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1. Tropical montane forests (TMF) are characterised by high endemism, species

richness and turnover across elevations. A key question is how niche-based pro-
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cesses, via adaptation of species to local environmental conditions, and neutral-
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Edicson Parra-Sanchez based processes from dispersal limitation shape community composition at
Email: edicsonparras@gmail.com different spatial scales across human-modified landscapes. We expect that (1)

Funding information communities are highly distinct even within the same habitat type and (2) niche-

Natural Environment Research Council, based processes play the main role in compositional turnover.
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Orchid Foundation 2. To address these expectations, we investigated the compositional turnover of

orchids, one of the most prominent floristic elements of TMFs. We sampled or-

Handling Editor: Matthew Heard chids in 332 plots spanning over 270km in the eastern Colombian Andes. Plots
ranged between elevations of 1160-3750m. We used two different spatial ex-
tents (whole gradient and two elevational bands), two grains of analysis for the
first expectation (regional and local) and two spatial grains for the second expec-
tation (broad and fine scales based on Moran's Eigenvector Maps [MEMs]).

3. We found 331 orchid species in 171 (51%) plots. We found a strong pattern of
high compositional turnover across scales (>72% of total beta diversity is given
by species turnover), with 87.5% of the total species pool occurring in fewer than
five plots, supporting our first expectation.

4. Contrary to our second expectation, we found that community composition is
mainly driven by geographical distance, while the relative influence of elevation,
environmental variables and their combined fractions were negligible across habi-
tats and spatial scales, rejecting niche-based processes.

5. Synthesis. High compositional turnover, even across habitats with the highest de-
gree of human intervention, suggests that both forest-dwelling and open-habitat
species do not easily disperse across habitats. Species dispersal is the major force

of orchid community turnover and might be strongly dependent upon macroevo-

lutionary processes and species life-history traits over multiple scales. Dispersal
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1 | INTRODUCTION

Mountains harbour a global hyperdiversity of species and endemism
(Enquist et al., 2019; Kuper et al., 2004; Peters et al., 2019). The
complex geological history of mountains boosted the evolution of
many plant groups by promoting speciation through, for instance,
the provision of new habitats, or ecological and dispersal barriers
to other species and other populations of the same species (Luebert
& Weigend, 2014; Pérez-Escobar, Gottschling, et al., 2017). The
replacement of species between sites—compositional turnover—is
the prevailing pattern across African (Peters et al., 2019), European
(Fontana et al., 2020) and Andean mountainous regions (Herrera-
Pérez et al., 2019; Mufoz Mazén et al., 2021; Novillo & Ojeda, 2021).
However, the ecological processes governing high compositional
turnover typical of mountainous ecosystems remain understudied
at multiple spatial scales.

Patterns in compositional turnover can be explained by niche-
based processes, that is the adaptation of species to local environ-
mental conditions, and neutral-based processes such as dispersal
limitation (Hubbell, 2001; Leibold et al., 2004; Tuomisto et al., 2003).
Niche-based processes act when communities respond to environ-
mental heterogeneity due to the availability of niches and coexis-
tence with other species (Chase & Leibold, 2003). In mountainous
regions, environmental variability due to habitat patchiness, drastic
changes in precipitation, and topography increase compositional
turnover (Arellano et al., 2016; Du et al., 2021; Trujillo et al., 2019).
In contrast, neutral-based processes become important as species
and their populations fluctuate at random due to demographic sto-
chasticity and spatially limited dispersal (Hubbell, 2001; Rosindell
et al., 2011). Species with limited dispersion can sometimes propa-
gate and successfully colonise within narrow geographical ranges re-
gardless of environmental heterogeneity. Strong dispersal limitation
in mountainous regions is expected due to abiotic factors, such as
high topographic variability and landscape fragmentation, especially
in communities dominated by rare species (Arellano et al., 2017,
Myers et al., 2013; Willig et al., 2011).

The pattern of high compositional turnover can emerge from
niche-based and dispersal limitation processes alike. If ecological
specialists respond to very specific environmental conditions, to dis-
persal limitation because species cannot disperse long distances, or
to both, then it is reasonable to expect communities with a large pool
of these specialists to exhibit high compositional turnover. Studies
of woody plants across elevation gradients have shown that niche-
based processes are important in temperate forests (e.g. Myers
et al., 2013) and that both niche- and neutral-based processes drive

limitation also draws attention to the importance of preserving habitat connectiv-

ity to halt biodiversity losses.

determinants of plant community diversity and structure, ecological process, neotropics,
northern Andes, Orchidaceae, spatial scales

community structure in tropical forests, probably due to recruitment
limitation or strong environmental gradients (Arellano et al., 2017;
Myers et al., 2013; Tello et al., 2015; Trujillo et al., 2019), while vas-
cular epiphytes seem to respond to near-neutral processes (Janzen
et al., 2020).

These processes can be further influenced by the spatial scale of
study and anthropogenic activities, especially habitat loss (Arroyo-
Rodriguez et al., 2013, 2017). The spatial scale of study plays an im-
portant role in how communities respond to environmental changes.
Geographic distance shapes regional composition patterns across
communities (neutral-based processes). Equally, environmental dif-
ferences operate mostly at local scales (Karp et al., 2012) because
longer and steeper environmental gradients allow a more marked
sorting of species by their different preferences (Trujillo et al., 2019),
even across human-modified landscapes (Du et al., 2021; Sreekar
etal., 2020).

Human modification of natural landscapes also alters the pro-
cesses governing community composition (Haddad et al., 2015;
Venter et al., 2016). The novel conditions generated by human ac-
tivities can trigger homogenization in species pools, the process
by which a small set of organisms can cope and even flourish after
the alteration of natural habitats, that is, biotic homogenization
(McKinney & Lockwood, 1999). For instance, human transformation
of the landscape reduces structural connectivity causing harsh con-
ditions that inhibit dispersal of forest-specialist or dispersal-limited
species (Arroyo-Rodriguez et al.,, 2017), while habitat-specialists
increase spatial aggregation due to the reduction of environmen-
tal heterogeneity (Audino et al., 2017; Karp et al., 2012). A better
understanding of these patterns is required to quantify the influ-
ence of neutral- and niche-based processes across spatial scales and
human-modified landscapes. Empirical research is now dedicated to
disentangling the contributions of niche-based and neutral-based
processes using pattern-to-process approaches across spatial scales,
while controlling for spurious environment-space correlations
(Clappe et al., 2018).

We quantified compositional turnover and the roles of niche-
based and neutral-based (i.e. dispersal limitation) processes
across different spatial scales in a large tropical montane region.
In particular, we quantified: (i) patterns of compositional turn-
over across regional and local scales, and elevations; and (ii) the
independent and combined roles of environmental predictors
(natural and anthropogenic) and distance (i.e. geographical and
elevational distance) in shaping compositional turnover. We focus
on the Colombian Andes, an area of highly diverse topographical
and hydrological conditions (Biirgl, 1967) that cause large shifts
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in biological communities over short distances (Hazzi et al., 2018;
Malizia et al., 2020; Rahbek et al., 2019). We use orchids as a model
group because the tropical Andes is the centre of global orchid di-
versity (Pérez-Escobar et al., 2022) with one of the highest spe-
cies richness worldwide, with a wide variation in species' range
sizes from widespread to highly restricted (Calderén-Saenz, 2007,
Jost, 2004; Moreno et al., 2020). The majority species use wind as
their main dispersal strategy (anemochory syndrome), while inter-
specific competition, and the effects of herbivory and pathogens
are expected to be negligible (Dressler, 2005; Zotz, 2016). We hy-
pothesised that local orchid communities are highly distinct from
one another, even within the same habitat type (high turnover). We
expect that compositional turnover would be driven primarily by
environmental variables, regardless of the spatial scale of study,
because many orchid species have been documented to respond
to environmental conditions (Calderén-Saenz, 2007; Mondragén
et al,, 2015; Zuleta et al., 2016).

2 | MATERIALS AND METHODS
2.1 | Studyarea

The study was located in the departments of Cundinamarca, Boyaca,
Meta and Santander, spanning both the east and west flanks of the
eastern Andes cordillera in Colombia (Figure 1). Between January
2018 and November 2019, we sampled 332 plots across 270km of
distance, covering a wide elevational range, 1163-3763m (4-28°C
and 879-3817 mm per year). The study area included three habitat
types: (i) forests, (ii) pasture for cattle and (iii) paramo shrublands
and grasslands. All habitats have undergone historical human-
mediated disturbance given the easy accessibility by roads or foot-
paths, and information from local field assistants at each sample
location (pers. comm. landowners). All sampled forests belonged to
the network of protected areas in Colombia (Sistema Nacional de
areas Protegidas—SINAP).

A

OAndean forest|

@ Paramo pasture

FIGURE 1 Distribution of sampling plots and characteristics of the study area in the eastern cordillera of the Colombian Andes. The map
shows the slopes across sites (Hillshade at 45% slope and 270% azimuth), elevation (c and d) jointly with forest cover (green) and the absence
of forest cover (grey). Inset maps and photographs as follows: (a) Colombia and mountain ranges, (b) the study area in the eastern cordillera
with all sampled plots (blue triangles), (c) examples of Andean Forest and pasture plots and (d) examples of Paramo and Paramo pasture:

the photos depict the general conditions of habitats in forest plots (green circles), Andean pastures (orange), paramo (purple) and paramo

pastures (red dots).
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2.2 | Sampling design

The sampling design followed the natural observed tree line along
the elevational gradient (Figure S2). In the Andes, the treeline is con-
sidered the upper-limit boundary of the establishment of arboreal
vegetation between upper Andean montane forest and low-stature
vegetation (Bader et al., 2007). Below the observed treeline (at el-
evations of 1163-2900m), we paired forests with nearby pastures,
and above the treeline, natural paramo shrublands, grasslands and
high elevation elfin forests were paired with high elevational pas-
turelands (Figure 1; henceforth paramo >2900m).

Below the tree line, we randomly placed between 1 and 18 sam-
pling plots within forests (n=150 plots in 23 forests fragments) keep-
ing a minimum of 172m distance apart (range=172.3-2759 m). Larger
forest areas had more plots to ensure broader coverage. All forest
plots were placed at least 30m from the forest edge or roads. We set
up between 3 and 18 pasture plots to the nearest forest, located at
least 60 m away from the forest edge and at a minimum of 193 m apart
(range=193-4225m; n=114 plots in 22 pasturelands). The forest has
high tree density, canopy cover and lower solar radiation in contrast
to nearby pastures, which consisted of open matrix plots dominated
by species of Poaceae with sparse trees. We sampled Andean forests
(andino and altoandino; Etter et al., 2021) with mean cloud cover of
82% (25%-90%; Wilson & Jetz, 2016). Above the treeline, we sampled
plots randomly in grasslands and shrublands (n=72 plots in six natural
paramo habitats), and high-elevation elfin forests (n=6 plots in natural
paramo habitats), located at a minimum of 195m apart (range=195-
15.170m). High-elevation pastures were sampled at least 500m
away from the natural paramo plots at a minimum of 200m apart
(range=200-4305m; n=114 plots in three paramos).

Each sampling plot consisted of a 10mx 30m plot. We recorded
orchids up to 2m above-ground within each plot on the ground,
standing trees, tree trunks, fallen tree trunks and branches, vines,
lianas, leaves on standing trees or herbaceous plants, palm trees,
tree ferns and cycads across the understorey. Canopy orchid spe-
cies might have been sampled from fallen branches, but since we
used the same sampling across sites, all plots would have the same
probability of capturing canopy orchids. Only adult individuals were
recorded. Adult plants were all large individuals, that is, within the
observed variation in the local population, with evidence of devel-
oped floral or reproductive structure, large ramets, various stems
per stand and prominent root systems. Species with no flowers were
taken to nurseries in the vicinity of the sampled plots, and later vis-
ited for identification. Identification to species or morphospecies
was conducted following specialised literature and consultancy with
local experts at the Herbarium VALLE (Palmira, Colombia).

2.3 | Environmental and spatial predictors

We used two sets of uncorrelated variables (Figure S1) that are well-
recognised drivers of community composition (Du et al., 2021; Rahbek
et al., 2019; Walther et al., 2002; Zotz, 2016). (i) Environmental

predictors (habitat structure, precipitation, cloud cover and forest

cover) and (ii) distance (geographical distance and elevation).

2.3.1 | Environmental predictors

Habitat structure was composed of tree diameter at breast height
(average DBH per plot) and tree density (trees per plot) reduced
to one single predictor using principal component analysis (PCA),
hereafter “Forest structure” (first PCA axis accounted for 61% of
the variation, SD=1.1043, supplemental material). Cloud cover
(multiannual mean) was extracted from the high-resolution cloud
cover map from the 15-year MODIS archive of twice-daily ob-
servations at 1km radius from sampling sites (between 2000
and 2014; Wilson & Jetz, 2016). Mean annual precipitation was
extracted from CHELSA (between 1980 and 2018 at 1km radius
MAP; Karger et al., 2017).

We quantified the percent of forest cover in the local land-
scape as the effects of habitat loss (Fahrig, 2013). The percent-
age of forest cover is a proxy of habitat loss that calculates the
amount of habitat surrounding each of our sampling plots. Forest
cover is a metric of landscape composition that quantifies the hab-
itat available in the landscape as a proxy of resource availability
(Fahrig, 2013) but cannot inform how the habitat in the landscape
is connected (structural connectivity). Thus, the operational con-
cept we use in our study was habitat availability in the landscape
as an environmental driver of community composition (e.g. Banks-
Leite et al., 2014; Puttker et al., 2015). Forest cover was mea-
sured from the 30-m resolution global change forest map (Hansen
et al., 2013), converted into a binary forest/non-forest cover
map (non-forest <=50, and >50% “forest” in 2018; Supporting
Information). We selected a 1000 m radius to collate forest cover
to match the climatic predictors, as we did not evaluate the scale-
of-effects (Jackson & Fahrig, 2015).

2.3.2 | Distance predictors

We defined two independent distance predictors based on (i)
geographical coordinates (XY coordinates) and (ii) elevation (m)
measured in the field and later standardised with the 12.5-m
ALosPalsar's Radiometric terrain model (Tadono et al., 2014). All
spatial predictors were generated using Moran's Eigenvector Maps
(hereafter MEMs; Dray et al., 2006). These spatial predictors are
orthogonal vectors maximising the spatial autocorrelation (cal-
culated by Moran's coefficient), acting as spatially explicit multi-
scale predictors that combine fine and broad scales (Dray et al.,
2012). First, geographical distance MEMs were obtained using the
geographical coordinates projected to WGS1984 and Gabriel's
neighbour network and W standardisation (sums over all links
of the number of plots). Second, we created MEMs by including
the latitude coordinate of each point to the corresponding eleva-
tion to generate a XY coordinate-like vector. Then, we calculated
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elevation MEMs using neighbourhood-by-distance method and
globally standardisation (sums over all links to plots). Finally, we
defined two spatial grains for the whole gradient, MEMs were
divided into two groups corresponding to different spatial scales
ranging from the broadest (MEM with highest associated eigen-
values) to the finest spatial scales (MEM with lowest associated ei-
genvalues; Menegotto et al., 2019). This approach suits our nested
design with strong positive spatial autocorrelation.

The intrinsic spatial autocorrelation between distance and envi-
ronmental variables constitutes an important challenge for ecologi-
cal studies. However, we retained distance (MEMs for geographical
distance and elevation) as a proxy for isolation because evidence
shows that orchid seeds tend to land <5m from their mother
(Acevedo et al., 2020; Kindlmann et al., 2014; Tremblay, 1997), a pat-
tern resulting from the rapid in-situ speciation process in the Andes
(Pérez-Escobar, Chomicki, et al., 2017). Furthermore, ecological re-
search shows that short-distance dispersal is common in epiphytic
communities, with epiphytism the dominant habitat syndrome in
Andean orchids (Zotz, 2016), dwelling in pasturelands and protected
areas (Cascante-Marin et al., 2009; Einzmann et al., 2021; Einzmann
& Zotz, 2017a, 2017b).

2.4 | Statistical analyses

We ran analyses based on our two expectations: (i) to quantify the
patterns of compositional turnover across regional and local scales,
and elevations; and (ii) to quantify the roles of niche-based (natural
and anthropogenic drivers) and neutral-based processes (i.e. geo-
graphical and elevational distance) in shaping compositional turno-
ver. We used two different spatial extents (whole gradient and two
elevational bands), two grains of analysis for the first expectation
(regional and local) and two spatial grains for the second expectation

(broad and fine scales based on MEMs).

2.5 | Compositional turnover

We tested for the patterns of compositional turnover across regional
and local scales, and elevations using species occurrence by site ma-
trices and calculate the Simpson dissimilarity index referring to the
spatial turnover component (species replacement) of the Sgrensen
dissimilarity index (Baselga, 2010). Compositional turnover ranges
from zero (no turnover or all species are shared between sites), and
one when no species are shared.

To explore the general pattern in compositional turnover, we
used a generalised additive mixed model (Wood, 2017). We fitted
the model with the average turnover of each sampling plot as the
response variable, elevation as the fixed-effect and sampling point
as a random effect, with a binomial family. To account for spatial
correlations, we added a spatial covariance structure using the geo-

graphical coordinate of each sampling plot.

We further quantified compositional turnover within and be-
tween habitats at regional and local scales. At the regional scale,
we quantified the pairwise dissimilarity of each habitat type as
a single metric of compositional turnover of each habitat type
(betapart::beta.multi). For this analysis, we averaged the spa-
tial turnover of each community at each sampling plot within the
same forest fragment (n=23), within the same pastureland (n=22),
and within the same paramo (n=8). The mean pairwise distance
is a robust estimate of species turnover regardless of the number
of samples (Pfeifer et al., 2017; Olivares & Kessler, 2020). We fit-
ted generalised least-squared models with an exponential spatial
structure class with the geographical coordinates of the centroid of
each habitat because we detected spatial autocorrelation between
communities and predictors (Moran | test=0.529, p-value=0.001;
Table S1). Our models used turnover as the response variable and
the habitat type as the explanatory variable (i.e. forests, pastures,
and paramo), and compared the compositional turnover of each
habitat type against the dissimilarity of the other two habitats, that
is forest versus [pastures+paramo], pastures versus [forest+ par-
amo], and paramo versus [forest + pasture].

At the local scale, we established the sampled plots within each
sampling habitat as units of analysis (n=171 out 332 sampling plots)
and quantified compositional turnover within habitats (i.e. turnover
within forests, within pastures and within paramos) and among hab-
itat types (forest vs. pastures, forest vs. paramo, and pasture vs.
paramo). We computed the mean value of all pairwise dissimilari-
ties of each sampling point: within-forests, within-pastures, forest
versus pasture, within-paramo, and paramo versus forest. We fitted
generalised linear-mixed models including compositional turnover at
each sampling plot as the response variable, habitat type as the fixed
effect, sampling plot and habitat type as random effects, and a spa-
tial exponential covariance structure using the geographical coordi-
nates of each sampling plot to account for spatial autocorrelations
(formula in glmmTMB notation in Supporting Information; Brooks,
Kristensen, et al., 2017; Brooks, Mittermeier, et al., 2017).

Our turnover data was one-skewed with few zero values (85.7%
of species appear in less than five sampling plots, Table S2), so we
subtracted 1 and multiplied by -1 each turnover value to make the
data zero-skewed and fit zero-inflated models while preserving the
structure of the data. The zero-inflated model was fitted with beta
distribution family (suitable for proportional data between bounded
limits, zero to one; Cribari-Neto & Zeileis, 2010), the dispersion error
log link, and geographical coordinates as spatial exponential covari-
ance (zero-inflated formula notation in Supporting Information). To
further control for the effect of elevation across local landscapes
(local scale) using the hump-shaped pattern seen in epiphytes and
orchid richness and total abundance (E. Parra-Sanchez, unpubli.
data; Figure S2), we divided our dataset into a low-mid elevational
band where orchid richness peaks (‘band-1"; 1150-2500m) and mid-
high elevational band where orchid richness decreases (‘band-2’;
2501-3500m). This design allows us to decompose the effects of

elevation and spatial scales in compositional turnover.
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2.6 | Quantifying the roles of niche-based and
neutral-based processes

To determine the relative influence of niche-based (environment)
and neutral-based (distance) processes, we used variation par-
titioning jointly with the Moran spectral randomization (MSR)
method. MSR accounts for spurious spatial correlations (Borcard
et al,, 1992; Clappe et al., 2018; Peres-Neto et al., 2006; Wagner
& Dray, 2015).

Variation partitioning is a widely implemented statistical tool
used to disentangle the roles of niche-based and neutral-based
processes (via dispersal limitation) by quantifying the relative
importance of variation in compositional turnover explained by
the environmental and spatial components and their shared ef-
fect (Borcard et al., 1992; Smith & Lundholm, 2010). Variation
partitioning decouples the total variation in communities into
four fractions of variation: [a] unique variation explained by the
environment, [b] environment and space combined, [c] unique
variation due to space and [d] non-explained (residual) variation.
Thus, pure environmental effects on community turnover can be
inferred if the environment [a] fraction is larger than the spatial
[c] fraction, while pure spatial effects without an environmental
component is interpreted as the effect of dispersal limitation, as
[c] fraction is larger than [a] fraction.

We used constrained null models from MSR to account for spa-
tial autocorrelations in variation partitioning. Given the ubiquity
of spatial autocorrelation in environmental data, spurious spatial
autocorrelations can bias direct gradient analyses and inflate the
variation explained by the environmental component, underesti-
mating the role of spatial structure (Clappe et al., 2018; Wagner &
Dray, 2015). MSR allows for the separation of the contributions of
spatially structured communities via environment, by confronting
the observed result with what is expected under neutral dynamics
due to spurious relationships between autocorrelated species and
environmental dynamics (Clappe et al., 2018; Wagner & Dray, 2015).

We ran three sets of variation partitioning analyses: (i) whole
gradient, (i) by habitat type and (iii) partitioned by elevational bands
(low-mid band-1 and mid-high band-2). Each analysis was performed
for geographical distance (GD +environment), elevation (Ele +envi-
ronment) and both distances together (GD + Ele; except for the hab-
itat analysis).

Each variation partitioning model was fitted with the principal
component analysis of the orchid communities as response vari-
able, the generated spatial predictors (i.e. MEM's of geographical
and elevational distance) and the environmental predictors. Prior
to analyses, the species by site matrix was Hellinger transformed
(Legendre & Gallagher, 2001). This standardised matrix was analysed
via centred principal component analysis using adjusted R? values
and forward selection procedure (Peres-Neto et al., 2006). All en-
vironmental variables were scaled to a mean of zero and variance
of +/-1. The explained variance fractions were based on adjusted
fractions, which accounted for the number of variables and sample
sizes (Stéphane et al., 2017).

2.6.1 | Software

Analyses were carried out in R Statistical Software (v4.1.3; R Core
Team,2022)usingthe packagesTipyverse fordataformatting(Wickham
et al., 2019); spatial and multivariable analyses with ADEsPATIAL
(Stéphane et al., 2017) and vecan (Oksanen et al., 2017); imputation
with mice (Buuren & van Buuren & Groothuis-Oudshoorn, 2011), lin-
ear models with cLMMTMB (Brooks, Kristensen, et al., 2017; Brooks,
Mittermeier, et al., 2017) and camm4 (S. Wood & Scheipl, 2020); beta
diversity with BeTapART (Baselga & Orme, 2012); and scientific figures
with cepLot2 (Wickham & Winston, 2015) and maps on QGis 3.16
(QGIS.org, 2021).

3 | RESULTS

We found 331 orchid species (277 species and 54 morphospecies) in
171 (51%) of our 332 plots. The most widespread species was Dichaea
morrisi (recorded in 18 plots). Epiphytic orchids composed 91.6% of
the total species pool (303 vs. 28 terrestrial species). Orchid com-
munities were mainly composed of singletons (44.2%), doubletons
(18.5%), and species with fewer than five records (23%) across all
sampled sites, while just 4% of species (15 species) were recorded in
10 to 18 plots (Table S2). Our sampling coverage for each habitat was
optimal (coverage=0.99 overall, Supporting Information, Figure S2).
Eleven new orchid species to science were found in the forest habi-
tat, with published descriptions forthcoming (E. Parra-Sanchez, un-

publi. data), while no species were found in high-elevation pastures.

3.1 | Compositional turnover

High compositional turnover was the dominant pattern across
habitats, elevations, and geographical extents. Considering all
possible pairs of comparisons across all sampled sites, total mean
beta-diversity was high (beta=0.88). Compositional turnover re-
mained equally high at low to mid elevations, but decreased at
high elevations, with an inflection point at around 2800m (GAMM,;
Estimate=3.14, z-value=10.72, edf =3.05, p-value=0.02; Figure 2).

At the regional scale, compositional turnover was high across
habitats (mean, forest=0.79, paramos=0.90, pasture=0.98,
Figure 3a). This high compositional turnover was not statistically sig-
nificant different across habitats (within-forest vs. within-paramo,
t-value=0.89, p-value=0.38; within-forest vs. within-pasture, t-
value=1.40, p-value=0.18).

At the local scale, species turnover was higher between
forests and pasture habitats (mean=0.98, range=0.33-1), fol-
lowed by compositional turnover within-pastures (mean=0.92,
range=0.25-1), within-paramos (mean=0.81, range=0.40-
1), and with the lowest turnover within-forests (mean=0.78,
range=0.25-1, Figure 3b). Our models show that composi-
tional turnover at this scale was only significant for within-
forest vs. forest-pasture (z-value=-4.06, p-value <0.01). Model
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performance was good with no overdispersion (ratio=0.80, p-
value=0.06) or zero-inflation issues (zero-inflation test, ratio=0.
99, p-value=0.98; correlation between sites >35%).
Compositional turnover was also high across elevational bands.
Specifically, turnover across low-mid elevations was significantly
different across all habitats (band-1, within-forest vs. forest-pasture,
z-value=-2.79, p-value<0.01; within-forest vs. within-pasture,
z-value=2.47, p-value<0.01; Figure 4a). The model performed
with a good degree of confidence (Test dispersion, ratio=0.96, p-
value=0.78; test zero-inflation, ratio=0.99, p-value=0.98; cor-
relation between sites <0.28). Likewise, turnover was high across

compositional turnover (scaled)

_LU_'_LLLLLUJULUIMIJUHILIMMI[HUMILMLLUJHMFLUU_IJUI_[_LLL

1500 2000 2500 3000 3500

Elevation (m a.s.l.)

FIGURE 2 Elevation pattern of orchid compositional turnover.
Tick marks on the x-axis represent sampled plots along the
elevation gradient and the Y-axis represent the smooth function of
the centred values of compositional turnover. The grey area shows
95% confidence intervals around the prediction.

habitats at mid-high elevations (band-2; Figure 4b), while within-
forest versus within-pastures (z-value=1.85, p-value=0.04;
Supporting Information 2) and within-forest versus within-paramo
(z-value=-1.04, p-value=0.03) were statistically different. The
model presented good behaviour (dispersion test, ratio=1.49, p-
value <0.01; zero-inflation test, ratio=0.81, p-value=0.22; correla-

tion between sites <0.19; Supporting Information 2).

3.2 | Quantifying the roles of niche-based and
neutral-based processes

Geographical distance (proxy of niche-based process) was the single
best predictor that consistently explained the variation of composi-
tional turnover across scales, elevation and habitat types, albeit the
residual (unexplained) fraction was the largest fraction across mod-
els (p-value <0.05; Supporting Information 2). The principal com-
ponent models of community composition were significant across
analyses (geographical distance, adjusted R2=0.18, p-value <0.01;
elevation adjusted R%=0.26, p-value<0.001).

We found that the spatial fraction (neutral-based process) in
the form of geographical distance accounted for the largest pro-
portion of the variance explained in orchid communities against
the environmental fraction (GD=10.9%-15.5% vs. Ele=0.3%-1.1%)
and the shared fraction (GD+Environment; GD=10.4-14.9 vs.
GD +Ele=0.06-0.90; Figure 5). Elevation was more important than
the environmental fraction in explaining compositional turnover
only when analysing the whole gradient, albeit with very low vari-
ance explained (2.2% vs. 1.4% environment). Likewise, the spatial
fraction (neutral-based process) was important across the two spa-

tial grains of analyses, at the fine-scale (variance explained 2.4 %;
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FIGURE 3 Compositional turnover across forest, pasture and paramos at regional (a) and local scale (b). The shaded area indicates the
kernel density of the turnover range of each habitat type. The violin plots show the median turnover value, the 25th and 75th percentile
range for habitat type. The circular dots represent the outliers in observed records of compositional turnover at each sampled plot.
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FIGURE 4 Local compositional turnover at (a) band 1 between 1163 and 2500m; and (b) band 2 between 2500 and 3763 m within forest,
pasture and paramos across all elevational bands. The shaded area indicates the kernel density of the turnover range of each habitat type.
The violin plots show the median turnover value, the 25th and 75th percentile range for habitat type. The circular dots represent the outliers

in observed records of compositional turnover at each sampled plot.

MEM 20-30) and broad-scale MEMs (GD, variance explained 7.4%;
MEMs 1-10; Supporting Information 2).

The environmental fraction explained more variance for band 1
and band 2 than elevation per se, although explaining a very low pro-
portion of the variance (band 1, 1.9 vs. 0.03 elevation; band 2, 2.6 vs.
1.9 elevation). The shared influence of the GD + Environment frac-
tion was negligible in explaining community structure across models
and elevation bands (0.11%-1.39%, Supporting Information). Across
habitat types, communities were also more responsive to GD as the
major process involved shaping forest habitats (15.6% vs. 0.03%
environment) and pasture habitats (5.82 % vs. 0.01% environment;

Supporting Information 2).

4 | DISCUSSION

We found a strong pattern of high compositional turnover driven
by dispersal limitation (neutral-based process) shaping communities
along elevations, habitats and spatial scales. We provide evidence
of highly distinct communities even within the same habitat, where
communities are mainly composed of a large pool of rare species
that might be more responsive to dispersal limitation and much less
to environmental (natural and anthropogenic) conditions across spa-

tial scales.

4.1 | Compositional turnover

Our expectation of high turnover was validated because a large pro-
portion of the sampled species (85.7%) were found in fewer than five
plots even within the same habitat. Although several studies have

shown the same pattern across different taxa, our study captures
it at the finest scale (within the same habitat; Malizia et al., 2020;
Mufioz Mazén et al., 2021; Tello et al., 2015). Wind-dispersed organ-
isms are expected to attain larger geographical distribution ranges
and be less sensitive to geographical distances (Qian & Guo, 2010;
Tuomisto et al., 2003). However, our findings are consistent with
previous studies in which local epiphyte communities have few
highly abundant and several rare species (Benavides et al., 2011,
Janzen et al., 2020; Laube et al., 2006). Communities show ex-
tremely local diversity-clusters with populations of some species
clumped within the same forest (Acevedo et al., 2020; Kindlmann
et al., 2014; Olaya-Arenas et al., 2011). Likewise, as reported for
epiphytic vascular communities, orchids might show some degree of
near-neutral structuring, potentially due to their high degree of eco-
logical equivalence among species (Catchpole & Kirkpatrick, 2010;
Janzen et al., 2020). Evidence also suggests that populations within
forests have very low dispersal ranges (4.8 m on average) and their
dispersion is asymmetrically driven by wind direction (Murren &
Ellison, 1998), with low colonisation success (Acevedo et al., 2020;
Kindlmann et al., 2014; Olaya-Arenas et al., 2011).

The main pattern on mountainous communities consists of high
turnover at low elevations and lower turnover at high elevation
across taxa (Du et al., 2021; Kraft et al., 2011; Peters et al., 2019).
Our results mirror this pattern, revealing decreasing compositional
turnover as elevation increases, possibly due to lower availability
of habitats (e.g. absence of trees in paramo shrublands and grass-
lands for epiphytic plants), evolutionary isolation, and lack of more
stable eco-evolutionary adaptations to high elevation habitats
such as UV-protection (Arellano et al., 2017; Truijillo et al., 2019).
There is evidence that dispersal limitation, not elevation, affects
colonisation-extinction dynamics in a well-studied orchid species at
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FIGURE 5 Variation partitioning of the relative effects of elevation (Ele), environmental variables and geographical distance (GD)

on orchid community composition. Community variation was partitioned using principal component analysis on Hellinger-transformed
community data. (a) shows the relative loads of the environmental variables (cloud: percent of cloud cover, precipitation (mm), tree

structure (PCA axis 1); elevation; forest cover (%)) across communities for the geographical distance model of the whole gradient (GD in the
barplot). (b) depicts the relative loads of geographical distance MEMs predictors across communities for the geographical distance model

of the whole gradient (GD in the barplot). (c) shows the variance explained of all models from the variation partitioning models after MSR
corrections (adjusted coefficient of multiple determination). From top-down, barplots show models based on geographical distance for

the whole gradient (GD), GD of band 1 (GD B1), GD of band 2 (GD B2), GD of broad spatial scales (GD broad refers to models using broad
spatial scales MEMs), GD of fine spatial scales (GD fine refers to models using fine spatial scales MEMs); and then, distance models based on
elevation, for the whole gradient (elevation), elevation of band 1 (elevation B1), elevation of band 2 (elevation B2), elevation of broad spatial
scales (elevation broad refers to models using broad spatial scales MEMs) and elevation of fine spatial scales (elevation fine refers to models
using fine spatial scales MEMs). Finally, barplots of geographical and elevational MEMs in the same models for the whole gradient (GD +Ele),

across band 1 (GD +Ele B1) and band 2 (GD +Ele B2).

mid elevations (Acevedo et al., 2020). However, the role of elevation
on groups with large numbers of rare species would require more
refined studies on its role in compositional turnover.

We found that compositional turnover among paired forest
and pasture plots was very high (79%-100% in average of the total
beta diversity is given by species turnover across scales), implying
that forest species cannot tolerate pasture conditions. This pat-
tern across scales and elevational bands shows that harsh con-
ditions in pastures across human-modified landscapes, including
lower number of phorophytes, higher temperature (vs forest), and
lower humidity (vs forest), have strong effects on species compo-
sition (de la Rosa-Manzano et al., 2014; Einzmann & Zotz, 2017,
Zotz & Bader, 2009). In contrast, empirical and theorical studies

reveal that community convergence (i.e. the decrease in compo-
sitional turnover between communities, biotic homogenization)
is associated with human-modification of landscapes, pointing
to small subsets of species capable of surviving under harsh con-
ditions (Brooks, Kristensen, et al.,, 2017; Brooks, Mittermeier,
et al., 2017; Jamoneau et al., 2012; McKinney & Lockwood, 1999).
Our results challenge this expectation (Hurtado-M et al., 2021).
We found that pastures had one of the highest compositional
turnovers across habitats (88%-100% of species turnover), show-
ing that few species are shared within the habitat with the high-
est degree of human intervention. The high orchid turnover in
pastures implies that community convergence is only possible if
species can disperse and successfully colonise these less-suitable
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areas (McKinney & Lockwood, 1999; Olden et al., 2004), or is re-
lated to historical factors such as past low landscape connectivity
(Hurtado-M et al., 2021).

4.2 | Theroles of niche-based and neutral-
based processes

Our study supports neutral-based processes shaping mountainous
community turnover across spatial scales, elevations, and habitat
types with low to almost negligible effects of the environment
and its shared proportion (Environment+Space). This aligns with
research suggesting dispersal limitation as the dominating process
in hyperdiverse forests with high levels of taxonomic rarity (Du
et al., 2021; Mufoz Mazén et al., 2021; Myers et al., 2013), with
the pattern potentially emerging when present-day tree species'
dissimilarity responds to low landscape connectivity in the past
(Arroyo-Rodriguez et al., 2017; Hurtado-M et al., 2021). For in-
stance, 58% of endemic orchids in Ecuador are restricted to one
forest type and 26% to two forest types (Endara et al., 2009), and
78% of orchid species from three genera in the Eastern cordillera
of Colombia have been found only once or twice in its natural
habitat (E. Parra-Sanchez, unpubli. data). Thus, dispersal-limitation
processes shape our communities structured largely by uncom-
mon species, consistent with many Neotropical orchid species that
have narrow distributions (Jost, 2004), exhibit high mortality rates
(Zuleta et al., 2016), or have only one successful migrant per gen-
eration (Tremblay et al., 1998).

We found several species of the same genus coexisting and
new species of the most species-rich genus in the same local hab-
itat (genera Lepanthes and Epidendrum, E. Parra-Sanchez, unpubli.
data), signalling potential parapatric evolution (i.e. speciation when
populations overlap geographically). Following the rapid origination
of new montane ecosystems after to the fluid orogenetic history
of Northern Andes (Pérez-Escobar et al., 2022), orchid lineages
experienced rapid in-situ diversifications in these newly available
ecosystems (Pérez-Escobar, Chomicki, et al., 2017), specialising in
micro-habitats (e.g. tree branches, boles). Such rapid diversification
was also fuelled by the evolution of specific interactions with pol-
linators (e.g. Ackerman et al., 2023; Ramirez et al., 2011) and the
abundance of mycorrhizal fungi necessary for germination and sur-
vival (McCormick et al., 2018; Romero-Salazar et al., 2022), thus
enabling speciation under either parapatric or peripatric processes
(Pérez-Escobar, Gottschling, et al., 2017). Since mycorrhizae are
adapted to very specific substrate chemistry and conditions, as well
as pollinators, the distribution of orchids might be strongly linked
to those of their corresponding mycorrhiza and pollinators. It is
tempting to hypothesize that a niche-based process might be acting
at an extremely narrow spatial scale promoting niche partitioning
(Mccormick & Jacquemyn, 2014), undetectable at the scale we stud-
ied here. Thus, our findings align with the idea of regional neutrality
as a consequence of local adaptive niche evolution and niche conser-
vatism (Linck et al., 2021).

Overall, the influence of geographical distance consistently was
the best predictor across analysis, but the unexplained component
dominated the observed variance. The unexplained fraction should
not immediately translate into complete stochasticity. In variation
partitioning analyses, the unexplained fraction varies with sampling
(e.g. length and location along the gradient, or under sampling),
and the spatial structure of unmeasured environmental variables.
Rapid assessments can overestimate compositional turnover be-
cause of ‘sampling effects’ and confound observed compositional
turnover when quantifying the relative importance of local driving
mechanisms (Tuomisto et al., 2012; Wagner & Dray, 2015). Also,
our sampling largely included understory communities where con-
ditions might act as an environmental ‘prefilter’ for shade-preferring
species (vs canopy epiphytes). Nonetheless, we found eleven new
orchid species to science (E. Parra-Sanchez, unpubli. data) and three
other species never found before in their natural habitat (E. Parra-
Sanchez, unpubli. data), and 49.6% of species sampled here have
been recorded only a few times in nature (<=10 records; E. Parra-
Sanchez, unpubli. data). Our findings highlight that most species are
spatially restricted suggesting that our sampling did not overly bias
our results. Hence, the full spectrum of community turnover process
might require the inclusion of more refined predictors related to bi-
otic interactions at lower spatial resolution (Taylor et al., 2019), the
inclusion of canopy species (Parra-Sanchez & Banks-Leite, 2020),
and assessing the scale-of-effects of landscape predictors (Jackson
& Fahrig, 2015).

4.3 | Management implications and conclusion

Our findings of the role of dispersal limitation in structuring orchid
communities draws attention to the need to value all forest frag-
ments in the landscape to preserve high levels of structural con-
nectivity. For instance, private protected areas connected to the
network of national parks, that are usually large unconnected pro-
tected areas, may improve the probability of an adequate number
of propagules to disperse across landscapes (Acevedo et al., 2020;
Arroyo-Rodriguez et al., 2020).

The roles of niche- and neutral-based processes are one of the
most debated concepts in modern ecology because they can ex-
plain the prevailing forces shaping community assembly. Across the
most hyperdiverse mountainous region worldwide, we showed that
dispersal limitation is a key driver of compositional turnover across
wind-dispersed communities. The mechanisms influencing species
turnover might be controlled by direct and indirect dynamics in
communities across spatial gradients. For example, species disper-
sal might be strongly dependent upon macroevolutionary processes
and species life-history traits that structure communities over mul-

tiple scales.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

Table S1. Spatial autocorrelation among communities and
environmental and geographical predictors. Table shows the
positive (I+) and negative (I-) parts of Moran's | test, observed
value (Obs.), standard deviation of the observed value (Std.Obs.),
alternative hypothesis (greater or less), and adjusted p-value
(alpha=0.05).

Table S2. Number of species by occurrence category. Singletons
(species present in one plot), doubletons (species present in two
plots), species present across 3-5 plots, 5-10 plots, or >10 sampling
plots.

Table S3. Beta diversity average (mean), maximum (Max), minimum
(Min) and standard deviation (SD) across orchid communities within
each habitat type at regional scale.

Figure S1. Spearman momentum pairwise correlations between
natural and anthropogenic predictors. Graph depicts trend (red line),
arithmetic mean (red dot), distribution (blue bar) and trend between
pairwise correlations (black line over bars), and correlation (positive

or negative proportions over the diagonal).

Figure S2. Elevation pattern of orchid speciesrichness and abundance
in forests (green), pastures (light orange), and (dark orange). Bubble
size show the total abundance of all orchids in the plot.

Figure S3. Species accumulation curve across forest, paramo and
pasturelands. Rarefaction curves based on Sample-size-based of Hill
numbers (g=0). Interpolation (line) and extrapolation (dotted line)
and 95% confidence intervals shown the estimated species diversity
by habitat type at the sample size=8000 individuals. Sampling by
habitat type was optimal across Andean Forest (Forest in green,
coverage=0.99 +/- 250.52-255.42), Andean pastures (Pastures
in orange, coverage=0.99 +/- 50.25-54.80), and Paramo habitats
(Paramo in red, coverage=0.99 +/- 11.280-17.096).
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overrule niche-based processes in shaping tropical montane
orchid communities across spatial scales. Journal of Ecology,
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