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Abstract

Aims: The high plant species diversity of tropical mountain forests is coupled

with high habitat heterogeneity along gradients in elevation and topography.

We quantified the effects of elevation, topography and forest edge on habitat

conditions andwoody plant diversity of tropical montane forest fragments.

Location: Tropical montane forest fragments, ‘Yungas’, Bolivia.

Methods: We measured microclimate and sampled soil properties and woody

vegetation at forest edges and in the forest interior on ridges and in gorges along

an elevational gradient of 600 m. We analysed effects of elevation, topography

and forest edge on habitat conditions (i.e. microclimate, soil properties and forest

structure), species richness, evenness and composition with linear mixed effects

models and detrended correspondence analysis (DCA).

Results: Changes in habitat conditions were weaker along the elevational gradi-

ent than between forest interior and forest edge and between different topogra-

phies. Species richness was not affected by any gradient, while species evenness

was reduced at forest edges. All three gradients affected species composition,

while effects of topography and forest edge were stronger than that of elevation.

Conclusions: In general, effects of the 600-m elevational gradient were weak

compared to effects of forest edge and topography. Edge effects shifted species

composition towards pioneer species, while topographical heterogeneity is par-

ticularly important for generating high diversity in montane forests. These

results underscore that edge effects have severe consequences in montane forest

remnants and that small-scale variation between topographical microhabitats

should be considered in studies that predict monotonous upslope migrations of

plant species in tropical montane forests due to global warming.
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Introduction

Tropical montane forests are highly diverse ecosystems

(Henderson et al. 1991; Kier et al. 2005). The tropical An-

des are one of the global hotspots of diversity with ca.

45 000 plant species, whereof 20 000 species are endemic

to this area (Myers et al. 2000). The high diversity of these

forests is associated with high habitat heterogeneity along

gradients in elevation and topography (Beck et al. 2008).

Elevational gradients in tropical mountains are charac-

terized by a decrease in temperature (Bendix et al. 2008;

Gerold et al. 2008), and soil nutrient availability usually

decreases with increasing elevation (Tanner et al. 1998;

Soethe et al. 2008; but see Unger et al. 2010). Vegetation

of montane forests is altered by such changes in abiotic

conditions. Consequently, above-ground productivity, tree

height and plant species richness usually decrease with

increasing elevation (Gentry 1988; Kitayama & Aiba 2002;

Moser et al. 2008; Homeier et al. 2010). Species composi-

tion also changes with elevation (Gentry 1995; Lieberman

et al. 1996), and the rapid species turnover with elevation

is one of the main drivers of the high diversity in tropical

montane forests (Homeier et al. 2010).

Tropical montane forests are not only shaped by eleva-

tional gradients but also by a mosaic of different microhab-

itats within elevational belts. Variation in topography is a

crucial factor influencing abiotic conditions and vegetation

characteristics at a small spatial scale (Webb et al. 1999;

Homeier 2008;Weaver 2010). Towards lower slopes, avail-

ability of soil water (Daws et al. 2002; Markesteijn et al.

2010) and soil nutrients (Wilcke et al. 2011; Wolf et al.

2011) increases, while wind exposure and associated dam-

age are reduced (Lawton 1982; Herwitz & Young 1994;

Webb et al. 1999). As a consequence of these different abi-

otic conditions, productivity and canopy height are higher

at lower slopes (i.e. in gorges) than in upslope conditions

(i.e. on ridges; Webb et al. 1999; Oesker et al. 2008). Con-

ditions for plant establishment are also contingent on topo-

graphic variation among microhabitats and causes

differences in plant species composition (Homeier 2008;

Punchi-Manage et al. 2013), contributing to the high

diversity in montane forests (Kubota et al. 2004; Homeier

2008).

Nowadays, tropical montane forests are being deforested

and the forest remnants are further fragmented by human

activities (FAO 2011). Small forest fragments are exposed

to edge effects with altered abiotic conditions (Saunders

et al. 1991;Williams-Linera et al. 1998). As a consequence

of high wind speeds at forest edges, canopy height is

reduced and canopy openness increases (Saunders et al.

1991; Oosterhoorn & Kappelle 2000), leading to elevated

irradiation (Kapos 1989; Williams-Linera et al. 1998).

Consequently, forest edges pose altered environmental

conditions for plant establishment, which may favour pio-

neer species and may lead to a loss of forest interior species

(Santos et al. 2008).

In this study, we simultaneously tested effects of eleva-

tion, topography and forest edge on habitat conditions and

plant diversity of tropical montane forests. We aimed at

contributing to a better understanding of the major drivers

that generate the high plant diversity in tropical moun-

tains. This knowledge is essential for conservation and res-

toration of tropical montane forest remnants that are

important refugia for biodiversity and providers of ecosys-

tem functions (Brown & Lugo 1990; Guariguata & Ostertag

2001). We measured microclimate and sampled soil prop-

erties and woody vegetation of tropical montane forest

fragments in the eastern cordillera of the Bolivian Andes.

Along an elevational gradient of 600 m, we sampled

human-induced forest edges and less disturbed forest inte-

riors on ridges and in gorges. We compared the direction

and strength of the effects of these three gradients (i.e. ele-

vation, topography and forest edge) on:

1. habitat conditions (i.e. microclimate, soil properties and

forest structure), and

2. woody plant diversity (i.e. species richness, species

evenness and species composition).

The results of this study help to quantify and disentangle

the effects of three major determinants of habitat condi-

tions and forest vegetation in tropical mountains, and may

also contribute to a more comprehensive understanding of

vegetation responses to global warming in the tropical

Andes.

Methods

Study site

The study was conducted in the eastern cordillera of the

Bolivian Andes in the province of Sud Yungas, close to the

village of Chulumani (1750 m a.s.l., 16°24′29″ S, 67°31′
16″ W), about 120 km east of La Paz. The mean annual

precipitation is about 1459 mm (Molina-Carpio 2005) and

mean annual temperature is 20.8 °C. Precipitation

decreases from May to July, resulting in a dry season with

less than 50 mm precipitation per month. We expected an

increase of precipitation with increasing elevation, accord-

ing to earlier studies in the region (Molina-Carpio 2005;

Gerold et al. 2008).

The tropical montane forests in the Area (‘Yungas’) are

highly diverse ecosystems, with an estimated species rich-

ness of ca. 10 000 plant species (Kessler & Beck 2001). Vast

areas of these forests have been deforested by frequent

burnings (Killeen et al. 2005), resulting in fragmented

landscapes comprising few forest remnants in a matrix of

deforested habitats. In the study area, only two major for-

est fragments have remained; both are characterized by
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highly dissected forest margins and thus high proportions

of forest edges relative to the remaining forest area

(Appendix S1). At deforested areas adjacent to forest frag-

ments, the vegetation is characterized by an early stage of

secondary succession, dominated by bracken fern and

wind-dispersed shrubs and only a few regenerating forest

species (Lippok et al. 2013).

Sampling design

The forest fragments were sampled at six sites (Appendix

S1a), which were equally distributed along an elevational

gradient of 600 m, ranging from 1900 to 2500 m a.s.l.

(Appendix S1b). At each sampling site, we set up two sam-

pling plots at forest edges (20 m from forest margin) and

two plots in the forest interior (>100 m from forest mar-

gin), each plot measuring 400 m2 (20 9 20 m). Sampling

plots in the forest interior were set up in two contrasting

topographicmicrohabitats, i.e. on ridges (and upper slopes)

and in gorges (and lower slopes). Slopes were steepest in

gorges (median = 40°, range = 40–45°) and flatter on

ridges (median = 17°, range = 11–19°). A topographical

classification for forest edges was not meaningful because

of the absence of forest edges in gorges. Instead, we sam-

pled a wide range of slope inclinations at forest edges

(median = 20°, range = 6–35°) to eliminate the possibility

of confounding effects of edge with slope. We had to

exclude one edge and one ridge plot because fire and log-

ging destroyed the vegetation during data collection. In

total, we sampled 22 plots, comprising 11 plots at forest

edges, five plots on ridges and six plots in gorges. We

observed former charcoal production and selective logging

in forest remnants and recorded former fire impacts at a

few forest edges. During plot selection, we dismissed places

with obvious former and recent human disturbance in

order to exclude confounding effects of direct human dis-

turbance with the three studied gradients, especially with

elevation and topography.

Microclimate

In each sampling plot, we recorded microclimatic condi-

tions, i.e. temperature and relative humidity, with iBut-

tons� data loggers (Maxim/Dallas Semiconductor Corp.,

Dallas, TX, US) installed 20 cm above the ground. Because

the number of data loggers was too low (n = 12 data log-

gers) to measure differences between all sampling plots at

all sites simultaneously, we measured all sampling plots

within each site for at least 1 mo and after that equipped

another randomly chosen site. We calculated mean and

maximum temperature and minimum humidity for the

respective sampling periods.

Soil properties

We analysed chemical soil properties in each sampling

plot. Mineral soil samples covered an area of 100 m2,

where we took 12 subsamples to a depth of 20 cm. The

combined subsamples were air dried and sieved (2 mm).

Using the fine fraction (<2 mm), soil pH was measured po-

tentiometrically in a 1:2.5 soil–H2O suspension. Content of

exchangeable cations (Ca2+, Mg2+ and K+) was determined

with atomic absorption spectrometry (AAS vario 6; Analy-

tik Jena, Jena, DE) using 0.2 N BaCl2 as extracting solu-

tion. We used the sum of these three cations for further

analysis. C:N ratio was determined on milled samples after

heat combustion (Vario ELIII elemental analyzer; Elementar,

Hanau, DE).

Woody vegetation

We sampled all non-climbing woody plants (without tree

ferns) with diameter ≥2.5 cm at 1.3 m above the ground

(DBH). We estimated the height of each stem and mea-

sured its DBH. Individuals were grouped in the field into

morpho-species, and specimens of each morpho-species

were identified and stored in the Herbario Nacional de

Bolivia in La Paz (LPB). In total, we sampled 2178 individ-

uals from 259 taxa (Appendix S2), each taxon representing

a distinct species. In total, 164 taxa (representing 83% of

sampled individuals) were indentified to species level, 72

taxa (13%of sampled individuals) were identified to genus

level. A small number of 11 taxa were only identified to

family level and 12 taxa remained undefined (together 5%

of sampled individuals).

We calculated tree basal area (of stems with

DBH ≥ 10 cm) and canopy height (95th quantile of stem

lengths with DBH ≥ 10 cm) of each sampling plot. We

analysed canopy openness based on nine hemispherical

photographs (Nikon Coolpix 4500, equipped with Nikon

FC-E8 lens, Nikon, Tokyo, Japan), taken at the nine inter-

cepts of a 10-m grid inside the plot limits at 1.30 m above

the ground; digital images were analysed with WinScano-

py2005� (Regent Instruments Inc., Quebec, CA).

We computed observed and rarefied species richness

(Hurlbert 1971) and species evenness (Pielou 1975) for all

woody plants (DBH ≥ 2.5 cm) and for trees only

(DBH ≥ 10 cm). For analysis of species composition, we

compiled a community matrix based on species abun-

dances of all woody plants for each sampling plot. We

square root-transformed the matrix to reduce the influ-

ence of the most abundant species on species turnover. A

Mantel test performed on Bray–Curtis distances of species

abundances and geographic distances between sampling

plots revealed no significant spatial autocorrelation in
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species composition (n = 22, r = 0.11, P = 0.089, 999 per-

mutations).

Statistical analysis

All statistical analysis were carried out with R 2.15.2

(R Core Team 2012; R Foundation for Statistical Comput-

ing, Vienna, AT) and the associated packages ‘labdsv’,

‘nlme’and ‘vegan’. Because of non-normal distribution of

data, pH and content of exchangeable cations were log10-

transformed, and basal area was square root-transformed

prior to analysis.

In a first step, we tested the effects of the three gradients

(i.e. elevation, forest edge and topography) on habitat con-

ditions. We applied linear mixed effects models with eleva-

tion and habitat type (i.e. forest edge, ridge and gorge) as

fixed factors and site as random factor to test for effects on

microclimate, soil properties and forest structure, while

accounting for random variation among study sites. We

applied two orthogonal contrasts on habitat type to com-

pare edges and forest interior and to compare ridges and

gorges within the forest interior. The significance of the

individual effect sizes were obtained from t-tests of the

model estimates for elevation and for the two orthogonal

contrasts of habitat types.

In a second step, we tested the effects of the three

gradients on the diversity of woody plants and trees,

respectively. Effects of the three gradients on measures

of species richness (observed and rarefied) and species

evenness were also tested with linear mixed effects mod-

els. Model design and hypothesis testing were analogous

to the analysis of habitat conditions. To visualize and

quantify gradients in species composition, we applied

detrended correspondence analysis (DCA), based on the

community matrix of species abundances. The axis

length of DCA axes was used to quantify species turn-

over, where an axis length ≥3.5 SD indicates that species

turnover along the axis is complete (Jongman et al.

1995). We post-hoc correlated the three gradients (i.e.

elevation, forest edge and topography) and the habitat

conditions (i.e. microclimate, soil properties and forest

structure) with gradients in species composition derived

from DCA; the significance of environmental predictors

on species composition was tested with Monte-Carlo

Permutations (n = 999). Permutations were stratified at

the site level for effects of forest edge and topography to

account for the hierarchical sampling design. Indicator

species of habitat types (i.e. forest edge, ridge and gorge)

were evaluated by indicator species analysis (Dufrene &

Legendre 1997), with the community matrix including

species with more than five individuals. Significance of

indicator values was tested with Monte-Carlo Permuta-

tions (n = 9999).

Results

Habitat conditions

Mean temperatures decreased by 0.5 °C per 100 m of ele-

vation, while maximum temperature and minimum

humidity did not change with elevation (Fig. 1a–c).

Mean and maximum temperatures at forest edges were

higher and minimum humidity lower than in the forest

interior (Fig. 1a–c). Ridges and gorges differed only

in minimum humidity, which was higher in gorges

(Fig. 1a–c).

The pH, content of exchangeable cations and C:N ratio

did not change along the elevational gradient (Fig. 1d–f).

The pH and content of exchangeable cations was not

altered by edge effects, but bothwere higher in gorges than

on ridges (Fig. 1d, e). The C:N ratio was higher at edges

than in the interior and higher on ridges than in gorges

(Fig. 1f).

Tree basal area increased with elevation (Fig. 1g),

whereas canopy height and openness were not influenced

by elevation (Fig. 1h, i). Forest edge and topography did

not influence tree basal area (Fig. 1g). Canopy height was

lower at edges compared to the interior, whereas topogra-

phy had no effects (Fig. 1h). Canopy openness was not

affected by edge effects and topography (Fig. 1i).

Plant diversity

The three gradients had no significant effects on observed

species richness of woody plants (Fig. 2a, b). Rarefied rich-

ness and evenness of woody plants tended to be lower at

forest edges compared to the forest interior, but this effect

was only significant for species evenness (Fig. 2c). Eleva-

tion and topography did not affect rarefied richness and

evenness of woody plants (Fig. 2c). Effects of the three gra-

dients on tree diversity were qualitatively identical to those

on all woody plant species (Appendix S3).

The first gradient in species composition (DCA axis 1)

was correlated with forest edge (P = 0.002) and topogra-

phy (P = 0.034; Fig. 3, Appendix S4). Sampling plots at

edges and in gorges were widely separated, while sampling

plots on ridges were placed in between. The axis length of

5.5 SD indicated full species turnover along this gradient.

Microclimate, soil properties and canopy openness were

associated with species turnover along this gradient, with

forest edges being associated with warmer temperatures,

high canopy openness and high C:N ratio, and gorges with

humid conditions, high pH and high content of exchange-

able cations (Fig. 3, Appendix S4). The second gradient in

species composition (DCA axis 2) was associated with ele-

vation (P = 0.001); axis length (2.9 SD) was twofold lower

compared to the first gradient (Fig. 3, Appendix S4). The

elevational gradient in species composition was mostly
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associated with decreasing mean temperature and increas-

ing tree basal area with increasing elevation (Fig. 3,

Appendix S4).

Indicator species analysis revealed only two indicator

species for forest edges and three and six species for ridges

and gorges, respectively (P < 0.05 in all cases). Indicator

species at forest edges were the two pioneer speciesMyrsine

coriacea (indicator value = 0.57) and Cecropia elongata

(0.45). In the forest interior, Piper hispidum (0.64), Palicourea

flavifolia (0.48) and Faramea candelabrum (0.40) were typi-

cal for ridges. Psychotria viridis (0.55), Eugenia cf. feijoi

(0.50), Miconia barbeyana (0.50), Miconia cf. centrodesma

(0.50), Myriocarpa stipitata (0.47) and Guarea sp. (0.42)

were restricted to gorges.

Discussion

Gradients in habitat conditions

Habitat conditions were altered by each of the three gradi-

ents, and changes in habitat conditions tended to be

strongest at the small spatial scale, due to effects of forest

edge and topography. Although temperatures decreased

with increasing elevation, changes along the here-investi-

gated elevational gradient were low, and among the stud-

ied nutrients no nutrient shortage at high elevations could

be found. Edge effects altered habitat conditions at forest

edges towards warmer and drier microclimates and lower

canopy heights. In the forest interior, habitat conditions in

gorges were characterized by higher content of exchange-

able cations andmore humid air conditions than on ridges.

We observed a decrease in temperature with increasing

elevation by 0.5 °C 100 m�1 (i.e. 3 °C along the 600-m

elevational gradient), which is in accordance with other

studies in tropical mountains (Bendix et al. 2008; Gerold

et al. 2008). Mean temperature was higher at forest edges

than in the forest interior. Temperature differences

between edges and forest interior were of similar magni-

tude to a change in elevation of 100 m. Our findings

underscore that dry and warm microclimates of the sur-

rounding open habitat matrix alter microclimates at forest

edges, at least to a distance of 20 m inside the forest (Kapos

1989). Topography had no effects on temperature, but had
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Fig. 1. Habitat conditions (i.e. microclimate, soil properties and forest structure) in tropical montane forest remnants in the Bolivian Eastern cordillera

along an elevational gradient of 600 m at forest edges and in the forest interior, on ridges and gorges. (a) Mean temperature (°C), (b) maximum

temperature (°C), (c)minimum humidity (%), (d) pH (log10-transformed), (e) content of exchangeable cations (lmol�g�1; log10-transformed), (f) C:N ratio, (g)

tree basal area (m2 400 m�2, square root-transformed), (h) canopy height (m) and (i) canopy openness (c.o.;%). P- and t-values were derived from linear

mixed effects models, accounting for random variation among sites, and are based on t-tests of the model estimates for elevation and for the two

orthogonal contrasts of habitat type, i.e., edge vs interior, and ridge vs gorge. The dashed line in the box plots visualizes the comparison between forest

edges (left side) with the forest interior (right side). Horizontal lines across boxes are medians, boxes indicate 25th and 75th percentiles, whiskers indicate

the data range, and circles are outliers.
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effects on minimum humidity, although they were only

marginally significant. Differences in minimum humidity

between ridges and gorges were of similar magnitude com-

pared to differences between edges and forest interior. Soil

water movement down-slope (Daws et al. 2002; Mark-

esteijn et al. 2010) and higher wind protection in gorges

(Lawton 1982) might cause lower fluctuations of humidity

in gorge microhabitats.

The content of the studied soil nutrients did not decrease

with increasing elevation. C:N ratios at forest edges were

higher than in the forest interior; C:N ratios in gorges were

lower than on ridges. High C:N ratios might be indicative

of low decomposability of soil organic matter (Taylor et al.

1989; Unger et al. 2010) that may be caused, among other

factors, by the dry conditions in these habitats (Zhang &

Zak 1995; Takyu et al. 2003). The effects of forest edge and

topography on C:N ratios were of similar magnitude. The

higher content of exchangeable cations in gorges likely

results from elutriation of soil nutrients down slopes (Tan-

ner 1977; Chen et al. 1997).

Changes in forest structure were evident along the ele-

vational gradient and between forest edges and forest inte-

rior. The observed increase in basal area with elevation

might indicate changes in human disturbance regimes

with elevation (Midgley & Niklas 2004; Leithead et al.

2012). For example, Lovett et al. (2006) explained the

increase of basal area with elevation in Tanzanian mon-

tane forests as higher logging intensities at lower eleva-

tions. However, we did not find indications for higher

logging intensities at low elevations and maximumDBH in

the study plots was unrelated to elevation in our study area

(n = 22, Person′s rho = 0.23, P = 0.296). Lower canopy

height at forest edges than in the forest interior might be

associated with high wind speeds and increased damage to

canopy trees at edges (Saunders et al. 1991; Oosterhoorn

& Kappelle 2000). Gorges and ridges in the forest interior

did not differ in forest structure, and thusmight experience

similar levels of anthropogenic and natural disturbances.

Gradients in plant diversity

Species turnover was high along the three gradients, while

species richness responded only weakly. Changes in spe-

cies compositionwith elevation and topography contribute

to the high diversity of tropical montane forests. In contrast

to expectations, effects of topography on species turnover

were stronger than that of elevation. Changes in species

composition at edges caused an impoverishment of forest

vegetation, indicated by lower species evenness and higher

importance of pioneer species at forest edges.

Species turnover along elevational gradients may be

attributed to changes in temperature (Ghalambor et al.

2006), whereas differences in species composition between

ridges and gorges might be caused by differences in soil fer-

tility and humidity (Homeier 2008). Since species turnover

was higher between the topographical microhabitats than

along the elevational gradient, it seems that soil properties

and humidity affected species composition more than

mean temperature at the here-investigated spatial scale.

Topographical heterogeneity increases vegetation hetero-

geneity and thus plant species diversity of tropical mon-

tane forests (Homeier 2008), and should therefore be

considered in conservation measures for tropical montane

forests.
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Fig. 2. Woody plant diversity in tropical montane forest remnants in the

Bolivian Eastern cordillera along an elevational gradient of 600 m at forest

edges and in the forest interior, on ridges and gorges. (a) Observed

species richness (species 400 m�2), (b) rarefied species richness (species

per 46 individuals) and (c) species evenness. P- and t-values were derived

from linear mixed effects models, accounting for random variation among

sites, and are based on t-tests of the model estimates for elevation and for

the two orthogonal contrasts of habitat type, i.e. edge vs interior, and

ridge vs gorge. The dashed line in the box plots visualizes the comparison

between forest edges (left side) and forest interior (right side). Horizontal

lines across boxes are medians, boxes indicate 25th and 75th percentiles,

whiskers indicate the data range, and circles are outliers.
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Species composition was shifted by edge effects towards

higher dominance of pioneer species at edges, e.g. Myrsine

coriacea (Primulaceae) and Cecropia elongata (Urticaceae).

Hot and dry microclimates (Kapos 1989; Didham & Law-

ton 1999), high irradiation caused by higher canopy open-

ness (Saunders et al. 1991) and frequent fires (Laurance

2004) at edges promote the establishment of such pioneer

species. While these changes in habitat conditions did not

result in a loss of species richness, species evenness was

reduced at forest edges, driven by the dominance of pio-

neer species. These findings highlight that studies that

investigate effects of environmental gradients on plant

diversity should not only focus on responses of taxonomic

species richness but should also investigate changes in

evenness and composition (Baraloto et al. 2012). Because

the edge effects observed in this study were driven by

increasing temperature and decreasing humidity, global

warming might further increase the deleterious impacts of

edge effects on forest structure and plant diversity, espe-

cially by an increased susceptibility to fire (Laurance &

Williamson 2001).

Implications for plant responses to climate change

Studies of elevational gradients are essential for gaining

insights into effects of climate change on vegetation in

tropical mountains (K€orner 2007). In response to climate

change, a shift in species distribution has been observed in

many taxa, including plants (Chen et al. 2011). For the

tropical Andes, a previous study detected upslope migra-

tion of many plant species, likely due to global warming, of

about 2.5–3.5 m�yr�1 (Feeley et al. 2011). However,

observed migration rates were lower than expected based

on the increase in temperature (Feeley et al. 2011). Almost

all species distribution models and derived projections of

species movements do not consider the high topographical

heterogeneity and the associated small-scale climatic gradi-

ents (Ashcroft 2010; Suggitt et al. 2011) of tropical moun-

tain forests. According to our findings, and at a vertical

scale of 600 m in elevation, topographic gradients may be

even more important as drivers of plant species turnover

than climatic gradients associated with elevation. The

importance of topographical variation has two important

implications for plant responses to climate change. First,

horizontal migration between different microhabitats

characterized by specific climatic conditions might be as

important as upslope migrations for many plant species, at

least under the current rates of climatic warming. Such

horizontal migrations could explain why a meta-analysis

of species responses to climate change only found weak

upslopemigrations compared to expected elevational shifts

(Chen et al. 2011). If this is the case, topographic heteroge-

neity could compensate to some extent for changes in cli-

matic conditions, and topographic microhabitats could

form microrefugia in tropical mountain ecosystems (Hop-

kins et al. 2007; Suggitt et al. 2011). This underscores the

importance of topographic heterogeneity for conservation

efforts in the tropical Andes. Second, the strong depen-

dency of plant species on specific microhabitats, as indi-

cated by the high number of plant species restricted either

to ridge or gorge habitats, illustrates that upslope migra-

tions of plant species could be constrained by the availabil-

ity of specific microhabitats at higher elevations. Hence,

plant species would not only need to move upslope but
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they would need to move in a directed fashion to appropri-

ate microhabitats at higher elevations (Forero-Medina

et al. 2011). This is likely to hamper upslope movements

of many plant species in tropical mountain forests.

Conclusions

Gradients in elevation and topography and associated spe-

cies turnover are the main drivers of the high diversity of

tropical montane forests. Noteworthy, effects of the 600-m

elevational gradient were weak compared to the small-

scale effects of forest edge and topography on soil proper-

ties, species evenness and species turnover. These findings

have two important implications for the conservation of

tropical mountain forests. First, the dominance of distur-

bance-adapted species at forest edges likely leads to an

impoverishment of forest vegetation in the long term. Sec-

ond, in response to current climate change, horizontal

migration of plant species between different microhabitats

should be considered in simplified models of upslope

migrations in tropical mountains.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Appendix S1. Map of the study area. (a) Sampling

plots (red triangles) were spatially blocked in six sampling

sites distributed over two major forest remnants (green),

embedded in a matrix of deforested habitats (grey). (b)

Sampling plot distribution of the three habitat types, i.e.

forest edge, ridge and gorge, along the elevational gradi-

ent.

Appendix S2. Tree diversity (all woody plants with

DBH ≥ 10 cm) in tropical montane forest remnants in the

Bolivian Eastern cordillera along an elevational gradient of

600 m at forest edges and in the forest interior, on ridges

and gorges. (a) Observed species richness (species

400 m�2), (b) rarefied species richness (species per 14 indi-

viduals) and (c) species evenness. P- and t-values were

derived from linear mixed effects models, accounting for

random variation among sites, and are based on t-tests of

the model estimates for elevation and for the two orthogo-

nal contrasts of habitat type, i.e. edge vs interior, and ridge

vs gorge. The dashed line in the box plots visualizes the

comparison between forest edges (left side) and forest inte-

rior (right side). Horizontal lines across boxes are medians,

boxes indicate 25th and 75th percentiles, whiskers indicate

the data range, and circles are outliers.

Appendix S3. Species list of 259 taxa recorded in

tropical montane forest remnants in the Bolivian Eastern

cordillera along an elevational gradient of 600 m at forest

edges and in the forest interior, on ridges and gorges.

Abundance (and number of sampling plots) of species in

the three habitat types (i.e. edge, ridge and gorge) are

shown. Asterisks indicate endemic species.

Appendix S4. Correlations of (a) the three gradients

(i.e. elevation, forest edge and topography) and (b) habitat

conditions (i.e. soil properties, microclimate and forest

structure) with patterns in species composition derived

from detrended correspondence analysis (DCA). Score 1

and score 2 indicate the ordination centroids (for factors)

or arrow endpoints (for continuous predictors). Squared

correlation coefficients (R2) and their associated P-values

(based on 999 permutations) indicate the proportion of

variance in species composition that is explained by the

respective predictor variable.
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