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4.1 - Introduction
The tropical mountain grassland in the Andes also called páramo sustains a high number of
plant species morphologically and physiologically adapted to high elevation constraints (Luteyn
1999). Páramo constitutes open vegetation scattered along the northern Andes between 3000
and 5000 m above sea level (a.s.l) (Luteyn 1999). Páramos are located from Venezuela to
Ecuador with outliers towards the south to Perú and Bolivia, and to the north to Panamá and
Costa Rica (Cleef 1981). This biogeographic region contains 6145 plant species belonging to 137
families (Rangel-Ch 2018), hosting the highest species richness among mountain grassland in
the world (Cleef 1978). Plants are perennial, generally small and have sclerophyllous leaves,
and they have specially adapted growth forms such as giant rosettes (caulirosettes), tussocks,
basal rosettes, cushion, and dwarf shrubs as mechanisms to tolerate environmental constraints
(Tol and Cleef 1994, Smith and Young 1987, Hedberg and Hedberg 1979). The climate is nonseasonal with extreme diurnal temperature fluctuations and low mean annual temperatures that
range between 2°C to 10°C. Soils are mainly acidic with low nutrient availability (Luteyn 1999).
Within páramo ecosystems, edaphic differences and microclimate conditions highly influence
the spatial distribution, physiognomy and dominant floristic composition of the vegetation (van
der Hammen and Cleef 1986). Phytosociological and phytogeographical studies of páramo
vegetation (Rangel-Ch 2018, Peyre et al. 2018, Cuesta et al. 2017, Alzate-Guarín and MurilloSerna 2016, Londoño et al. 2014, Cuello and Cleef 2009, Lozano et al. 2009, Cleef 1981) have
generally shown that environmental conditions determine the diversity and composition of plant
communities. Yet, our understanding of how environmental change controls the abundance and
regional distribution of mountain plant species is very limited (Carilla et al. 2018, Tovar et al.
2013). Insights in the driving factors of abundance and distribution of páramo plant species
are essential for conservation efforts (e.g. species prioritization, restoration, risk assessment
schemes), as well as for improving species distribution programs (Amaya-Espinel et al. 2011).
Intraspecific variation in ecological and life-history traits is a feature that potentially influences the abundance and distribution of species in heterogeneous environments (Umaña et al.
2015, Geng et al. 2012, Murray et al. 2002). Intraspecific trait variability expresses the range of
possible trait values as well as the variability of what is functionally experienced by individuals
of a given species living at certain environmental conditions (Albert et al. 2010b). It results from
genetic and environmental mechanisms and their interaction (Albert et al. 2011). Phenotypic
variation is often considered to be a functional response that maximizes species fitness in highly
variable conditions (Coleman et al. 1994). At different spatial scales, trait variability might
reflect the effect that different environmental conditions exert on the species (Chalmandrier et
al. 2017). In heterogeneous environments, abundant species might exhibit a large phenotypic
variability and broad tolerances in order to perform well under a variety of abiotic and biotic
conditions (Sides et al. 2014, Violle et al. 2012). Environmental heterogeneity comprises a wide
range of biotic (e.g; vegetation patches, structure) and abiotic conditions (e.g., microclimatic
conditions, soil types, topographic relief) (Stein et al. 2014). As habitat heterogeneity tends
to increase with geographical distance, wide-ranging species are generally able to use a large
array of resources and to tolerate broad environmental conditions or physiological stresses, and
hence grow over a larger area (Geng et al. 2012). Species’ occupancy patterns describes a wide
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array of spatial and temporal patterns of abundance and distribution (Kunin and Gaston 1993).
At local or regional scales, occupancy is a measure of the number of individuals of the local
population representing the abundance (Brown 1984). At larger scales, the distribution of the
species is quantified either by the extent between the outermost limits of the species’ occurrence
or the area over which the species is actually found (Brown 1984, Gaston 1994).
Abundance and distribution of species are likely to be affected by the ability of species to establish a new population and proliferate, which might be influenced by traits related to resource
acquisition or competitiveness such as SLA and plant height (Estrada et al. 2015). Thus, in this
study we asked whether the abundance and distribution of vascular plant species in the páramo
of Colombia is related to intraspecific variability of two traits related to species’ persistence:
specific leaf area (SLA) and plant height. SLA is a proxy of resource acquisition, light capture,
and life-span (Wilson et al. 1999, Westoby 1998). Páramo plants generally show low SLA values
in order to cope with low temperatures, strong winds, and low nutrient supply (Almeida et
al. 2013, Diemer 1998a, 1998b, Körner 2003, 1995). In páramo grasslands, short plants are
selected as the low temperature constrains plant growth (Körner 2003). Plant height reflects
plant fitness related to carbon accumulation and growth (Westoby 1998). We hypothesized that
species with a higher intraspecific variability in SLA or plant height would be more abundant
and more widely distributed than species with lower intraspecific trait variability.

4.2 - Methods
Field sites
The study was conducted in four semi-natural páramos, three located in the south of Colombia:
Cumbal (0°56’ N and 077°50’ W), Paja Blanca (0°59’ N and 077°37’ W), Ovejas-Tauso (1°09’ N
and 77°20’ W), and one located more to the north, in the Cordillera Oriental: Verjón (4° 34’ N
and 74° 01’ W) (Figure 4-1). In all areas, the mean annual precipitation is between 900 mm
and 2000 mm and the soils are generally developed in volcanic ashes, showing a high organic
matter content and a strong acidity (SDA 2010, Morales et al. 2007, Solarte-Cruz et al. 2007).
Commonly found vascular plant species belong to Ageratina, Azorella, Blechnum, Calamagrostis,
Carex, Disterigma, Espeletia, Festuca, Jamesonia, Miconia, Oreobolus and Paspalum.
Fieldwork
Between 2013 and 2014, 100 1-m2 plots were established in semi-natural páramo vegetation
undisturbed by human activities for at least ten years. Plots were randomly placed at elevations
between 3400 and 3700 m above sea level (a.s.l.). Steep slopes, ravines, and peat bogs were
excluded. Plot locations were at least 100 m apart from each other (as the crow flies) to avoid
spatial autocorrelation. In each plot the number of plants (density) of each vascular plant
species was counted. Clonally growing plants were defined as a plant clump of continuous
cover that was spatially separated from neighbouring clumps of the same species (Johnson
et al. 1988). Plant species that were not directly identified in the field were collected for
identification at the herbarium of the Universidad de Nariño. In all plots, a total of 156 species
were observed, of which 96 species were fully identified. Nomenclature followed The Plant
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Figure 4-1: Map of the field site locations.

List (2010). We measured plant height and SLA following recommendations by Cornelissen
et al. (2003). In each plot we recorded plant height from at least five adult individuals (i.e.,
plants with full-grown leaves) of each species. Height was measured as the length from the soil
surface to the apical leaf, using a tape measure with a margin of error of 0.1 cm. From each of
the plants from which height was recorded, we collected at least one, and up to five leaves for
SLA measurements. These leaves were marked, stored separately, and kept in a fridge at 3-4°C
until they were scanned. We calculated leaf area using the software ImageJ 1.48v (Schneider
et al. 2012) following Glozer (2008). Subsequently, the leaves were dried at 80°C until constant
weights, and weighed on a precision balance Ohaus PA214 (± 0.1 mg).
Abundance and distribution of the species
For each species, we calculated a measure of local abundance as the average plot density
of a particular species, with the average taken across all plots where the species occurred.
The regional abundance of a species was calculated by summing all plot densities of that
species registered everywhere. To quantify the regional distribution of each species, we used
latitudinal extent, defined as the distance between the northern- and southernmost limits
of species presence (Gaston 1994, Akwood et al. 1993). For this, we compiled coordinates of
species occurrences in the Americas from the Global Biodiversity Information Facility (GBIF 20172018), and the Botanical Garden Herbarium – Bogotá (Herbario JBB 2018). As a consequence,
latitudinal extent was only defined for the fully identified species. Species occurrences were
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checked using regional floras and catalogues (Plunkett and Nicolas 2017, Calviño et al. 2016,
Vargas 2011, Wheeler and Beck 2011, Stancik and Peterson 2007, Rolleri and Prada 2006).
Intraspecific variability of SLA and plant height
For each species, we quantified the intraspecific variability of SLA and plant height as the
coefficient of variation, i.e., the ratio of the standard deviation to the mean. Because the values
of SLA and plant height were log-normally distributed, we calculated the mean trait value of
each species in arithmetic units (Thomopoulos 2017) in the following way:

𝑀𝑒𝑎𝑛 = 𝑒𝑥 𝑝(𝜇𝑖 ) ∗ 𝑠𝑞𝑟𝑡 (𝜎2𝑖 )
with 𝑖 and 𝜎2𝑖 as the maximum likelihood estimators of the mean and variance of the
ln-transformed trait values of species i. Then, we calculated the coefficient of variation (CV)
(Albert et al. 2010a) in arithmetic units for each species as follows:

𝐶𝑉𝑖 = 𝑠𝑞𝑟𝑡 (𝑒𝑥 𝑝(𝜎2𝑖 ) − 1)
in which 𝜎2𝑖 was the maximum likelihood estimator of the variance of the ln-transformed trait
values of species i.
Correlation analysis between explanatory variables
We wanted to explore the relationship between the local abundance, regional abundance and
the latitudinal extent of the species to test whether or not abundant species are also wider
distributed along the latitudinal extent. We applied a Spearman rank correlation.
Regression analysis
We asked whether the abundance (local and regional) and the regional distribution of the
species were explained by trait variability. To answer this question, we used ordinary least
squares regression, as follows:

𝑀𝑜𝑑𝑒𝑙 = 𝑙𝑚(𝑙𝑜𝑔 (𝑌𝑖 ) ∼ 𝐶𝑉𝑖 + 𝑔𝑟𝑜𝑤𝑡ℎ𝑓 𝑜𝑟𝑚𝑖
in which for each species i, Y represented the local or regional abundance, or the latitudinal
extent, and CV the coefficient of variation of SLA or plant height. The growth form of each
species was included as explanatory variable to account for effects of physiognomy on the effect
of interspecific trait variability on the abundance and distribution of the species. The residuals
of the models were validated. In cross-species analyses, strong phylogenetic relationships
between species may invalidate F-tests and t-tests of the regression model (Zuur et al. 2009).
We tested if the residuals of the regression models contained phylogenetic signal, by examining
the significance of Pagel’s lambda (Münkemüller et al. 2012, Pagel 1999) using the phylosig
function in the phytools package (Revell 2017). We obtained the phylogenetic information of
our pool of species by extracting the information from the super tree in Phylomatic (Webb
and Donghue 2005) and used the R20120829 tree for plants, since our records include ferns.
We assigned branch lengths using the Bladj function in Phylocom 4.2 (Webb et al. 2008) and
applied this calibration using the file agescl following Gastauer and Meira-Nieto 2013. Because
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values of Pagel’s lambda were not significant, we concluded that the residuals did not show
any significant phylogenetic signal, for which reason we showed and interpreted the outcomes
of the ordinary least squares regression model (Revell 2010). Further residual analyses are in
Appendix 4-1. All analyses were done in the software R (R Core Team 2017).

4.3 - Results
We registered a total of 10211 vascular plants along 100 plots of one square meter in four areas of
semi-natural páramos between 3354 and 3726 m above sea level (a.s.l). These plants represent
156 species, 72 families and 78 genera. Tussocks and shrubs accounted for 50% of the total
abundance. The local abundance for each species varied from 2 to 52 plants and the regional
abundance from 2 to 944 plants. We registered 96 species that were unique for one páramo site,
comprising 59% of the species (Figure 4-2). The latitudinal extent of the species ranged from
157 km for the endemic species Aragoa abietina Kunth to 11249 km for the widespread species
Juncus effusus L. We found that 37 species were distributed across the biogeographical páramo
region (between latitudes 11° N and 8° S following Luteyn 1999) and 60 species were distributed
in páramo and areas beyond these limits (Figure 4-2). The Spearman rank correlation (rs)
showed that local and regional abundance were correlated (rs= 0.78), but the latitudinal extent
of the species did not show a correlation with local abundance (rs= 0.13) or regional abundance
(rs= 0.08).
For SLA and plant height, we collected information from 3998 plants. Overall species, the
mean value of the coefficient of variation was 0.35 (0.20 SD) for SLA and 0.44 (0.26 SD) for
plant height (Appendix 4-2). Mean values for SLA ranged from 3.5 m2 kg−1 for Blechnum
loxense (Kunth) Hook. ex Salomon to 57.0 m2 kg−1 for Pinguicula calyptrata Kunth. And
mean values for plant height varied from 1.7 cm for Pinguicula calyptrata to 92 cm for Espeletia
grandiflora Bonpl. (Appendix 4-3). Our results from the linear regression analysis showed
that patterns in the abundance and distribution of páramo plant species were associated with
their intraspecific trait variability. Plants with higher intraspecific variability in SLA were more
locally and regionally abundant and showed a wider latitudinal distribution (Table 4-1; Figure 43). Intraspecific variability in plant height was associated with a higher local and regional
abundance of the species but did not show a relationship with the latitudinal distribution of the
species (Table 4-1; Figure 4-4).
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Figure 4-2: Frequency plots indicating the distribution patterns of local abundance, regional
abundance and latitudinal extent. For local and regional abundance, we show the distribution
of species that were recorded in one study site and species registered in more than one study
site. For latitudinal extent, we show de distribution of species recorded in páramo and in extrapáramo sites that represent areas beyond the limits of the biogeographical region of the páramo
(11° N and 8° S Luteyn 1999).
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Figure 4-3: Relationships between the coefficient of variation of SLA the local and regional
abundance and distribution of the plant species. The line represents the linear smoothing
method (lm) between the variables.
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Figure 4-4: Relationships between the coefficient of variation of plant height and the local
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smoothing method (lm) between the variables.
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coefficient of variation (C.V) of specific leaf area (SLA) and plant height. Abundance and distribution variables were log transformed. Significance

Table 4-1: Anova results from the regression models between the local abundance, regional abundance and the distribution of the species and the

4.4 - Discussion
Intraspecific trait variability related to local and regional abundance
Plants with higher intraspecific variability in SLA and plant height showed a higher abundance at local and regional scale.

A higher local and regional abundance represents the

species’ capacity to occupy different micro-environmental conditions within páramo ecosystems. Páramos are characterized by extremely variable conditions and low nutrient availability
(Luteyn 1999). Trait variability in heterogeneous habitats may favour the ability of the species
to occupy different micro-environmental conditions (Li et al. 2016, Wellstein et al. 2013, Bradshaw 1965). Plants have the ability to adjust their physiological, morphological or phenological
characteristics in response to their abiotic and biotic environment (Li et al. 2016). One of
the mechanisms to do that is via intraspecific trait variability. SLA and plant height are traits
that respond to soil resource availability, light variability (Luo et al. 2016, Poorter et al. 2009,
Lambers and Poorter 1992), and biotic interactions (De la Riva et al. 2016, Moles et al. 2009). It
is known that species living in low-resource environments minimize their tissue loss rather than
maximize their resource gain displaying conservative strategies such as low SLA, and longer
leaf life-span (Reich et al. 1997, Lambers and Poorter 1992). Páramo plant species are characterized by low SLA values (Diemer 1998a,b) which appears to be associated with persistence
rather than with the competitive ability of the species (Lambers and Poorter 1992). On the
other hand, plant height is mainly related to a plants’ ability to compete for light (Moles et
al. 2009), which is thus determined by plant interactions (Westoby et al. 2002). For perennial
species, small differences in stature may have a critical effect on survival (Grime 1979). Páramos
have a highly dense canopy structure, and plant species might benefit from having variability
in plant height in competition with coexisting species. Our results suggest that species with a
higher intraspecific variability in SLA and plant height might reach larger population densities.
Although other processes and trade-offs may be involved in determining species abundances in
páramos, at this spatial scale intraspecific trait variability in SLA and plant height was a good
predictor of species abundances.
Intraspecific trait variability and latitudinal distribution of the species
Our results further showed that the intraspecific trait variability in SLA was positively linked
to the latitudinal extent of the species; wider distributed species differ more from narrowly
distributed species by having a higher variability in SLA. No such relationship was found for plant
height; wider and more narrowly distributed species showed similar patterns in the intraspecific
variability of plant height. Plant height strongly correlates to resource capture (regarding soil
nutrients and light), which defines a species’ ability to grow and compete with other species
(Gaudet and Keddy 1988, Chapin 1980). Our results suggest that a greater variability in plant
height as a growth-related trait allow páramo species to gain competitive advantages at local
and regional scale (e.g. population processes), which influences a higher abundance of plant
species, but does not confer an advantage between wider and more narrowly distributed species.
SLA is a manifestation of a trade-off between leaf longevity and photosynthetic capacity
(Westoby et al. 2002). SLA is considered a key plant trait and often serves as predictor of
many aspects of plant life-history (Li et al. 2016, Givnish 1987), such as relative growth and
persistence (Bonser 2006, Lambers and Poorter 1992). This might explain why intraspecific
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variability in SLA, in contrast to that of plant height, not only relates to species abundance
but also to latitudinal extent. Several studies carried out in non-páramo areas reported that
intraspecific variability of SLA did not relate to species’ geographical ranges (Chacón-Madrigal
et al. 2018, Geng et al. 2012). However, the páramo environment stands out from these areas
by its combination of harsh environmental conditions (i.e., low temperature and cloudiness, P
limitation and Al toxicity, reduced rooting depth, cooling and dryness by atmospheric convection,
strong wind) (Dahlgren et al. 2004, Körner 1995, Smith 1972) with a lack of seasonality. For
this reason, (Diemer 1998a, 1998b; see also Körner 1995, Reich et al. 1997) hypothesized that
páramo plants are subjected to selection for long-life spans of the leaves, which comes with
reduced leaf turnover, low rates of leaf initiation, and associated low SLA values. Thus, it can be
expected that species that extend their range beyond the boundaries of the proper páramo likely
show a larger interspecific variability in SLA, compared to species with a range restricted to
proper páramo. In conclusion, we found that vascular plant species with a higher interspecific
variability of SLA and plant height showed a higher local and regional abundance. However,
the latitudinal extent of these species was only related to the interspecific variability of SLA and
not to plant height. Our study is one of the first trait-based studies in páramo vegetation. These
results may contribute to more understanding of how functional plant traits drive the abundance
and occurrence of páramo plant species, which is essential for developing conservations and
restoration efforts of the páramo vegetation in the Andes (Zavaleta et al. 2009).
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