
Vario EL elemental analyzer (Elementar Analysensysteme GmbH,
Hanau, Germany).

The TOC content of samples with pHCaCl2 > 6.7 was corrected for
the inorganic C from carbonates.

The carbonate content was determined volumetrically by CO2,
which evolved from the reaction with HCl, using a Calcimeter
(Eijkelkamp, Giesbeek, Netherlands).

The measurement of stable carbon and nitrogen isotope ratios
(δ13CTOC, δ15N) was conducted using an isotope ratiomass spectrometer
(Delta Plus with Confo III and a Flash Elemental Analyzer, Thermo
Fisher Scientific, Bremen, Germany). As pretreatment, samples were
dried (130 °C until constant weight) and milled. Samples from AZ were
additionally decarbonized with 1M HCl for 24 h to remove carbonates.
The delta notation was calculated against the VPDB standard for carbon
isotopes and air for nitrogen isotopes.

To determine plant-available phosphorus (P), 2 g of air-dried soil
were extracted with 20mL of Bray-1 extracting solution (0.025M
HCl+0.03M NH4F, pH 2.6) according to Bray and Kurtz (1945). The
inorganic phosphate concentrations in the extracts were determined
photometrically by the molybdenum-blue method (Murphy and Riley,
1962) using a platereader (M200 pro, Tecan, Switzerland). To avoid the
inhibiting effect of fluoride ions on the formation of the blue color
complex, 0.1M boric acid was used to bind the fluoride (Kurtz, 1942).

Pedogenic oxides of iron (Fe) and aluminum (Al), manganese (Mn)
and silicon (Si) were determined with the dithionite-citrate method as
described by Mehra and Jackson (1958). Active oxides of the same
elements were examined as ammonium-oxalate extractable compounds
(Schwertmann, 1964). Oxides associated with soil organic matter
(SOM) were extracted with a 0.1M pyrophosphate reagent (Na2P2O7 10
H20). Elements have been analyzed with an inductively coupled plasma
mass spectrometry (ICP-MS 7700× Agilent Technologies, Waldbronn,
Germany).

2.4. Analysis of microbial abundance

Total genomic DNA was extracted using the PowerSoil® DNA
Isolation Kit (MoBio Laboratories, CA, USA) for soil samples from LC,
SG and NA (maximum amount of 0.25 g per sample). Samples from AZ
were treated with the PowerMax® Soil DNA Isolation Kit (MoBio
Laboratories, CA, USA) and were milled before processing (10 g of

sample). Soil DNA was extracted in triplicates following the manufac-
turer's protocol with one exception: DNA elution was done with PCR-
grade water. Final DNA concentrations were measured with a
NanoPhotometer® (P360, Implen GmbH, München, Germany) and the
purity was controlled by the value of optical density (OD260/OD280 and
OD260/OD230).

Gene copy numbers of bacteria and archaea were determined by
quantitative polymerase chain reaction (qPCR). 16S rRNA genes were
amplified by using the bacterial primer pair Eub341F (5′-CCT ACG GGA
GGC AGC AG-3′) and Eub534R (5′-ATT ACC GCG GCT GCT GG-3′)
(Muyzer et al., 1993) and the archaeal primer pair 340F (5′-CCC TAC
GGG GYG CAS CAG-3′) and 1000R (5′-GGC CAT GCA CYW CYT CTC-3′)
(Gantner et al., 2011). The qPCR assay was carried out in a total re-
action volume of 20 μL using the KAPA SYBR® FAST qPCR Kit Master
Mix (2×) Universal (Kapa Biosystems, Sigma-Aldrich, Germany) in
accordance with the manufacturer's recommendations. Quantification
was performed in the CFX96 Connect™ Real-Time System (Bio-Rad
Laboratories, CA, USA) with the following cycling program for bacterial
16S rRNA genes (and for archaeal 16S rRNA genes in brackets): initial
denaturation at 95 °C for 3min, followed by 40 (45) cycles of dena-
turation at 95 °C for 3 s, annealing at 60 °C (57 °C) for 20 s, elongation at
72 °C for 30 s. Fluorescence was measured at 80 °C. The melting curve
was recorded by rising temperature from 65 to 95 °C. Due to pre-
liminary experiments, DNA extracts were used in 1:100 dilutions to
avoid putative inhibitions of co-extracted substrates. Each sample was
run in quadruplicates. Every qPCR run included blanks and calibration
standards in triplicates. The reaction efficiency ranged between 98.8
and 102.0%. Data analysis was carried out using the CFX Manager™
Software (Bio-Rad Laboratories, CA, USA).

2.5. Vegetation and biocrusts characterization

The biocrust composition and cover on north- and south-facing
slopes were characterized in 10×10m plots, next to the mid-slope soil
pits, during spring months in 2016. Percentage cover per species was
estimated by measuring the cover of representative plants of each
species and multiplying this by the number of individuals (the per-
centages were rounded to counting numbers). Leaf area index (LAI)
measurements were obtained in a representative plot per site, using a
Licor LAI-2200C Plant Canopy Analyzer, averaging nine measurements
per plot.

Field surveys of dominant biocrust types were done at all four study
areas in close proximity to the soil pits. The occurrence of biocrusts was
visually estimated according to Williams et al. (2017), and lichens
identified based on morphological traits. The observed biocrusts were
sampled for the subsequent analysis of the community structure of the
most abundant phototrophic microorganisms. For the taxonomic iden-
tification of cyanobacteria and microalgae, enrichment cultures and
unialgal cultures were used in combination with direct microscopy. To
obtain enrichment cultures, small amounts of material (c. 2× 2mm)
were taken randomly out of the crust and placed on the surface of solid
1 N Bold's Basal Medium (1 N BBM), which were prepared with 1.5%
agar in Petri dishes according to the methodological approach of Schulz
et al. (2016). Phototrophs were morphologically identified by direct
microscopy using an inverted light microscope (Olympus IX70) with
400-fold and/or 1000-fold magnification, depending on size of soil
particles within the crust samples (Schulz et al., 2016).

2.6. Statistical analyses

Statistical analyses were conducted by using the software R (R Core
Team, 2017). The R software packages car (Fox and Weisberg, 2011),
GGplot (Wickham, 2009), Corrplot (Wei and Simko, 2017), Corrgram
(Wright, 2017), Hmisc (Harrell and Dupont, 2017), and Rcmdr (Fox and
Bouchet-Valat, 2017) were used. A factorial analysis of variance
(ANOVA) was performed to evaluate the effects of climate, aspect and
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topography of the physico-chemical and microbiological parameters
within and between the study sites. Based on the study design, we
performed the analysis on the depth increment datasets with one re-
plicate of each slope position. Normality and variance homogeneity of
the dataset were tested prior to ANOVA. Pair-wise differences were
tested by using Tukey's HSD post hoc test. Unless otherwise stated p
values ≤0.05 were considered as significant. Relations between para-
meters were evaluated by Pearson's correlation coefficient after testing
for normality and log transformation.

3. Results

In the following sections, we present the results of the study sites
structured according to our hypotheses addressing the climate gradient
(regional scale) across all study sites, the catenas (local hillslope scale)
and aspect in all study sites.

We analyzed the climate- and soil moisture-related trend for each
soil property by using a local polynomial regression fitting (LOESS)
(Cleveland et al., 1992). Based on this, we were able to address and
visualize the regional climate gradient of the investigated soil proper-
ties (Fig. 4).

The sites are ranked from arid to humid site and differences between
sites, e.g. the regional climate gradient is presented by the differing
letters as a result of ANOVA. The profiles within the sites are ordered
from the drier north-facing slope to moister south-facing upper slope,
south-facing mid slope and the most moisture receiving south-facing
lower slope showing the local variation within one study site.

3.1. Climate gradient

3.1.1. Vegetation and biocrusts
In the northern most arid site (AZ, Fig. 1), vegetation cover

was<5% with just single individuals of small desert shrubs, confined
to moister microsites at some distance to the soil pits (Tetragonia mar-
itima, Nolana mollis, Perityle sp. and Stipa plumosa on the south-facing

slope; Nolana mollis and Cristaria integerrima on the north-facing slope,
Table S5, Bernhard et al., 2018). From these species only Tetragonia
maritima, Nolana mollis and Cristaria integerrima maintain their vegeta-
tive structures during dry periods, while the others appear annually.
The water-restricted AZ was dominated by biocrusts (Table S6,
Bernhard et al., 2018). The most arid site exhibited mainly desiccation
tolerant chlorolichen-biocrusts throughout the year, with a compre-
hensive coverage of up to 40% of soil surface (Table S6, Bernhard et al.,
2018). Dominant algal members were eukaryotic algae from the genera
Trebouxia and Elliptochloris, which are common photobionts in chlor-
olichens. Detailed analysis of biocrust-forming phototrophic micro-
organisms showed that within the arid site biocrusts were formed al-
most exclusively by green algae, with cyanobacteria present only
locally, i.e. mainly underneath quartz pebbles (Table S6, Bernhard
et al., 2018).

In the semiarid climate of SG, the vegetation showed heights of
about 1.5 m and a cover of 30–40%. It consisted of shrubs (Proustia
cuneifolia, Balbisia peduncularis and Senna cumingii on the south-facing
slope; Cordia decandra, Adesmia sp. and Baccharis paniculatum on the
north-facing slope), many of which are drought-deciduous, and several
types of cacti (Eulychnia acida, ≤2.5 m height and Cumulopuntia
sphaerica, 0.04–0.25m height). Even though higher plants are the
dominant vegetation, biocrusts covered 10–15% of the soil surface of
the inspected study area at SG. The transitional biocrust type, consisting
of bryophytes, liverworts (Riccia spp.) and chlorolichens (Placidium sp.,
Caloplaca sp., Acaraospora spp.) dominated the SG cryptogamic vege-
tation cover during the dry season of the year (Table S6, Bernhard et al.,
2018). Cyanobacteria were more abundant than eukaryotic algae in the
community, and particularly the colonial N-fixing Nostoc commune is a
major source of nitrogen in soils.

In the mediterranean climate of LC, vegetation had a cover of 100%.
The south-facing slope was dominated by a canopy of evergreen-scler-
ophyllous forest of 3.5–9m height (Lithraea caustica and Colliguaja
odorifera), endemic tall palms (Jubaea chilensis), a tall deciduous shrub
layer of 1–2.5 m height (Podanthus mitiqui and Aristeguietia salvia on the
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south-facing slope), and a highly abundant and diverse herb layer, rich
in annual species (Alstroemeria sp., Geranium robertianum, Stellaria
media, and the fern Adiantum chilense). On the north-facing slope, the
tree canopy (Lithraea caustica, few Jubaea chilensis) and shrub layer
(Retamilla trinervia, Aristeguietia salvia, Colliguaja odorifera) was more
open and less rich in species. In the herbaceous layer (Poaceae spp. and
Sonchus oleraceus), also climbing species (Tropaeolum sp., Dioscorea sp.)
were found. The southernmost humid site NA had a vegetation cover of
100% with mixed forest, consisting of evergreen and winter-deciduous
broadleaved trees in the canopy of about 14m height on average
(Araucaria araucana and Nothofagus antarctica on the south-facing slope;
Nothofagus obliqua on the north-facing slope), with less density on the
north-facing slope. The understory consisted of bamboo (Chusquea
coleu) on the south-facing slope and Gaultheria mucronata on the north-
facing slope, where also herbs (Stipa sp. and Mutisia decurrens) were
very abundant. Similar to the increase of vegetation cover, LAI in-
creased from close to zero (< 0.01) in the driest site AZ to 0.3 in SG to
2.8 in LC and 2.8 in the most humid site NA. In the mediterranean (LC)
and humid (NA) sites, biocrusts covered only 1–5% of the soil surface.
They occurred rather locally, mainly in heavily disturbed habitats, ei-
ther natural or anthropogenic, where higher plants were removed or
unable to grow. These biocrusts were composed of drought sensitive
bryophytes, accompanied by the green algae Klebsorimdium sp.,
Chlorococcum sp., Chlamydomonas sp. and nitrogen-fixing cyanobacteria

of the genus Nostoc (Table S6, Bernhard et al., 2018). However, it has to
be mentioned that LC and NA were far less surveyed and sampled
compared to the sites AZ and SG, hence, the relevance and abundance
of biocrusts might be underestimated.

3.1.2. Pedogenesis
The soils showed distinct differences between the study sites along

the climate gradient for almost all soil properties (Fig. 2, Table 2,
Fig. 4).

Mainly Regosols, Cambisols and Umbrisols were classified (ac-
cording to IUSS Working Group WRB, 2015) within the arid (AZ) to
humid (NA) study sites (for field description see Table S1, Bernhard
et al., 2018). The Regosols in AZ were marked by the occurrence of a
thin A horizon with very low in the field detectable soil organic matter
contents (< 0.4%) and a single grain structure under a thin pavement
of coarse material (fine to medium gravel). The following B horizon
contained pedogenic gypsum and large amounts of coarse material
(> 2mm). The Cambisols in SG had an Ah horizon with low soil or-
ganic matter contents (0.5–1.2%) and a subangular blocky structure.
Only on the north-facing mid slope in SG, a shallower soil developed,
e.g. a Leptosol. The Cambisols in LC had a soil organic matter content
enriched Ah horizon (4–9%) with a granular structure. Within the lower
slope profile in LC, the upslope occurring cambic (Bw) horizon was
missing (Table S1, Bernhard et al., 2018), most likely due to erosion.
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This can be attributed to the much higher slope (35°) of the lower slope
position compared to the mid slope (23°). Also a layer of weathered
rock fragments of about 20 cm thickness occurred at the border of Ah to
BCw horizon, indicating that the lower slope profile might have re-
ceived material from upslope in a discrete event after being eroded.
Also the midslope position might have received material from upslope
as evidenced by weathered rock fragments sized 5–10 cm, that were
found mostly aligned horizontally to the slope between Ah2 horizon
and Ah3 horizon. In NA, Umbrisols were present with a dark colored,
well-structured umbric horizon with a BS < 50%, a well-developed
pedality and low BD, followed by a cambic horizon. The thick
(35–53 cm) umbric Ah horizons had high soil organic matter contents
with 9–15%. At the north-facing slope of NA, a Podzol was classified
after WRB as having a spodic horizon from 65 to 90 cm depth (Table S1,
Bernhard et al., 2018).

The stage of soil development differed between study sites with
strong developed mineral subsoils in the southern mediterranean and
humid study sites LC and NA (Fig. 2). The soil depth did not differ much
between the arid (AZ) and semiarid (SG) region, but larger amounts of
coarse material > 2mm were found in the profiles of AZ (Table S1,
Bernhard et al., 2018). Additionally, the thickness of the A horizon
increased along the climate gradient from arid to humid climate
(Fig. 3). In the arid and semiarid study sites, the C horizon consisted of
weathered rock according to IUSS Working Group WRB (2015). In the
mediterranean and humid study sites, saprolite was found. Taking into
account the geochemical analyses of element depletion, the C horizons
in all study areas can be classified as saprolite (Oeser et al., 2018).

Loamy sand and sandy loam textural classes were mainly present in
the northern sites AZ and SG. The mediterranean site LC had mainly
sandy loam textural class and the humid site NA had sandy-clay loam
textural class (Table S1, Bernhard et al., 2018). In general, the average
clay content increased from the semiarid site SG (12.0%) to the humid
site NA (26.1%, Table 3), thus, the texture became finer with increasing
humidity.

The most arid site AZ turned out to be an exception from this trend,
especially with its higher silt and clay content in comparison to SG.
Furthermore, the variability of sand and silt contents was higher than
for SG, LC and NA (Table 3). The clay contents were significantly dif-
ferent between AZ-SG and LC-NA, but similar in SG and LC (Fig. 4c).
The texture changed little with depth for 0–40 cm depth in all sites. The
BD covered a very wide range from 1.7Mgm−3 (SG) to 0.6 Mgm−3

(NA, Table 3) along the regional gradient for 0–40 cm depth. On
average, the BD decreased significantly from semiarid (SG, 1.5 Mgm−3)
to mediterranean (LC, 1.3Mgm−3) to humid study site (NA,
0.8 Mgm−3, Table 3, Fig. 4d). The BD of AZ (1.3Mgm−3) with its
lower values compared to the semiarid site SG is an exception to this
climate trend. The decrease of BD had a strong correlation to the in-
creasing clay contents (r=−0.86***) and the increasing TOC
(r=−0.91***, Table 4).

The BD decreased by about 31% within the C horizons from the
mediterranean (1.6Mgm−3) to the humid study site (1.1Mgm−3,
Table S3, Bernhard et al., 2018), hence, the saprolite had a higher
porosity in humid climate. The BD increased within 0–40 cm depth in
the mediterranean (LC) and humid (NA) study sites, only (Table 2). The
activity ratio (Feox/Fed ratio) increased on average from AZ (0.1) to LC
(0.3) and from LC to NA (1.1, Table 3), but only LC and NA were sig-
nificantly different (Fig. 4m). SG (0.6, Table 3) turned out to be an
exception from the gradient with higher values compared to AZ and LC,
but lower values in comparison with NA.

In summary, pedogenic processes such as soil depth, clay contents,
porosity and activity ratio increased with increasing humidity.

3.1.3. Nutrient availability (pH value, CECeff, plant-available P, C/N, TOC)
and isotope composition (δ13CTOC)

The pH values varied from alkaline in AZ (pH 8.3) to very strong
acidic in NA (pH 3.6). A significant decrease of values was observed
from the northern arid (AZ, pH 8.2) to the semiarid (SG, pH 6.3), the
mediterranean (LC, pH 5.4) and the southern humid study site (NA,
pH 4.3, Table 3). The pH values changed little with depth in arid and
semiarid climate, whereas they decreased in the mediterranean climate
of LC and increased in the humid climate of NA with soil depth. In
general, pH values and BS were strongly correlated (r= 0.85***). The
BS ranged from 98.3 to 99.9% in SG and LC (Table 2), where mainly
Ca2+ (71.3% and 84.4%, respectively) and Mg2+ (21.7% and 11.1%,
respectively, Fig. 5) cations were present. In contrast, the average BS
was significantly lower in NA (17.4%, Table 3) with a dominance of
Al3+ cations (Fig. 5). Clay contents and BS were strongly negatively
correlated (r=−0.92***, Table 4). The plant-available P ranged from
0.1 to 88.5 mg kg−1 in the whole study area (Table 2). The average was
lowest in AZ and NA (1.2mg kg−1) and highest in SG (20.9mg kg−1).
The values decreased along the regional gradient from SG to LC
(14.6 mg kg−1, Table 3) and to NA. Plant-available P was strongly po-
sitively correlated with the pH value (r= 0.85***, Table 4).

The TOC varied between<0.09–12.6% and increased from arid to
humid study site. The average values increased from close to zero
(< 0.09%) in the northern arid site (AZ) to 0.4% in the semiarid site
(SG) to 1.9% in the mediterranean site (LC) and 6.1% in the most humid
site (NA, Table 3). The difference was significant between SG-LC and
LC-NA, but not between AZ and SG (Fig. 4j). Characteristic for the TOC
was the substantial decrease with depth in SG, LC and NA. Except for
similar values in AZ and SG, the C/N ratio differed significantly be-
tween all other study sites and increased on average from the arid (AZ,
9.8) to humid (NA, 21.2, Table 3) study site. Average δ13CTOC values
ranged for depth increments 1–4 between−21.5‰ and−29.2‰. They
increased significantly from AZ (−25.9‰) to SG (−23.6‰) and de-
creased significantly from SG to LC (−25.6‰). An increasing trend was
detected from LC to NA (−24.9‰, Table 3, Fig. 4l).

In summary, the results related to the climate gradient showed with

Table 3
Mean values of soil physical, chemical and microbiological parameters in all study sites Pan de Azúcar (AZ), Santa Gracia (SG), La Campana (LC) and Nahuelbuta
(NA). SD= standard deviation, BD=bulk density, CECeff=cation exchange capacity, BS= base saturation, TOC= total organic carbon, Feox/Fed= oxalate ex-
tracted iron/dithionite extracted iron, n.d.= not determined.

Site Sand Silt Clay BD pH CECeff BS Plant-
available P

TOC C/N δ13CTOC Feox/Fed DNA amount Bacterial gene
copy numbers

Archaeal gene
copy numbers

[%] [Mgm−3] [μmolc g−1] [%] [mg kg−1] [%] [‰] [μg g−1]soil [g−1]soil

AZ Mean 58.6 27.6 13.8 1.3 8.1 n.d. n.d. 1.2 < 0.09 9.8 −25.9 0.1 27.51 1.87E+07 1.95E+05
AZ SD 11.7 10.1 3.9 0.1 0.1 n.d. n.d. 1.5 n.d. n.d. 1.3 0.0 20 7.98E+07 5.24E+05
SD Mean 74.4 14.6 11.1 1.5 6.3 89.4 99.7 33.0 0.4 10.8 −23.6 0.6 40.1 2.21E+08 1.58E+07
SG SD 4.4 1.3 4.9 0.0 0.3 33.0 0.5 20.9 0.1 1.2 1.3 0.2 11.9 1.95E+08 1.33E+07
LC Mean 72.1 17.3 10.5 1.3 5.4 109.8 99.3 14.6 1.9 14.7 −25.6 0.3 53.92 2.80E+08 1.66E+07
LC SD 1.8 1.7 1.6 0.2 0.3 71.3 0.3 15.2 2.1 2.0 0.6 0.1 23.6 2.28E+08 2.34E+07
NA Mean 50.2 23.6 26.2 0.8 4.3 52.7 17.4 1.2 6.1 21.2 −24.9 1.1 69.91 2.36E+08 5.16E+06
NA SD 3.3 1.9 2.6 0.1 0.2 22.6 14.8 0.5 2.2 2.0 0.5 0.3 26.7 1.30E+08 1.02E+07

N. Bernhard et al. Catena 170 (2018) 335–355

344



increasing humidity an increase of TOC, C/N and a decrease of pH
value and plant-available phosphorus. Base saturation and Alex had a
threshold-like distribution with significantly lower BS and higher Alex
in the humid site (NA) compared to the semiarid and mediterranean
sites (SG, LC). A general trend along the climate gradient was not ob-
served for δ 13CTOC.

3.1.4. Microbial abundances
The extraction of total genomic DNA revealed an increasing trend

from the northern arid (AZ) to southern humid site (NA, Fig. 4n). Soil
samples from AZ contained the lowest DNA amounts with a minimum
of 0.4 μg g−1 soil (Table S4, Bernhard et al., 2018). DNA concentrations
in SG varied between 20.5 ± 0.5 to 67.6 ± 4.4 μg g−1 soil. In con-
trast, the highest DNA amounts were detected in LC
(134.6 ± 5.0 μg g−1 soil), especially with emphasis on the first two
depth increments, and NA with a maximum of 107.6 ± 11.6 μg g−1

soil. Along the depth profiles, DNA concentrations in AZ revealed an
increasing trend from 0 to 40 cm. In comparison, DNA amounts

a b b ab)

d) b a b c

f) b a b

h) b b a

b a a ca)

c) b c bc a

e) a b c d

g) a a b

Fig. 4. a–p. ANOVA results for the regional transect.
Differing letters (a–d) indicate a significant difference of the mean values for DIs 1–4 in AZ, SG, LC, NA with p < 0.05. The order of topographic positions within
each site is as follows: north-facing mid slope, south-facing upper slope, south-facing mid slope, south-facing lower slope. The fitted trend line has a confidence
interval of 95% (grey area) and r2 (rsq) shows the fit between values and trend line. For pH, CECeff, BS and Alex the trend line could not be fitted.
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decreased with depth in SG and LC. Soil samples from NA revealed
increasing DNA concentrations within the uppermost 10 cm, followed
by a decrease down to 40 cm.

The quantification of 16S rRNA genes (Fig. 6), which are indicative
for cell numbers, showed consistently higher abundances of bacteria
than archaea in all soil samples (Table S4, Bernhard et al., 2018).

Despite the large climate variation of the study sites, only minor
variations were found. Overall, AZ revealed a unique pattern in com-
parison to all other study sites. Here, bacterial and archaeal abundances
were significantly lower and varied, except for the first depth increment
for each slope, from 8.5× 103 (± 1.7× 103) to 1.6×106

(± 1.5×106) gene copies g−1 soil. In SG, LC and NA, bacterial
abundances ranged from 108 to 109 gene copies g−1 soil (Fig. 6a–d),
whereas archaeal numbers varied between 106 and 108 gene copies g−1

soil (Fig. 6e–h). The dataset, obtained from SG, LC and NA, is

significantly different in comparison to the arid site AZ. Along the depth
profiles, AZ revealed an initial drop of cell numbers by up to three
orders of magnitude within the uppermost 5 cm and remained constant
down to 40 cm. Similar to the DNA amounts, bacterial and archaeal
abundances decreased with depth in SG and LC. The depth profiles of
NA revealed higher variations (see Sections 3.2. and 3.3).

3.2. Catenas (local hillslope scale)

Along the catenas (Fig. 3a–d), the soil depth increased from the
upper slope to lower slope in AZ and SG, whereas in LC and NA soil
depth was greater at the mid slope. In all study sites, the soil on the
north-facing mid slope was shallower than at the south-facing mid
slope.

With regard to the ANOVA results for grain sizes, no significant

bc a c bl)

c a b c c c b ai) j)

c bc b an)

c ab a bcp)

k) c c b a

c b c am)

b a a ao)

Fig. 4. (continued)
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trend existed in the arid and semiarid regions of AZ and SG along the
catenas. In the mediterranean climate of LC, the clay content increased
significantly from upper slope to lower slope (Fig. 7). The sand contents
decreased in the humid climate of NA downslope, whereas the clay
content showed an increasing trend with a higher difference of mean
values compared to LC (Table 2). No significant differences were found
for the BD in all catenas, except of the catena in LC: the south-facing

mid slope profile had a significantly lower BD than the upper slope
profile (Fig. 7).

In AZ, the high pH values with their overall very low variance (SD
0.1, Table 3) showed no trends between topographic positions. The pH
values in SG decreased significantly from upper to mid slope and
showed no significant trend along the catenas in LC and NA (Fig. 7).
However, the values slightly increased from upper to lower slope in NA.

Table 4
Correlation matrix with correlation coefficients and significance (***: p < 0.01, **: p < 0.05; *: p < 0.01) for
soil physical, chemical and microbiological parameters. Red colors indicate negative, blue colors positive
correlation. BD=Bulk density, CECeff=cation exchange capacity, BS=base saturation, Plant a. P=Plant-
available P, TOC= total organic carbon, Feox/Fed= oxalate extracted iron/dithionite extracted iron, bac-
teria= bacterial gene copy numbers, archaea= archaeal gene copy numbers (cf. Table S2, Bernhard et al.,
2018– for original data).

SG
average CECeff: 74 ± 22  
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average CECeff: 63 ± 24 
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Fig. 5. Contribution of exchangeable cations to the effective cation exchange capacity (CECeff) of the soil given as average values for 0–40 cm soil depth of the soil
profiles at Santa Gracia (SG), La Campana (LC) and Nahuelbuta (NA).
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The pH values and BS are strongly positively correlated (r= 0.85***,
Table 4). BS increased significantly from upper to lower slope in LC and
NA. The net increase of values was little (0.8) in LC and large (15.2,
Table 2) in NA. The TOC did not show significant differences between
the topographic positions. Conversely, the δ13CTOC showed a significant
increasing trend from upper to lower slope in NA (Fig. 7).

With regard to DNA concentrations (Fig. 4n) and microbial abun-
dances (Fig. 6a–c and e–g; Table S4, Bernhard et al., 2018), no topo-
graphic-specific differences were detected in the south-facing profiles of
AZ, SG and LC. Here, bacterial as well as archaeal cell numbers showed
decreasing trends from 0 to 40 cm in all slope positions. Only minor

topographic-specific variations were observed in the humid site NA.
Both, bacterial and archaeal abundances increased with depth in the
upper- and mid-slope profile and decreased in the lower-slope profile.

In summary, we found no trend of changes in the physical, chemical
and microbiological soil properties along the south-facing slopes of all
study sites. Only a few significant differences along the catenas refer to
a local heterogeneity along slopes as hypothesized previously.

3.3. Aspect

The clay content at the north-facing mid slope (23.5%) was much

Fig. 6. Abundances of bacterial (full symbols, a–d) and archaeal (open symbols, e–h) 16S rRNA gene copy numbers g-1 soil for Pan de Azúcar (black dots), Santa
Gracia (blue squares), La Campana (green triangles) and Nahuelbuta (red diamonds). Data points represent mean abundances of replicate samples, each measured in
quadruplicate qPCR reactions, and respective standard deviations (S: south-facing, N: north-facing; cf. Table S4, Bernhard et al., 2018 for original data). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Trends of physical and chemical soil properties and microbiological variables along the catena of the south-facing slope for each study site. An asterisk
indicates significant differences (p < 0.05) identified by ANOVA between the profiles within a catena. The different thicknesses of the horizontal bars are arbitrary,
but visualize the direction of the trends (cf. Tables S2, S4, Bernhard et al., 2018 for original data).
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higher in comparison to the south-facing mid slope (7.6%) in SG. This
decrease of clay content from the dryer north-facing to the moister
south-facing slope in SG is not in concordance with the increasing trend
along the regional gradient from semiarid (12.0%) to humid climate
(26.1%, Table 3). In contrast, the clay contents in NA increased sig-
nificantly from north- (24.0%) to south-facing slope (28.7%, Table 2,
Fig. 8) corresponding to the climate gradient. For BD, the effect of as-
pect, i.e. decrease from dryer north-facing slopes to moister south-fa-
cing slopes (Table 2), correlated with the regional climate gradient, i.e.
increase from semiarid to humid climate (Section 3.2, Fig. 4d). How-
ever, the difference was only significant in LC (Fig. 8).

The pH values only decreased significantly from north- to south-
facing slope in LC and NA (Table 2, Fig. 8). Thus, the local trend of
aspect correlated with the regional climate gradient, but only occurred
in mediterranean and humid climate. In general, we did not find sig-
nificant differences in BS between aspects, except for NA were BS de-
creased from north- (25.0%) to south-facing slope (11.6%) which also
holds true for the regional climate gradient.

The TOC contents were higher on moister south-facing slopes than
on dryer north-facing slopes for all study sites, except AZ (Table 2). This
relates to the regional climate gradient of increasing TOC with in-
creasing humidity (Section 3.2), but the differences were not significant
(Fig. 8). There were no significant differences for C/N ratio between
north- and south-facing slopes. The δ13CTOC were significantly different
between slopes in SG, e.g. the north-facing slope (−22.1‰) had a
higher mean value compared to the south-facing slope (− 24.5‰,
Table 2), but there was no significant difference between slopes in the
other study sites (Fig. 8).

DNA concentrations (Fig. 4n) and microbial abundances (Fig. 6;
Table S4, Bernhard et al., 2018) did not differ significantly between
south-facing and north-facing mid slopes. However, minor variations
were detected along the depth profiles. Overall, higher amounts of DNA
were extracted from the south-facing mid slopes in all study sites, which
correlates to the increase of DNA amount from arid to humid climate
conditions. Besides the most arid region AZ, also higher bacterial and
archaeal abundances were observed in the south-facing slopes, re-
spectively (Fig. 6b, f). AZ revealed the contrary trend with higher
abundances in the north-facing slope (Fig. 6d, h). Along the depth
profiles, soil microbial abundances decreased in the south-facing and
north-facing mid slopes of AZ, SG and LC. The depth profiles in NA
revealed contrary trends by comparison. Here, bacterial and archaeal
cell numbers increased in the south-facing slope, whereas cell numbers
decreased in the north-facing slope.

In summary, the comparison of the mid slope profiles between
north- and south-facing slopes showed no significant trends for most of

the physical and chemical soil properties. No aspect-related significant
differences of all properties were observed in AZ (Fig. 8). Significant
difference were observed for δ13CTOC and clay content in SG, for silt,
BD, pH, Feox/Fed and plant-available P in LC and for pH and clay
content in NA. Since the properties, which show significant differences,
are not the same across all study sites, the aspect-related differences
represent local heterogeneities rather than a general aspect-related
trend along the climate gradient.

4. Discussion

4.1. Climate gradient

4.1.1. Biocrusts
Although many papers on microbial life in the Atacama Desert exist

(e.g. Schulze-Makuch et al., 2018, and references therein), biocrusts are
still almost unstudied (Wang et al., 2017). Our first results on biocrusts
in Chile showed that the climate gradient is strongly reflected in the
biocrust type and areal occurrence with a decrease in soil coverage and
species of different organization levels from arid to humid regions
(Table S6, Bernhard et al., 2018). Also the biocrust community changes
from desiccation tolerant lichens in the arid climate to moss and/or
liverwort dominated biocrusts in the mediterranean and humid climate
of LC and NA. From NA, so far, only early successional biocrusts are
known containing green algae associated with few cyanobacteria. Bio-
crusts in SG consisted of both moss and lichen members. This difference
can be explained by the dominant form of atmospheric water supply
being a key driver of biocrust community structure - while aero-ter-
restrial green algae can use water vapor as the only water source, liquid
water (rain or dew) is a prerequisite for the development of cyano-
bacteria (Lange et al., 1986). Particularly filamentous cyanobacteria
such as Nostoc species represent key organisms for nitrogen fixation,
and according to Elbert et al. (2012) biocrusts worldwide contribute to
approximately 46% of total global terrestrial biological N-fixation. Fi-
lamentous cyanobacteria (Microcoleus, Leptolyngbya etc.) and fila-
mentous green algae (e.g. Klebsormidium) excrete high amounts of
sticky exopolysaccharides (EPSs), which interact with soil particles,
thereby enhancing soil stability and providing resistance against soil
erosion (Garcia-Pichel and Wojciechowski, 2009). In a recent paper,
Wang et al. (2017) showed for the Atacama Desert that biocrust sites
exhibited thicker soil profiles compared to non-biocrust sites. These
authors demonstrated that biocrusts limit wind-driven erosion and
promote significant soil accumulation and evolution via the retention of
atmospheric deposition resulting in different landscape features.

NMS SMS NMS SMS NMS SMS NMS SMSAZ SG LC NA

All properties Sand, Silt, BD, pH, BS, 

TOC, C/N, plant-

available P, Feox/Fed, 

δ15N, DNA amount, 

Bacteria, Archaea

Sand, Clay, BS, TOC, 

C/N, δ13CTOC, δ15N, 

DNA amount, Bacteria, 

Archaea

Sand, Silt, BD, BS, 

TOC, C/N, plant-

available P, Feox/Fed, 

δ13CTOC, δ15N, DNA 

amount, Bacteria, 

Archaea

Clay, δ13CTOC Silt, BD, pH

Plant-available P, 

Feox/Fed

pH

Clay

* * *

* *

Fig. 8. Trends of physical and chemical soil properties and microbiological variables between north-facing mid slopes (NMS) and south-facing mid slopes (SMS) for
each study site. An asterisk indicates significant differences (p < 0.05) identified by ANOVA between the profiles. The different thicknesses of the horizontal bars are
arbitrary, but visualize the direction of the trends (cf. Tables S2, S4, Bernhard et al., 2018 for original data).
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4.1.2. Pedogenesis
The observed increase in soil thickness with increasing precipitation

(Fig. 2, Section 3.1.2) suggests a positive correlation between soil de-
velopment and precipitation amount. The correlation between soil de-
velopment and precipitation is reflected in almost all physical, chemical
and microbiological soil properties investigated (Fig. 4). For example,
the depth of the A horizons increased from arid (AZ) to humid (NA)
with simultaneously decreasing contents of coarse material > 2mm.
The texture became finer and BD lower with increasing precipitation as
well as vegetation cover. An exception from this trend is the arid study
site (AZ), which shows a higher variability of sand, silt and clay con-
tents and a lower BD than in the semiarid site (SG). The explanation for
the lower BD in the arid site might be the dominance of physical
weathering from the presence of gypsum and other soluble salts (Owen
et al., 2011). Their volumetric expansion due to atmospheric salt ac-
cumulation reduces the BD under these climate conditions (Ewing et al.,
2006). The decrease of BD and increase of clay from the semiarid to
humid climate correlates with the increase of TOC contents (Table 4).
This is explained by a better developed soil structure in combination
with the accumulation of organic matter and the close relationship
between the BD with the pore size volume, which is in turn dependent
on the TOC content and stage of soil development.

The low BD for mineral soils (< 0.8Mgm−3, Table 2) towards the
surface on the south-facing slope in NA might be related to the very
dense rooting in the upper horizon (Kodešová et al., 2006). The overall
low BD of 0.9Mgm−3 to depths of 60 cm in the humid region (NA)
indicates an influence of volcanic ash together with the Alox+ 0.5 Feox
contents between 0.4% and 2% (Table S2, Bernhard et al., 2018), which
are within the range for vitric properties (IUSS Working Group WRB,
2015). However, the second requirement for vitric properties, the oc-
currence of volcanic glass, glassy aggregates or other glass-coated pri-
mary minerals was not indicated for the soils by the Siox/Alox ratio, a
marker of allophane-like materials, being mainly below 0.5 (Mizota and
van Reeuwijk, 1989). In Chile, Umbrisols and also other soils showing
andic properties with low BD and high P retention and OM content have
been reported for metamorphic rocks without evidence for input of
volcanic ashes (Luzio et al., 2001; Luzio, 2011). Matus et al. (2006)
found that OM-Al complexes in acid soils are strongly correlated to TOC
accumulation, whereas clay contents and hence the associated allo-
phane contents are only poorly correlated. Therefore, we consider that
the influence of volcanic ashes is relatively low in this case and assign
the high TOC contents together with the low BD mostly to the humid
climate and the acid soil. However, a potential influence of volcanic
ashes on soil development cannot be finally assessed by our dataset.

The Feox/Fed ratio generally increases from the arid (AZ) to the
humid study site (NA) indicating an increasing activity of pedogenic
processes, i.e. formation of amorphous oxides as a result of weathering
of primary silicates as described by Baumann et al. (2014). However,
the semiarid region SG showed a higher Feox/Fed ratio than the medi-
terranean region LC (Fig. 4m). This may be caused by the influence of
coastal fog in SG, that contributes with 3.0 Lm2 d−1 (El Tofo 29°27′S,
71°18′W) two times more to the water input near SG (El Tofo) than near
AZ with 1.4 Lm2 d−1 (Falda Verde 26°17′S, 70°36′W; Larrain et al.,
2002). Further, the bedrock at SG is more weatherable than that at the
other sites, and the degree of weathering is correspondingly higher
(Oeser et al., 2018). The higher water availability particularly in the
upper part of the soils caused by the coastal fog in SG, which is not
present in LC, in conjunction with the more weatherable rock fosters
the production of more oxalate soluble iron components that shows a
higher pedogenic activity by a higher Feox/Fed ratio.

4.1.3. Nutrient availability (pH value, CECeff, plant-available P, C/N, TOC)
and isotope composition (δ13CTOC)

A continuous decreasing trend of pH values occurs from the
northern arid to southern humid study site (Fig. 4e). The input of at-
mospheric aerosols, e.g. salts, gypsum and calcium carbonates in

northern Chile (Ewing et al., 2006) and the arid climatic conditions
with minimal leaching explain the alkaline pH values of around 8 in AZ.
The southward increasing precipitation causes leaching of exchange-
able base cations, resulting in a lowering of pH values which is parti-
cularly visible in NA (Fig. 4e and Fig. 5). Regarding regional climate
conditions, the boundary between acid and alkaline soil pH in the ab-
sence of calcareous bedrock has been suggested to occur when evapo-
transpiration equals precipitation (Slessarev et al., 2016). Therefore,
alkaline pH values are expected in SG with semiarid climate as well.
However, the effect of climate on the pH can be masked by topography
and mineralogy (Slessarev et al., 2016). Since we have no topographic
gradient from north to south parallel to our climate gradient and we see
no clear local effect of topography on soil acidity for any of our study
sites, it can be assumed that the granitoid parent material causes the pH
values to be below alkaline at the semiarid site. The with depth de-
creasing pH values within the mediterranean site LC can be explained
by ascendant water flow at the end of the long dry period from Sep-
tember to April (Fick and Hijmans, 2017). A threshold region between
the mediterranean (LC, 367mm MAP) and the humid study site (NA,
1469mm MAP; Table 1) existed for the BS in our dataset (Fig. 4g).

Despite the latitudinal increase in TOC and clay mineral contents
that would increase cation-exchange capacity towards the humid study
site (NA), the average CECeff was lowest in NA. This is attributed to the
leaching of exchangeable Ca2+ and Mg2+ due to the high precipitation
and acidic pH values (Table 2). Furthermore, Al3+ was released from
silicate minerals by weathering (Oeser et al., 2018) and became the
dominant buffering agent, resulting in a high proportion of Alex in the
CECeff (> 73% on average, Fig. 5). The leaching of exchangeable base
cations like Ca2+, Mg2+ and K+ reflects a pronounced loss of some
plant-available nutrients in NA, which creates together with the in-
creased mobility of phytotoxic Al3+ a challenging environment for local
plants and microorganisms due to their sensitivity to pH values (Lauber
et al., 2009). Further, soil acidification and high contents of ex-
changeable Al3+ in 0–40 cm depth (Fig. 4) could lead to restriction of
nutrient uptake by biota due to a poor replacement of base cations
(Marschner, 1991).

P mostly occurs in the form of Ca-phosphates (apatite) in the arid
region AZ with the highest pH of all study sites (8.1). The increase in
plant-available P from the arid site AZ to the semiarid site SG resulted
from an increased solubilization of apatite with decreasing pH (Smeck,
1985). The generally low concentrations of plant-available P in LC and
NA (pH < 6) can be explained by a high proportion of P absorbed to or
occluded in pedogenic Fe and Al (hydr-)oxides (Smeck, 1985). This
goes along with high concentrations of (Fe, Al)ox and (Fe, Al)d at NA
(Table S2, Bernhard et al., 2018). Also the decreasing pH value in the
southern sites promotes P-binding (Sato and Comerford, 2005). In
summary, P is easier plant-available in the northern study sites, where
vegetation cover is less dense compared to the southern study sites,
where plant-available P is lower and the vegetation cover more dense.

TOC contents and C/N ratio (Fig. 4j, k) follow the humidity gradient
from north to south and relate to the increasing LAI and, therefore,
higher biomass production, given by a higher LAI and vegetation cover
(Section 3.1.1). However, according to changes in climate along our
gradient, decomposition increases towards the south due to better
moisture conditions compared to the continuously or seasonally dry
sites further north, as observed in decomposition experiments in the
study sites. Furthermore, the dominant trees in the southernmost (i.e.
coolest) site NA are broadleaved deciduous Nothofagus species, which
produce more easily decomposable litter. Therefore, we assume that the
higher TOC values in the moister sites are related mostly to higher
biomass and litter production, driven by the wetter climate in spite of
increased decomposition caused by better water availability. In ac-
cordance with the increasing decomposition, the increasing C/N ratio
from the northern to southern study sites might also be related to mi-
crobial activities, since this ratio is a major driver of microbial pro-
cesses in soil, such as nutrient mineralization (Delgado-Baquerizo et al.,
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2017). The increasing C/N ratios can cause the increase of relative
abundances of specific microorganisms (Delgado-Baquerizo et al.,
2017), as it is also seen in our study.

The mean δ13CTOC signature varies across the climate gradient
(Table S2, Bernhard et al., 2018), resulting from δ13CTOC variations
between plant species, the relative importance of plant tissues in the
litter, as well as direct climate effects on δ13CTOC discrimination in
plants and soil (Acton et al., 2013; Brunn et al., 2014). The higher (less
negative) δ13CTOC values of the semiarid site SG compared to the
mediterranean and humid sites (LC and NA), but also to the arid site AZ
can be ascribed to the differing plant species of SG, as the in the warm
and dry climate of SG dominating plants use C4 (grasses) and Crassu-
lacean-acid metabolism (CAM) photosynthesis (e.g. cacti) with a lower
isotopic discrimination against 13C (Ehleringer et al., 1998; O'Leary,
1981; Troughton and Card, 1975). This higher 13C enrichment at SG
might (besides the contribution of CAM plants) also partly result from a
higher fractionation at the stomata following drought stress in the drier
northern ecosystems. However, this effect seems to be minor compared
to the plant species as the arid site AZ has similar mean values as the
southern more humid sites, but as well a C3 plants dominated vegeta-
tion (Table S5, Bernhard et al., 2018). The slightly lower δ13CTOC in the
mediterranean site LC compared to the humid site NA could also be
explained by the vegetation species: LC has a very rich herbaceous layer
(4–8% lignin) and NA is mainly dominated by woody plants, including
conifers, which have a higher amount of the structural macromolecule
lignin (17–31%, Benner et al., 1987; Weedon et al., 2009), which is
generally 13C-depleted (Benner et al., 1987) and more resistant against
microbial decomposition in comparison to hemicellulose and cellulose,
hence, it decomposes more slowly (Hedges and Mann (1979). However,
Schmidt et al. (2011) recently questioned a longer mean residence time
of lignin in soil compared to bulk SOM.

The δ13CTOC increase with soil depth (δ13CTOC≈ 2.0‰) in SG, LC
and NA (Fig. 4l) is common for all soil profiles around the world and
can be explained by the following mechanisms: The isotopic fractio-
nation during microbial decomposition of soil organic matter results in
a higher 13C-enrichment in more frequently microbial processed or-
ganic material than less processed one (Mariotti and Balesdent, 1990)
because of the release of isotopically depleted CO2 (Werth and
Kuzyakov, 2010). For instance, Gunina and Kuzyakov (2014) showed
strong δ13CTOC increase in small aggregates and in heavy fractions of
organic matter because of intensive microbial processing of these pools.
Further, plant litter is generally 13C depleted, while microbial and root
biomass is 13C enriched in relation to bulk soil δ13CTOC (Blagodatskaya
et al., 2011; Novara et al., 2014). With increasing soil depth, the pro-
portion of aboveground litter decreases as the proportion of the root
biomass increases (Brunn et al., 2014; Garten et al., 2000; Mariotti and
Balesdent, 1990). The δ13CTOC depth trends in NA, LC and SG reflected
these mechanisms, but not in AZ. This is due to the missing vegetation
cover by higher plants (< 5%) within the arid site.

4.1.4. Microbial abundances
DNA concentrations in the soil (Fig. 4n) showed an increasing trend

along the precipitation gradient from AZ to NA and correlate positively
with the TOC and C/N ratio (Table 4).

Regarding relative microbial abundances, no clear climatic trend
was observed. In all study sites, bacteria numerically outpace archaea,
which is typical for soils in many different climatic environments (e.g.
Aller and Kemp, 2008; Bengtson et al., 2012). The northern arid site
(AZ) displayed significantly lower microbial abundances relative to the
other sites, despite the uppermost 5 cm. This is most likely related to the
absence of TOC and the alkaline pH (8.3). This harsh life under drought
conditions with extreme UV radiation favors only microorganisms that
are highly adapted and able to cope with these conditions. The Atacama
Desert is considered as an extreme biosphere with a particular diversity
of ecological niches (Bull et al., 2016). Detected microbial abundances
in AZ are in good accordance with previous studies of the Atacama

Desert (e.g. Crits-Christoph et al., 2013; Fletcher et al., 2011; Glavin
et al., 2004; Maier et al., 2004; Neilson et al., 2017). However, it has to
be considered that we cannot distinguish if the detected gene copies
represent active, dormant or dead cells. This question was already
discussed in a study by Schulze-Makuch et al. (2018), which used a
special DNA-extraction method for distinction. In NA, LC and SG, cell
numbers of bacteria as well as archaea have the same range and cluster
together. Hence, differences in microbial abundances are most pro-
nounced under arid climate conditions in comparison with semi-arid,
mediterranean and humid climate conditions. Bachar et al. (2010)
previously reported this trend and detected no significant differences in
bacterial abundances between semi-arid and mediterranean soils.
Overall, our results suggest that variations in precipitation and tem-
perature have a minor influence on soil bacterial and archaeal abun-
dances in such transect.

In contrast, Bachar et al. (2010) already indicated precipitation as
independent factor. Therefore, the soil depth, pH, nutrient availability
and organic carbon content might have a greater influence on microbial
abundances. Several publications demonstrated the strong effect of soil
pH and carbon content on microorganisms (e.g. Bengtson et al., 2012;
Bates et al., 2011; Zhou et al., 2002). However, our results do not show
these corresponding trends of microbial abundances and physical and
chemical soil properties. In general, our results demonstrated a de-
crease of relative microbial abundances with soil depth by up to three
orders of magnitude (Fig. 6). This trend is also continued down to the
saprolite, which is shown in Oeser et al. (2018), and in agreement with
several publications (e.g. Agnelli et al., 2004; Eilers et al., 2012; Fierer
et al., 2003; Will et al., 2010; Blume et al., 2002). Detected microbial
abundances are in close relation to the total organic carbon content,
which varies positively according to precipitation from semi-arid to
humid climate, while microbial cell numbers decreased in the same way
(Doetterl et al., 2015). Therefore, it is suggested that soil depth and the
TOC content have a more pronounced influence on microbial abun-
dances. Nevertheless, further analyses are needed to obtain a detailed
community characterization, since this data only represents relative
abundances.

4.2. Catenas

Reference Soil Groups do not vary along the south-facing slope ca-
tenas in all study sites. Nonetheless, soil depth varied along the slopes,
with a thickening of soil depth towards lower-slope positions under arid
and semi-arid climate, and towards mid-slope positions under medi-
terranean and humid climate. The BD reflects this trend in LC, with
1.3 Mgm−3 at the upper slope, which is almost the same as the BD of
the saprolite (1.4 Mgm−3), compared to the BD of the mid slope
(0.8Mgm−3). Generally, a higher thickness of A horizons at lower to-
pographic positions compared to upper slope position within the
mediterranean site LC (Fig. 3c) indicates recent soil erosion (i.e. before
1967: LC is National Park since then) along the slopes under medi-
terranean climate and suggests more intense erosion events in LC
compared to the other study sites. This cannot be ascribed to the ve-
getation cover, being 100% around the investigated soil profiles in LC
and the humid site NA (see Section 3.1.1). Another reason for erosion
might be related to the occurrence of fire hazards (Grimm et al., 2002),
as indicated for LC by the occurrence of charcoal in 0–5 cm depth
around the soil pits. These results coincide with a recent erosion study
in Chile by Carretier et al. (2018), showing the highest erosion rates
within the mediterranean climate region. In addition, downslope
transport of clay in the mediterranean and humid sites LC and NA can
be related to higher precipitation (Khomo et al., 2011)

Under humid conditions, dissolved ions including base cations can
be laterally translocated downslope along the catena (e.g. Sommer and
Schlichting, 1997). Along the Coastal Cordillera of Chile, the BS in-
creased significantly downslope in mediterranean and humid climate
(Fig. 7; Table S2, Bernhard et al., 2018). This trend did not exist in
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semiarid climate in SG (Fig. 7, Table 2), because evapotranspiration
exceeds precipitation and leads to ascendant water flow at all topo-
graphic positions hampering lateral water flow. In AZ, no water-related
transport processes along the slope were indicated by the pH values,
reflecting the arid climatic conditions. In addition, the input of marine
aerosols with sea salts leading to an unusually high accumulation of
salts in soils of Northern Chile (Amundson et al., 2008; Ewing et al.,
2006) is most likely similar for the four soil profiles in AZ due to their
proximity, supporting the low variability of pH values between topo-
graphic positions. The TOC results showed no significant differences
between topographic positions in AZ, SG and NA. Therefore, the TOC
was not linked to clay transport (i.e. TOC in clay humus complexes)
along the slope in the humid site NA contradicting the findings by
Khomo et al. (2011), who stated that other soil properties will differ as
a consequence of downslope clay transport. The significant shift of
heavier δ13CTOC signatures from upper to lower slope in the humid site
NA could be a result of facilitated SOC mineralization, resulting also in
higher δ13CTOC signatures in the moister mid- and lower-slope position
compared to the upper slope. All other physical, chemical and micro-
biological soil properties did not show significant differentiation along
the catenas (Fig. 7).

As mentioned in detail above, a large number of significant but non-
uniform trends of physical, chemical and microbiological soil properties
along the catenas were found for each study site (Fig. 7). This is in good
accordance with findings from subtropical forest ecosystems in south-
east China (Scholten et al., 2017), showing that individual soil fertility
attributes such as base cations are specifically related to terrain attri-
butes.

4.3. Aspect

The aspect of the slope is expected to influence physico-chemical
and microbial soil properties, because of differences in radiation and
related parameters like evaporation, soil moisture and temperature. In
principle, we assume that the differences should have the same trend on
a local scale as compared to the regional-climate gradient from the dry
northern to the humid southern study site. However, local trends of N-S
aspect in concordance with the regional trend become only significant
for clay contents in NA, and for pH value in LC and NA (Fig. 8). This
leads to the assumption that the effect of aspect to create a local climate
gradient with different moisture contents becomes more pronounced
with increasing distance to the equator, leading to an increasing dif-
ference of sunshine duration on the slopes. The three orders of mag-
nitude higher clay contents on the north-facing slope of the semiarid
site SG compared to its south-facing slope suggests that the north-facing
slope soil is formed from differing parent material. Oeser et al. (2018)
classified the rocks in SG as gabbros and diorites, igneous rocks with
low quartz content, but described the surface of the regolith profiles as
sub-angular, coarse sand sized quartz and granodiorite fragments. This
can lead to a large variety of different properties of the same parent
material on short distance.

Furthermore, the vegetation in the north- and south-facing plots
differed at all four sites (c.f. Section 3.1.1; Table S5, Bernhard et al.,
2018), though this is not necessarily due to the aspect, vegetation being
generally heterogenous in the study sites. However, only in SG (Fig. 8)
δ13CTOC values differed clearly between north- and south-facing slopes,
with higher 13C enrichment at the north-facing slope. This originates
from the dominance of CAM plants on the north-facing slope, in par-
ticular the cactus (Cumulopuntia sphaerica), and their different photo-
synthesis, resulting in higher δ13C values.

Moreover, the slope aspect had only a minor influence on bacterial
and archaeal abundances. Excepting the arid site AZ, higher DNA
concentrations and abundances (Fig. 6) were detected on the south-
facing slope. Microorganisms in AZ favored the north-facing slope,
possibly due to temperature conditions. Further, abundances decreased
with depth regardless of study site and aspect with one exception in the

humid area NA. Here, microbial abundances increased in the south-
facing slope, which can be related to the slight increase in pH. With
regard to bacterial cell numbers, both trends are also supported by a
study by Bardelli et al. (2017).

5. Conclusions

The unique latitudinal gradient in the Coastal Cordillera of Chile
documents the effects of the main soil forming factor – climate – on all
groups of pedogenic and microbial processes excluding other poten-
tially confounding factors such as differences in parent material. The
clay contents, soil depth, Ah horizon depth as well as TOC contents and
DNA amounts increased from arid to humid climate, whereas BD, pH
values and BS decreased. These parameters were the most prominent
indicators of a progressive soil formation with accumulation of organic
matter, silicate weathering and accompanying element loss as key
pedogenic processes. Further, we found a non-linear relationship of
pedogenic and microbial processes in soils depending on climate with a
sharp threshold between arid and semi-arid conditions. The arid site
differs most with its finer texture and higher BD and alkaline pH values
as a result of aeolian deposition and salt precipitation close to the
surface. The aeolian deposition is also reflected by a higher areal cov-
erage and a differing composition of biocrusts with a dominance of
chlorolichens. This confirms our first hypothesis that soil formation as
well as microbial abundances increase with increasing humidity but
non-linearity and thresholds along the gradient occur for specific soil
properties. Our data show higher local variation in bacterial and ar-
chaeal abundances in the arid site. Therefore, we conclude that mi-
croorganisms adapt very well to a wide range of climatic conditions, but
are challenged under arid climate by the low water availability and
extreme UV radiation and hence have to be highly specialized.

We can also partly confirm our second hypothesis that a local gra-
dient of soil properties exist along the catena, but is minor compared to
the steep regional climate gradient. However, characteristic processes
such as leaching, transport of cations and clay downslope along the
catenas were only significant under mediterranean and humid climate
in the southernmost part of the latitudinal gradient. These processes are
absent under arid conditions. Therefore, we conclude that individual
physico-chemical and microbial soil properties on local scale are spe-
cifically related to terrain attributes or small-scale heterogeneities on
slopes rather than to soil erosion or the downslope increase in soil
moisture. Reasons could be the limited length of our catenas and the
unknown effects of vegetation types, litter or biocrust cover and terrain
on soil erosion.

The N-S aspect and microclimate effects (our 3rd hypothesis) were
observed only under the semiarid, mediterranean and humid climate
for differing parameters like texture, pH value, BD, plant-available P or
δ13CTOC values, but not for microbial abundances. The local variability
in soil and microbiological parameters overall exceeds a possible micro-
scale climate effect of the different aspects. Especially in the dryer north
aspect effects are not detectable, most likely due to a high zenith angle
in proximity to the equator, leading to a minimal difference of sunshine
duration between slopes.

Finally, we showed that the dependency of pedogenesis and soil
microbial abundances on climate and topography can be untangled
methodologically when climate and topographic gradients cut across
and are analyzed at appropriate scales, including the regional scale for
climate and the local scale for topography.
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