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Abstract In some internal valleys of the north-
ern Andes, precipitation at treeline elevation is sea-
sonal, with one or two dry periods that could exert
a strong control on tree seedling survival. However,
little is known about (1) the severity of the dry peri-
ods, due to a lack of climate data, or (2) the effect of
drought on tree seedling demographic dynamics and
how this is modulated by local plant interactions in
these tropical-alpine ecosystems. We studied annual
precipitation variation and seedling demography and
ecophysiology in relation to microclimate and neigh-
boring plants in a dry treeline ecotone at 3100 m a.s.1
in the Venezuelan Andes. We selected seedlings of
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the dominant tree species Cybianthus marginatus and
Clusia multiflora at three sites, each with three adja-
cent 10X 10-m plots within the forest, forest border,
and paramo. For both species, seedling density was
zero in the paramo and did not differ between border
and forest. Growth rates were low for both species,
but higher for Cybianthus in the border than in the
forest. Survival rates were high in both environments.
Low assimilation and transpiration rates were found
in both species regardless of the environment. The
spatial association of seedlings with moisture-regulat-
ing elements such as mosses, ferns and basal rosettes
may indicate a benefit of better hydric conditions in
their neighborhood. Our study shows a strong limi-
tation for tree establishment in the paramo, but high
rates of survival at the edge of the forest. This sug-
gests a scenario of slow potential forest expansion at
this tropical treeline, tree cover advancing in a closed
front by the successive formation of forest-edge veg-
etation allowing tree seedling establishment outside
of the forest.

Keywords Tropical treeline ecotone - Spatial
associations - Seedlings - Ecophysiological
responses - Clusia multiflora - Cybianthus marginatus

Introduction

In alpine treeline ecotones, tree seedlings are com-
monly found above the closed forest mixed in with
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the low-stature alpine vegetation, but these seedlings
rarely make it into adulthood; most die shortly after
establishment. High seedling mortality can be caused
by several factors, including desiccation, overheat-
ing, photodamage, pathogen attack and nightly frost
(Lett and Dorrepaal 2018). Newly established seed-
lings are disproportionately affected by these factors,
provoking mortality rates that can exceed 90% dur-
ing the first year of the cohort (Maher and Germino
2006; Batllori et al. 2009). After that, mortality tends
to decrease as seedlings become juveniles (Maher
and Germino 2006; Brodersen et al. 2019). Such high
seedling mortality rates are not uncommon in tree
populations, but as viable seeds are usually avail-
able in limited numbers at treeline, seedling mortal-
ity is particularly critical for treeline dynamics (Lett
and Dorrepaal 2018; Loranger et al. 2016; Brodersen
et al. 2019).

Tree establishment in open areas above continu-
ous forest usually depends not only on seed produc-
tion and dispersal but also on the availability of ‘safe
sites’ (sensu Harper 1977): sites with suitable condi-
tions for seed germination, seedling development and
long-term survival. Safe sites often involve sheltered
conditions, including shade or improved soil chem-
istry, moisture and thermal regimes. Such condi-
tions can be generated by structures like rocks, dead
stems (Johnson and Yeakley 2016), microtopography
(Resler et al. 2005) or by nurse plants (Germino et al.
2002; Llambi et al. 2013; Bueno and Llambi 2015).

Establishing tree seedlings are potentially lim-
ited by a wide range of environmental factors. Due
to their small size, limited reserves, and lack of pro-
tective structures compared with adults, tree seed-
lings are more sensitive (Germino et al. 2002; Graae
et al. 2011; Johnson and Yeakley 2016). However,
most of the classic treeline literature has focused on
the responses of adult trees, correlating their current
distribution or past growth and population dynamics
(based on dendrochronological techniques) to spatial
and temporal climate patterns (Holtmeier and Broll
2020). Recently though, seedling establishment pat-
terns and physiological responses are increasingly
emphasized in approaches to understand treeline
ecotone vegetation dynamics (see Lett and Dorrep-
aal 2018 for a review). Some authors have addressed
specific physiological causes of establishment limita-
tions, such as radiation damage (photoinhibition; Ger-
mino and Smith 1999), low-temperature limitation of
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carbon sink processes (Bansal and Germino 2010)
and lack of freezing tolerance (Piper et al. 2006;
Rehm and Feeley 2015). These studies focus on
temperature and radiation as the main abiotic driv-
ers in the establishment of new recruits at the tree-
line ecotone, while the effect of water availability on
the recruitment dynamics is described as ‘“‘strongly
dependent on local hydrology” (Lett and Dorrep-
aal 2018) and as “species-specific” (Loranger et al.
2016). Decreased seedling survival under experimen-
tal warming has also been observed and attributed to
water stress (Moyes et al. 2013; Conlisk et al. 2018).

Neighboring plants may affect seedling physiologi-
cal responses by modifying the driving environmental
factors. Spatial associations between seedlings and
adults can indicate how these modifications influence
seedling emergence or survival (Germino et al. 2002;
Llambfi et al. 2013). Both positive and negative roles
of neighboring trees, shrubs, mosses and grasses on
demographic processes at treeline have been docu-
mented in temperate-alpine systems (Maher and Ger-
mino 2006; Ninot et al. 2008; Batllori et al. 2009,
2010; Loranger et al. 2017; Lett et al. 2017, 2020;
Sidgel et al. 2020). Some of these studies also present
a mechanistic approach studying how photosynthetic
efficiency is enhanced by the association (Maher et al.
2005; Germino et al. 2002) or how the reduction in
sunlight exposure and positive seedling response, as
indicated by its pigmentation, may explain the emer-
gence of spatial associations (Akhalkatsi et al. 2006).
A high density of shrubs or graminoids has also been
associated with low occurrence of tree seedlings,
indicating competition (Ninot et al. 2008; Batllori
et al. 2009), and has been experimentally shown to
reduce seedling survival (Loranger et al. 2017). The
direction and magnitude of the effect of neighboring
vegetation on the performance and survival of tree
seedlings in alpine treeline ecotones thus appears to
vary among sites, likely due to differences in the spe-
cies and climate involved.

Tropical alpine environments (referred to as
pdramo in the northern Andes) have unique charac-
teristics, and the conditions that prevail in these envi-
ronments can cause different kinds of physiological
stress for plants: daily thermal oscillations are more
pronounced than seasonal ones and can generate ther-
mal stress by high and low temperatures; incoming
radiation is generally very high, particularly on clear
days, and can cause light stress; at high elevations,
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soils are rocky and shallow, resulting in a low water-
retention capacity which, in combination with sea-
sonality in precipitation, can result in drought stress.
Moreover, these undeveloped soils (entisols, incep-
tisols) may provoke mineral-nutrition stress (Azdcar
and Rada 2006; Korner 2003; Monasterio 1980; Le6n
et al. 2015; Rada et al. 2019). Precipitation patterns
are extremely variable in tropical alpine environments
because they not only depend on elevation but are
modified by wind patterns unique to the geography of
each mountain system. As a general rule, the amount
of rainfall increases up to a maximum at middle ele-
vations (around 2000-2500 m) and decrease again at
higher elevations (Sarmiento 1986). Depending on
the geographical location, the precipitation seasonal-
ity can be either unimodal (one rainy season and one
dry season) or bimodal (two rainy seasons and two
dry seasons) (Sarmiento 1986; Rundel 1994). Dry
seasons can also show ample variability in their inten-
sity, some paramos are permanently wet, while others
experience real dry seasons. During such dry sea-
sons, paramo plants face high evaporative demands
generated by high radiation input and low relative
humidity, combined with low soil water contents (see
Sarmiento 2000; Llambi et al. 2003), which can lead
to a constraint in productivity and probably seedling
establishment (Rada et al. 2019; Garcia-Nuiiez et al.
2004; Cavieres et al. 2000).

The lower boundary of tropical alpine ecosys-
tems is defined by the treeline ecotone, the transi-
tion between the upper-montane forest and the alpine
vegetation. This ecotone constitutes an important
ecological belt in tropical mountains due to its high
biodiversity, including a mixture of alpine and forest
species but also species characteristic of the treeline,
including many tall shrubs and small trees (Ramirez
et al. 2009; Hofstede 2003; Llambi 2015). Globally,
treeline elevations depend on growth temperatures
(Korner 1998, 2021), while locally other environmen-
tal factors such as wind, herbivory or water availabil-
ity can also play important roles (Holtmeier and Broll
2020; Moyes et al. 2013; Malanson et al. 2019). Due
to the strong link to climate, treeline ecotones may be
sensitive to environmental change and may act as an
indicator for such change (Arzac et al. 2019; Chacon-
Moreno et al. 2021). Such a biotic indicator would
be particularly useful in tropical mountains, since
climatic records are generally lacking at such high
elevations (but see Bendix et al. 2017). However, the

comprehension of treelines as indicators is severely
hampered by our limited understanding of the pro-
cesses that determine high-mountain vegetation
dynamics, especially in the tropics.

Regarding seedling establishment in tropical tree-
line ecotones, Bader et al. (2007a) found that seedling
densities were highest just above the forest edge and
decreased in the paramo and that only radiation-tol-
erant species could successfully establish outside the
forest canopy. This suggests that high solar radiation
at tropical high elevations can limit tree establish-
ment and regeneration above this tropical treeline in
Ecuador. Additionally, in that study area the recurrent
paramo fires probably prevent succession via more
radiation-tolerant shrub and tree species. In Colom-
bia, Ramos and Garcia (2008) described survival pat-
terns in seedlings of two tree species from the treeline
ecotone, showing that the highest mortality occurred
during the dry season. In Peru, Rehm and Feeley
(2015) conducted an experiment to evaluate the effect
of temperature (night-time warming) and radiation
(shading) on seedlings of three dominant tree spe-
cies transplanted along an elevational gradient. They
report contrasting and species-specific responses in
the survival of the seedlings. Apparently, the response
to climate drivers in these open alpine ecosystems
differs strongly within the diverse sets of tree species
present at tropical cloud-forest treelines.

Treeline ecotone vegetation in the Venezuelan
Andes is relatively well studied (see review by Lla-
mbi 2015), with a focus on the Cordillera de Mérida,
mainly on the humid slopes in the Sierra Nevada
National Park (Yanez 1998; Tirado 1997; Caceres and
Rada 2011; Puentes 2010; Ely et al. 2011; Ramirez
et al. 2009; Llambi et al. 2013; Arzac et al. 2019).
However, there have been only few floristic and eco-
logical studies on seasonally dry slopes (Abele 2000;
Sodja 2001; Dulhoste 2010; Rodriguez et al. 2011).
The existing body of research in the Venezuelan
Andes indicates that: (i) the ecotone position varies
between 2800 and 3650 m a.s.l, with lower treelines
on dry slopes than on humid slopes, suggesting that
precipitation amounts and/or seasonality could be
important determinants of tree establishment pro-
cesses (Suarez del Moral and Chacén-Moreno 2011);
(i) diversity and turnover of species and life forms
along the ecotone are high, and so are floristic dif-
ferences between slopes, indicating high alpha, beta
and gamma diversity (Rodriguez et al. 2011; Llambi
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et al. 2014; Arzac et al. 2019); (iii) strong fluctuations
in temperature (Rada et al. 2011) and high incoming
radiation (Puentes 2010) seem to be important abi-
otic constraints for the establishment of tree species
above the forest; (iv) paramo shrubs can act as nurse
plants, being associated with increased local densities
of pioneer trees in the ecotone, which may, in turn,
facilitate the establishment of other tree species, both
in undisturbed paramos (Llambi et al. 2013) and in
successional old fields (Bueno and Llambi 2015).

All these previous studies indicate that, on humid
slopes, radiation and thermal stress could be impor-
tant in preventing tree seedling establishment in open
areas in the paramo, and that local plant-plant interac-
tions could significantly promote it. However, there is
no information about survival, growth rates, or physi-
ological performance of tree seedlings in treeline
ecotones in dry Andean enclaves, or about how biotic
interactions modify the establishment patterns there.
As environmental conditions are rather different on
dry slopes for at least part of the year, the limitations
for tree establishment may be stronger than on humid
slopes, water stress likely playing a more important
role. Moreover, due to the harsher conditions, we also
expect positive local associations with neighboring
nurse plants to be more pronounced than on the wet-
ter slopes.

In this paper we analyze the relationship of seed-
ling demography with microclimate and neighbor-
ing plants of the tree species Cybianthus marginatus
and Clusia multiflora in a dry tropical treeline eco-
tone in the Venezuelan Andes. These two species
have been previously described as dominant in the
study area. C. marginatus is characterized as “fairly
abundant” in the interior of the forest tongues and
in borders, and even some juveniles were registered
in the paramo. In contrast, C. multiflora individuals
are reported only in the interior of the forest tongues
and in the border (Rodriguez et al. 2011). Neverthe-
less, adult individuals of both species can be found in
forest islands in the paramo (personal observation).
We address the following questions: (1) How do the
density, survival and growth rates of the seedlings of
these two species vary along the treeline ecotone? (2)
Are there any local association patterns of the seed-
lings with vegetation elements that could indicate
positive or negative plant-plant interactions? And
(3) Do seedlings established in different environ-
ments along the treeline ecotone exhibit differences in
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their photosynthesis rates, transpiration, and stomatal
conductance? What do these potential differences in
physiological performance indicate about the role of
water stress as a limiting factor for seedlings across
the treeline ecotone? In addition, we started to char-
acterize the annual precipitation patterns in our study
area to quantify the stress that the seedlings may be
exposed to, and as a baseline for detecting future
changes.

Available climate records and future climate pro-
jections for many regions across the tropical Andes
(including western Venezuela), indicate significant
temperature increases and changes in rainfall pat-
terns, including lower total annual rainfall in some
cases and longer dry seasons in most areas (Urru-
tia and Vuille 2009; Buytaert et al. 2011; Braun and
Bezada 2013; Chacén-Moreno et al. 2021). Hence, a
better understanding of ecological processes in sea-
sonally dry mountain ranges is fundamental to model
and predict future vegetation development, not only
in dry Andean enclaves, but also in currently more
humid mountain regions (Moyes et al. 2015). More
generally, understanding tree establishment at these
tropical treelines will also improve our understanding
of the variation in treeline controlling processes and
dynamics in different climates around the world.

Methods
Study area

This study was carried out in the San José paramo
(3120 m a.s.l. 08° 19' N; 71° 19’ W), in the southern
portion of the Sierra Nevada de Mérida in the Ven-
ezuelan Andes (see Fig. 1). It was selected because
of its climate and relatively easy accessibility. As a
consequence of its inter-Andean position, the site
lies in a rain-shadow area (the Nuestra Sefiora semi-
arid enclave) and has been described as a dry paramo
(Aranguren et al. 2012). At the closest climatic sta-
tion (Tostds. 2400 m a.s.l. ca. 10 km from our study
site), mean annual precipitation is 547 mm and
the mean annual temperature is 13.7 °C. That sta-
tion reports a marked seasonality in rainfall across
the year, with two dry periods: the main dry season
between November and March and a second, shorter
one, between June and August (Costa Talens et al.
2007; Anairamiz et al. 2013). On these dry slopes of
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Fig. 1 Distribution of the treeline ecotone in the Venezuelan Andes and location of the study area (San José), the city of Mérida and
the more humid and well-studied treeline site La Aguada. Map by E. Chacén-Moreno

the Venezuelan Andes, in spite of some fog occur-
rence (see Fig. 3), cloud forests are replaced by dry
evergreen forests (Ataroff and Sarmiento 2004). The
treeline ecotone occurs between 2800 and 3100 m
a.s.l, one of the lowest elevations for natural forest-
piramo transition zones in the Northern Andes
(Suarez del Moral and Chacén-Moreno 2011).
Despite the lack of evidence of intensive land use in
recent decades in this area, it is possible that past fire
events or other anthropogenic activities have influ-
enced the current treeline ecotone position. However,
cattle grazing is present but very scarce in the area,
fire is not commonly used as a land management tool,
and there is no evidence of other land use activities
(e.g. agriculture).

The treeline vegetation in the study area shows a
heterogeneous pattern with forest tongues ascending
into a pdramo matrix (Appendix 1 in ESM). Rod-
riguez et al. (2011) described the tree community

structure for the forest tongues. They reported 30
woody species, with Cybianthus marginatus as the
dominant tree in the large categories (DBH>2.5 cm)
and Clusia multiflora as the dominant species in the
small categories (DBH <2.5 cm), though this spe-
cies can also grow into large trees. Other tree species
include Miconia tinifolia, Macleania rupestris, and
Libanothamnus neriifolius, and tall shrubs include
Chaetolepis lindeniana and Diplosthephium venezue-
lense, which occur in low densities in the forest but
become more dominant in forest borders and paramo
areas. The lower stratum shows a high relative abun-
dance of herb species (different genera: Piper, Peper-
omia, Lachemilla, Rubus, Psychotria), epiphytic Bro-
meliaceae and Orchideae, and some paramo shrubs in
low proportion. The bottom stratum is strongly domi-
nated by mosses and ferns.

The paramo vegetation above the continuous forest
line is dominated by tussock grasses (Calamagrostis),
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but other growth forms are also important including
shrub species (C. lindeniana, Valeriana parviflora,
Hypericum laricifolium, H. stenopetalum), stem and
basal rosettes from the Espeletinae tribe like Espele-
tia schultzii and Ruilopezia artropurpurea, and non-
graminoid herbs. At the contact edge between forest
and paramo, the forest border consists of a mix of
growth forms (1-2 m tall) dominated by tall shrubs
(e.g. C. lindeniana. D. venezuelense), below which
basal rosettes and prostrate shrubs are found, mixed
with Chusquea spencei, a shrub-bamboo associated
with undisturbed treeline forests and shrublands in the
paramo (Ely et al. 2011). The bottom stratum consists
of a mix of prostrate herbs, ferns and mosses. The
border is structurally quite heterogeneous: densely
covered patches are interspersed with more open
microsites (referred to in this study as border-gaps).

Study species

Given their importance as a dominant tree species in
the forest tongues, we focused our study on the fol-
lowing two species:

Cybianthus marginatus (Benth.) Pipoly (Primula-
ceae) (Cybianthus hereafter) is a small tree around 6
to 10 m tall with coriaceous, symmetrical and lanceo-
late leaves, distributed in paramos and upper Andean
forests throughout the Andes from Venezuela to Peru
(Hokche et al. 2008). Seeds are dispersed by animals
(Correa-Gomez et al. 2013).

Clusia multiflora Kunth (Clusiaceae) (Clusia here-
after) is an evergreen tree species reaching heights
up to 20 m, with oval and succulent leaves distrib-
uted from lowland forest to upper Andean forest
(80-3500 m) from Mexico to Bolivia (Hokche et al.
2008; Popp et al. 1987). Seeds are dispersed by ani-
mals (Ortis and Umba 2010; Manrique and Morales
2016). Some species of this genus are known to use
the Crassulacean Acid Metabolism (CAM) as an
alternative photosynthesis pathway, but C. multiflora
has been reported as a C3 plant (Popp et al. 1987).

Sampling design and data analysis

Three replicate rectangular vegetation plots of 600 m?
(30 x 20 m), separated from one another by around
500 m, were selected in the contact zone between for-
est and paramo. Plots were divided into three subplots
(10 x 20 m each) in three environments: pdramo,
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border and forest (Fig. 2a). In each of these plots
we monitored the microclimate and evaluated seed-
ling abundance and ecophysiological responses (see
below).

Climate monitoring

A climate station was installed to describe the gen-
eral climate in the study area, as the nearest climate
station was around 10 km away and located 720 m
lower, at 2400 m, and there are no climatic records
since January 1991. Due to strong topographic effects
on local climates in the northern Andes, it was highly
uncertain to what extent this previously existing sta-
tion could adequately describe the conditions in our
study area. Moreover, climate data from similar dry
treelines in the northern Andes do not exist. We regis-
tered precipitation (Davis 0.2 mm Rain Gauge Smart
Sensor S-RGF-MO002), solar radiation (HOBO S-LIB-
MO003), air temperature (Temp) and relative humidity
(RH; HOBO U23 Pro v2) every hour from January
2019 to February 2020. All the sensors were installed
at 1.5 m from the ground in an open area at 3150 m
a.s.l. about 500 m uphill from the forest edge.

Additionally, in order to characterize the microcli-
mate for seedlings, Temp/RH sensors (HOBO U23)
were installed as follows, replicated in the three veg-
etation plots: one sensor in the paramo zone (open
space), two sensors in the border zone (under veg-
etation cover (“border-cover”) and in small open
microsites (“border-gaps’”)) and one in the forest zone
(understory). All sensors were installed at 50 cm
above the ground. Those in cover situations were pro-
tected from direct radiation by the shrubs or trees,
and those in open situations in paramo and border-
gaps with a white plastic cover. Each logger recorded
data every hour from January 2019 to February 2020,
but due to the loss of data in some of the sensors, we
compared the climate data from the different micro-
habitats only for the period from August 2019 to Feb-
ruary 2020, which includes periods of both the wet
and dry season.

Precipitation and temperature data were used to
construct a climate diagram (after Walter and Lieth
1960), which, although representing only one year of
climate data, provides valuable information about the
climate in this type of environment for which infor-
mation is very scarce. Additionally, we graphically
compared temperature and relative humidity in the
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Fig. 2 Sampling design: a Dimensions of the vegetation
plot, divided into three environments (expected differences in
seedling densities are drawn for reference). b Dimensions and
relative positions of the microplots used for characterizing the

different microenvironments (paramo, border-gaps,
border-cover and forest).

Seedling distribution

To evaluate seedling survival rates, we searched for
seedlings of the two selected species in all subplots,
including individuals with sizes from 5 to 50 cm
height. For Clusia no seedlings<5 cm were found,
for Cybianthus we excluded these very small seed-
lings because of the difficulty in identifying them to
the species level and in tagging them. We thus follow
the definition of seedlings as the “established seed-
lings” in Brodersen et al. (2019), because all of our
individuals had already more than 4 leaves (and prob-
ably had lost their cotyledons), which allows them to

local neighborhood of seedlings. The paired random plots were
placed 1 m from the seedling-centered plots, with the exact
location chosen randomly

support themselves by their photosynthetic activity
and to develop a root system. Even if this bypasses
the very first, sensitive life stage (Brodersen et al.
2019), this slightly later stage is still critical in the
life of a tree, especially in environments with drought
conditions (Moles and Westoby 2004).

We labeled each seedling with a permanent tag
and recorded the size, health status and number of
leaves of all labeled seedlings during January/Feb-
ruary 2019 to establish a baseline. Resurveys were
done in August 2019 and January 2020 to determine
seedling survival, height growth, and changes in the
health status (registering signs of herbivory, chlorosis
or pigmentation in the leaves). In the case of Cybian-
thus, the seedling numbers were rather high, so that in
subplots with over 30 seedlings, only a random subset
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of 30 seedlings (see Appendix 2 in ESM) was labeled
and registered. For Clusia all seedlings in the plots
were labeled.

To test for differences in growth rates between
environments (forest and border) for Clusia and Cybi-
anthus, we used t tests. We calculated the relative
growth rate (RGR) using the height of each individual
measured in January 2019 and the year after. For this,
we used the equation:

Height,, — Height,,

Relative Growth Rate = -
Height,,

where 7, is 2019 and ¢, is 2020. RGR is thus expressed
incmem™'y~l.

We evaluated differences in survival rates and
health status of the seedlings between environments
graphically based on the proportion of seedlings
alive, dead, with sign of herbivory, chlorosis and
with different pigmentations (brown, red or purple
leaves) for the two resurveys (August 2019 and Janu-
ary 2020). Only in a few cases (three individuals of
Clusia, and four of Cybianthus) the seedling was
classified in two of the categories, i.e. with signs of
herbivory and other pigmentation, and these are pre-
sented in both categories. These differences were not
tested statistically, since the values in some subplots
were based on very few individuals, thus not allowing
a fair subplot-based mean.

To register spatial associations between the tar-
get species and vegetation elements in their immedi-
ate neighborhood, we visually estimated the cover of
all plant species belonging to the lower stratum sur-
rounding target seedlings, using circular microplots
30 cm in diameter (700 cm? in area). We established
paired microplots in nearby random locations to reg-
ister plant cover, providing a random control or “null
model” for the expected cover around the seedlings.
We selected each seedling randomly from the previ-
ously labeled set, and the paired random microplot
was located between 1 and 2 m away from the seed-
ling in a random direction (see Fig. 2b). As vegeta-
tion patterns are fine-grained and as our interest was
to analyze the potential local effect of neighbors and
not of abiotic heterogeneity in the environment, this
distance was considered sufficient to assure independ-
ence of the vegetation cover from that in the seedling
microplot. In each microplot we visually estimated
the cover of each vascular plant species and of the
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different ground covers found (mosses, lichens and
litter). The total number of pairs of microplots were:
for Clusia, 21 in border and 24 in forest; and for Cybi-
anthus, 42 in border and 43 in forest.

To establish whether there were spatial associa-
tions between the seedlings and other vegetation ele-
ments from the immediate neighborhood, we col-
lapsed our community matrix (species cover per
microplot) into a life form matrix, classifying and
summing the cover of each species according to the
following categories: graminoids (like Chusquea sp,
Neurolepis sp, Festuca sp), herbs (Geranium sp, Pep-
eromia sp, Piper sp and others), basal rosettes (Ruilo-
pezia atropurpurea), ferns and woody plants (includ-
ing shrubs like Gaultheria myrsinoides, Chaetolepis
lindeniana and small trees found in the understory
like Miconia sp). Then, for each seedling of both tar-
get species (separately) and its random microplot pair
we calculated the Relative Interaction Index (modi-
fied from Armas et al. 2004) using the following
equation:

_ VC(sc) = VC(rp)

RII =
VC(sc) + VC(rp)

VC (sc) is the cover of a given life form in a seedling-
centered microplot and VC (rp) is the cover of the
same life form in the corresponding random microp-
lot. Spatial associations were considered significant
when the confidence interval of the RII did not over-
lap the zero line, with values>0 indicating posi-
tive and <0 negative associations between seedlings
and the life form in question. We followed the same
approach to detect spatial associations with the dif-
ferent ground cover types (mosses, lichens and litter).
To avoid misreading the results, i.e. false positives or
negatives associations produced by low replication,
we excluded from the analysis those life forms cat-
egories that were present in less than 25% of the total
samples (i.e. <6 replicates for Clusia and< 11 repli-
cates for Cybianthus).

Clusia seedling density was based on the total
count of seedlings in each subplot. For Cybianthus,
where densities were higher and not all seedlings
were recorded in the subplots, densities were deter-
mined based on the occurrences in the microplots in
each environment.

To detect whether there are differences in seedling
densities between environments (border vs forest) we
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performed a paired t-test for each species (based on
densities per subplot, for Clusia as total densities,
and for Cybianthus calculated based on densities in
the microplots). Additionally, to detect intraspecific
seedling clustering at small scales, we compared den-
sities in paired random microplots and those centered
around seedlings for each species (not counting the
central seedlings) using paired ¢ tests.

Ecophysiological measurements

We selected seedlings of each target tree species
established in the understory of the forest and in the
forest border in each of the three replicate study sites
(no seedlings were found in the paramo). In the forest
border we studied two local situations: under cover
(shrubs or grass, low radiation levels) and in gaps,
with higher radiation levels. The sample size was
selected based on seedling availability. For Cybian-
thus, six individuals were randomly selected in each
situation: forest, border-gaps and border-cover. For
Clusia, five individuals were used inside forests and
in the border under cover, and two individuals in the
gaps in the border (no more individuals were found in
this situation).

For each seedling we determined: leaf temperature,
photosynthetic photon flux density (PPFD) reaching
the leaves, transpiration (E), stomatal conductance
(Gs), carbon exchange rate (assimilation: A), ratio
between internal and atmospheric carbon concentra-
tion (Ci/Ca), and water use efficiency (WUE). Addi-
tionally, as an indicator of the strength of the mois-
ture gradient between the leaf and the surrounding
air, we calculated leaf-to-air vapor pressure difference
(leaf-air VPD) for each seedling (after Lambers et al.
2008). For E, Gs, A and Ci/Ca, we used an infrared
gas-exchange system (Lci. ADC Ltd. Hoddesdon.
UK), setting cuvette conditions to ambient values.
WUE was defined as the ratio between carbon gain in
photosynthesis and water loss in transpiration (A/E)
(Lambers et al. 2008). For vapor pressure difference
calculations, we measured leaf temperature (7}) and
air temperature (7,), placing a thermocouple on the
abaxial surface of the leaf (for 7)) and 10 cm away
from the leaf (for 7,) (tele-thermometer 04B0618
409 YSI. Yellow Springs, OH, USA). We also meas-
ured air relative humidity near leaves with a thermo-
hygrometer (OMEGA RH650). Measurements were
repeated three times for each seedling at two moments

during the day (11:00 and 13:00) during the dry sea-
son of 2019. Since no differences between the points
in time were detected the values presented are based
on the means of these six measurements per seedling
(i.e. only one value per parameter is used per seed-
ling). We intended to also measure plant water poten-
tials as an indicator of drought stress, but due to tech-
nical difficulties we could not complete the minimum
number of replicates needed for analysis (part of the
equipment was damaged during travel to the site, and
additional visits were not possible due to the current
challenges with logistics in Venezuela).

To assess whether there were differences in the
physiological responses between seedlings in the dif-
ferent environments (border-gaps, border-cover and
forest), we compared the values of each response var-
iable (leaf temperature; leaf-air VPD; PPFD; E; Gs;
A; WUE and Ci/Ca) in each situation using ANOVAS
(separately for each species) and in cases where the
normality test failed, we used a Kruskal-Wallis test.

We used SigmaPlot v11 for all the graphs and sta-
tistical analysis.

Results
Climate

Total precipitation at the San José Paramo (3120 m
a.s.l) during 2019 was 1012 mm, distributed follow-
ing a bimodal pattern: there was a dry season during
January and February and a humid season with two
peaks of high rainfall, a small one in April and a larger
one around August (Fig. 3a). During the dry season,
four periods with more than 10 consecutive days
without any precipitation were recorded (with the
longest period counting 13 days). The driest month
was February, with 4.6 mm of rainfall, and the wet-
test month was August, with 161.8 mm. Mean annual
air temperature (at 1.5 m from the ground) was 9.4 °C
(Appendix 3 in ESM). As expected, mean monthly air
temperatures were rather constant through the year
(Fig. 3b), while daily fluctuations (of about 10 °C)
were much larger. Maximum and minimum tem-
perature values showed some annual variation, with
a broader thermal amplitude during the dry season
months (Fig. 3b upper panel). No freezing air temper-
atures were recorded at any time of year (Appendix 3
in ESM, but see Fig. 4 for freezing records at 50 cm
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(a)

Paramo de San José, Mérida (3120 m) 9.4°C

1012 mm

TMean (°C)

X
NP2

Fig. 3 Climate of the treeline ecotone in San José paramo in
the Venezuelan Andes recorded during the period February
2019-January 2020: a Climate diagram. Upper line: location,
elevation, mean annual temperature, total annual precipita-
tion. Yellow area: dry months. Red line: monthly average tem-
perature. Bars: total precipitation per month. Note that above
100 mm monthly precipitation, i.e. for very humid months, the

in some microsites). Relative humidity showed high
mean and maximum values throughout the year, but
the mean daily minimum values dropped markedly,
to about 60%, during the dry season (Fig. 3b middle
panel) and then even reached absolute minimum val-
ues near 20% (Appendix 3 in ESM). Mean radiation
values were also relatively constant through the year,
but the mean daily maxima tended to be lower during
the humid months (between August and November)
(Fig. 3b bottom panel). Monthly radiation maxima
were very high (Appendix 3 in ESM).

The three replicate temperature measurements
at 50 cm from the ground were very similar within
each environment (paramo, border-gaps, border-cover
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and forest) but differed clearly between environments
(Fig. 4a). Although mean temperatures were similar
(ca. 8.7 °C) among the four environments, daily fluc-
tuations were larger in the paramo and border-gaps
than in the understory of the forest and in covered
areas of the forest border (Fig. 4a). This tendency
was accentuated during the dry season, during which
the minimum temperatures in border-gaps reached
— 1 °C while they remained above 0 °C within the
forest canopy. Surprisingly, the minimum tempera-
tures in the paramo never reached values below 0 °C.
The maximum temperature value was also recorded in
border-gaps (see Appendix 3 in ESM). In general, the
highest mean daily thermal amplitude was registered
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in paramo and border-gaps and was reached during
the dry season in January.

Maximum relative humidity reached 100% almost
every day in all environments. The daily means were
also generally high while daily minima showed dry
spikes most of the period, except in the very wet
month of August (Fig. 4b). Although during the dry
season low values were more frequent in all four
microenvironments, fluctuations were more drastic in
paramo and in border-gaps and most dampened in the
forest during almost all of the measurement period
(Fig. 4b).

Seedling density, growth and survival

No tree seedlings of our two-target species were
found in the paramo, either in our plots or the sur-
roundings. The only tall woody species found in the
paramo matrix was Diplostephium venezuelense (ca.
20% cover), besides other smaller paramo shrubs
(Chaetolepis lindeniana, Hypericum stenopetalum).
Clusia seedling densities were very low both in the
border and in the forest, with values of 0.05 (+0.04)
ind m™2 and 0.06 (£0.02) ind m -2 respectively, and
there were no statistical differences between these
environments (paired t-test, n=3, p=0.62). Seed-
ling densities of Cybianthus were similar between
environments, with values of 15.7 (+7.1) ind m™>
in the border and 12.9 (+4.0) ind m~2 in the forest,
also with no significant differences between environ-
ments (paired t test, n=3, p=0.51). We detected no
intraspecific seedling clustering for either species;
densities in seedling centered microplots (exclud-
ing the central seedling) were similar to those in the
paired randomly placed microplots (paired ¢ test:
Cybianthus: border (p=0.35), forest (p=0.09); Clu-
sia: border (p =0.94), forest (p =0.44)).

Relative growth rates of Cybianthus seedlings
were higher in the border than in the forest, with val-
ues of 0.4 and 0.2 cm cm™! yr~! respectively (r=2.43;
p<0.05). Clusia seedlings grew at similar rates with
values of 0.18 and 0.22 cm cm™' yr~! in border and
forest, respectively (t=— 0.72, p=0.52, Fig. 5).

Survival rates after one year were very high
(Fig. 6). Clusia seedlings showed 0% mortality in
the border and only 8% in the forest. Nevertheless,
the proportion of healthy seedlings decreased in time
and signs of herbivory and the presence of chlorotic
leaves and other pigmentation were more common in

the last survey (January 2020), mainly in the forest
understory. Similar tendencies were found for Cybi-
anthus, for which we recorded mortalities <5% in
both environments.

Local spatial associations of the tree seedlings

Seedlings of Cybianthus in the border were positively
associated with basal-rosette plants and with mosses,
while those established in the forest understory were
positively associated with ferns and lichens (Fig. 7a).
Seedlings of Clusia were positively associated with
ferns and mosses in forest environments (Fig. 7b). No
significant negative associations were found.

Seedling ecophysiological responses

Both species showed low assimilation and transpira-
tion rates in all three environments (forest, border-
gaps and border under cover). Even though dur-
ing the physiological measurements on Cybianthus
seedlings, PPFD was significantly higher in the gaps
in the border (389 umol m~2 s~!) than in the border
under cover or in the forest (ca. 29 pmol m~2 s, this
did not result in a higher photosynthesis rates or other
changes in the measured physiological parameters
(Gs, E, WUE). For Clusia, none of the parameters,
not even the measured local light levels, differed sig-
nificantly between environments (Table 1).

Discussion

The studied treeline experienced a marked dry season,
but seedling survival in the border and the interior of
the forest was still very high. However, the fact that
no tree seedlings of our focal species were observed
beyond the forest border, neither in our plots nor in
the surroundings, indicates that the paramo condi-
tions could be preventing tree seedling establishment.
Even in the sheltered conditions in border and forest,
local positive interactions, especially with mosses and
ferns, seem to play a role in favoring seedling estab-
lishment. Nevertheless, there seem to be strong limi-
tations for forest expansion into the paramo at this
dry treeline, produced either by filters in dispersal
or establishment processes, and these could increase
with more extreme dry seasons, as future climate pro-
jections predict (Sage 2020).
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«Fig. 4 Microclimatic conditions (at 50 cm from the soil) in
forest, border (under cover (border_cover) or in small open
microsites (border_gaps)), and paramo plots in the treeline
ecotone in San José paramo (3120 m a.s.l.) in the Venezuelan
Andes: temperature (°C) (panel a) and relative humidity (%)
(panel b). From top to bottom: paramo, border-gaps, border
under cover and forest understory. Red lines: daily maxima,
blue lines: daily means, gray lines: daily minima. P1: plot
1, P2: plot 2, P3: plot 3. Data were recorded every 10 min
between August 2019 and February 2020. The humid season
lies in the period between August and December; the dry sea-
son corresponds to the period between January and February

General climate and microclimate at the plot level

We registered higher annual precipitation values than
those reported previously at a lower elevation close
to the study area (> 1000 mm at our site vs. 546 mm
per year at 2400 m. Aranguren et al. 2012, Appen-
dix 4 in ESM). Even though we have only one year
of data, this difference is so large that we can con-
clude that our site is wetter than that weather-station
location, where the wettest year on record (records
available for 1970-1990 with some gaps) still had
only 712 mm. However, during the dry season (Janu-
ary and February) the total amount of precipitation
at our site was only 15 mm in two months. This is
an extremely low value for rainfall in the tropical
alpine zone in the northern Andes, which is generally
described as “wet and cold” (Sarmiento 1986; Buy-
taert et al. 2011). As this section of the Venezuelan
Andes is part of a system of inter-Andean valleys that
lie in the rain shadow of the Sierra Nevada moun-
tain range, it is characterized by complex patterns in
precipitation seasonality and relatively low amounts
of annual precipitation (Buytaert et al. 2011; Suarez
del Moral and Chac6n-Moreno 2011). The same phe-
nomenon is common in other inter-Andean regions in
the northern tropical Andes (Sarmiento 1986; Rada
et al. 2019). Even though our data represent just one
year of measurements, they indicate that San Jose
paramo can be characterized as a dry treeline, very
different from, for example, La Aguada, the location
for most studies about treeline vegetation in the Ven-
ezuelan Andes in the past three decades (see Llambi
2015 for a review) and from other humid treelines
studied along the northern Andes (Wille et al. 2002;
Bader et al. 2007b; Hofstede et al. 2014).

Globally, the alpine treeline appears at locations
with mean air temperatures for the growing season
between 5.5 and 7.5 °C (Korner and Paulsen 2004).

Climate records at tropical treelines are very rare and
most reported temperatures are based on soil tem-
peratures, as a proxy for air temperatures (Korner
and Paulsen 2004). Temperature data, with time
spans between weeks and years, are available from
some cloud-forest treelines, with relatively high tem-
peratures (Bader et al. 2007b; Korner and Paulsen
2004; Ramirez et al. 2009; Rehm and Feeley 2013)
or Polylepis patches, with relatively low tempera-
tures (Korner and Paulsen 2004; Kessler et al. 2014).
Average air temperature (recorded at 1.50 m from
the soil) at our location is 9.4 °C, which fits in the
range reported previously for tropical cloud-forest
treelines (Bader et al. 2007b) but which is relatively
warm compared to global values (Korner and Paulsen
2004). Interestingly, although globally treelines tend
to occur at higher elevations in drier mountains, in the
tropical Andes the reverse pattern seems to be com-
mon (Agudelo 2016). Whether this is due to direct
climatic constraints or land-use patterns (an avoid-
ance of the inhospitable wet pdramo areas) remains to
be determined.

At 50 cm above the ground, the average air tem-
perature was very similar in paramo, border and for-
est. However, daily temperature fluctuations were
larger in gaps in the forest border and in paramo than
within forest and covered sites in the border. These
differences could be linked to differences in radiative
energy exchange. In the forest understory, the canopy
reduces solar energy inputs during the day and radia-
tive heat loss during the night, resulting in a dampen-
ing of temperature fluctuations compared to the more
exposed paramo. Similar differences between forest
and paramo have been found in other studies in the
Northern Andes (Bader et al. 2007b; Caceres and
Rada 2011; Rada et al. 2011) although climatic char-
acterizations of the forest border are scarce (but see
Bueno and Llambi 2015 and Rehm and Feeley 2013).
Our data indicate that the microclimate in the border
is spatially very variable and may locally be more
extreme than that of the paramo. In gaps the micro-
climate is similar to the paramo, but temperature
extremes may be accentuated. These more extreme
conditions, particularly relevant in the occurrence
of frost, are probably due to reduced wind speeds
in the gaps compared to the paramo. The resulting
thicker boundary layer could lead to a stronger role
of radiative heat exchange relative to convective heat
exchange. In other words, in the gaps the cooling
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multiflora (n=29 seedlings in border and 39 in forest). Values
sharing the same letter are not statistically different (p >0.05)
(Kruskal-Wallis test)
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Fig. 6 Survival rates and health status of the seedlings of
Cybianthus marginatus (a) and Clusia multiflora (b) at a sea-
sonally dry treeline in the Venezuelan Andes, followed from

winds during the day and warming winds during
the night are probably reduced, leading to stronger
heating and cooling in these situations. However,
seedlings were more abundant in these gaps than in
the open paramo, suggesting that temperature could
interact with other factors such as direct radiation
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February 2019, during two resurveys, in August 2019 (Augl9)
and January 2020 (Jan20) in paramo-forest border (left half)
and forest (right half) environments

to influence seedling establishment. Other possible
mechanisms that may play a role are strong compe-
tition of the seedlings with the dense grass cover in
the paramo (particularly by tall tussocks of Calama-
grostis), and lower seed rain outside the border. How-
ever, seeds do reach the pdramo and can overcome
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fidence interval) for Cybianthus marginatus (a) and Clusia
multiflora (b), based on the changes in cover of the different
life forms and ground covers sampled in seedling-centered and
paired random microplots located in border (black symbols)
and forest (white symbols) environments at a seasonally dry

treeline in the Venezuelan Andes. Number of pairs of microp-
lots: Clusia: 21 in border, 24 in forest. Cybianthus: 42 in bor-
der, 43 in forest (rosettes were excluded in some situations
because they appeared in<25% of the microplots). The RII
is statistically significant (*) (p <0.05) when the confidence
interval does not overlap with the zero (0, 0) line
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Table 1 Seedling ecophysiological responses measured in seedlings of Cybianthus marginatus and Clusia multiflora at a seasonally

dry treeline in the Venezuelan Andes

Cybianthus marginatus

Clusia multiflora

Border-Gaps Border-Cover Forest K-W Border-Gaps Border- Forest K-W
ANOVA Cover ANOVA
Leaf tem- 245432 239426 232+25 ns 237426 241+28 219+23 ns
perature
O
Leaf-air VPD  1.97+0.63  1.83+0.51 1.89+043 ns 2.0+0.3 1.7+0.6 1.6+05 ns
(KPa)
PPED (umol/ 389 +42a 75+ 32ab 29+13b p<0.001 162+158 48+18 34+21 ns
m?s)
E (mmol/ 0.63+0.53 0.56+0.18  0.54+0.16 n.s 0.69+1.17%10 0.78+0.53  0.60+0.19 n.s
mzs)
Gs (mmol/ 249+164 259+6.5 27.7+16.0 n.s 31.3+1.8 3844231 309+103 ns
m?s)
A (umol/m%) 1.10+£0.40 0.98+047  1.11+£0.52 ns 1.40+0.08 1.46+1.08 1.36+0.33 ns*
WUE (A/E) 222+0.68 1.75+0.50 2.10+0.82 n.s* 2.01+0.12 1.89+0.87 2.34+0.66 n.s*
Ci/Ca 0.72+0.05 0.77+0.06  0.74+0.10 n.s* 0.75+0.01 0.78+0.08 0.76+0.06 n.s*

Border—Gaps: seedlings established in gaps in the forest border zone. Border—Cover: seedlings established under cover of shrubs
or grass in the forest border zone. Forest: seedlings in the forest understory. Leaf-Air VPD: leaf-to-air vapor pressure difference.
PPFED: Photosynthetic Photon Flux Density. E: transpiration. Gs: stomatal conductance. A: Assimilation. WUE: Water Use Effi-
ciency. Ci/Ca: ratio between internal and atmospheric carbon concentration. Values sharing the same letter are not statistically differ-
ent (p>0.005, Kruskal-Wallis test or * parametric ANOVA). N=C. marginatus: 6 ind. in border-gaps, 6 ind. in border-cover, 6 ind.
in forest. C. multiflora: 2 ind. in border-gaps, 5 ind. in border-cover, 5 ind. in forest

competition at least temporarily, as indicated by
earlier observations on Cybianthus seedlings in the
paramo at our study site (Rodriguez et al. 2011).

Seedling density, growth and survival

The complete absence of tree seedlings of our focal
species in the paramo, in spite of earlier observa-
tions of Cybianthus seedlings in the same area (Rod-
riguez et al. 2011) suggests a high seedling mortality
as the main cause of their current absence. At other
treelines in the tropical Andes, tree seedlings were
also observed to decline strongly with distance from
the forest (Bader et al. 2007a; Ramos 2008; Puentes
2010; Rehm and Feeley 2013) although in some cases
a few seedlings of some radiation-tolerant species
were found outside the forest (Bader et al. 2007a;
Puentes 2010). Low temperature preventing tree
growth has been pointed out as the main reason for
the existence of alpine treelines (Tranquillini 1979;
Wardle 1993; Korner 1998). However, other factors
such as biomass loss (dieback) and seedling mortal-
ity (including establishment failure) are additional
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mechanisms that can influence the position and spa-
tial pattern (or “form”) of the ecotone (Harsch and
Bader 2011; Bader et al. 2021). In sites where seed-
ling mortality prevails as the main mechanism driv-
ing treeline structure and dynamics, an abrupt treeline
form is expected, i.e. a sharp decline in tree height,
as trees would not be strongly limited in growth once
successfully established (Bader et al. 2021). In our
study site, the treeline form could be characterized
as an abrupt tree-island treeline, which would agree
with the idea that low establishment probabilities are
an important mechanism maintaining the position of
this treeline. The island formation and the discrete
boundary between forest and paramo also suggest that
a positive-feedback switch (sensu Wilson and Agnew
1992) likely occurs.

The fact that adults of both species can grow as
successful individuals as part of small islands above
the upper continuous forest line in the study area
(personal observation) indicates that, even in small
proportions, some seedlings overcome the filters
at this stage. Cybianthus has been reported as the
dominant species in forest islands at more humid
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treeline sites in Venezuela (Ramirez et al. 2009).
However, Clusia was absent from these islands on
humid slopes. Since in the forest islands of our study
area, both of our target species are mixed with the
tree Diplostephium venezuelense and other paramo
shrubs (Hypericum stenopetalum, Chaetolepis lin-
deniana), their successful establishment above con-
tinuous forests may be driven by a combination of
several mild dry seasons and facilitative processes
mediated by shrubs (Llambi et al. 2013; Bueno
and Llambi 2015). Local topographic features such
as large boulders or small depressions generating
water accumulation also offer a feasible explana-
tion for the initiation of these islands (Ramirez et al.
2009; Llambi et al. 2013). The species composition
of these islands, described previously for the humid
slopes, is more similar to border than to continuous
forest (Ramirez et al. 2009). Although it is uncer-
tain whether these islands are remnants of formerly
more extensive forests or whether they established
in a pdramo matrix, the border-like composition and
absence of typical closed-forest trees seems to sug-
gest the latter.

The survival rates of the seedlings of both tar-
get species were high, but the growth rates were
low, suggesting the presence of a seedling bank
in the understory of the forest and in the border.
Higher relative growth rates of Cybianthus in the
border compared with the understory of the for-
est suggest that the border may be a more favora-
ble environment for these seedlings than the forest
interior (where light could become limiting). This
could explain the tendency for the better health sta-
tus of the seedlings established in the border com-
pared with those in the forest. For Clusia, growth
did not differ among environments, but for this
species there was a higher proportion of chlorotic
leaves and/or herbivory in the forest than in the bor-
der, again suggesting the border is a more favora-
ble environment. Supporting this conclusion, Bader
et al. (2007a) found in a 2.5-year experiment with
transplanted seedlings in treeline forests and para-
mos in Ecuador, that the lowest growth rates (with
mostly negative rates) occurred in Clusia flaviflora
and other tree seedlings inside the forest, while
higher growth rates were found in the paramo.
However, in that study Clusia showed high mortal-
ity rates in the paramo when no shade was provided.

Local spatial associations of the tree seedlings

Seedlings were not randomly distributed within the
forest or border environments. The most consist-
ent pattern was a positive local spatial association
of seedlings of both focal species with mosses. The
role of bryophytes as “nurse species” in tree seedling
establishment has also been observed at boreal alpine
treelines (Lett et al. 2017, 2020). In humid tropical
alpine treelines, mosses have been observed to over-
grow seedlings in wet treeline forest (Bader et al.
2007a) and to have negative spatial association with
seedlings of D. venezuelensis from the treeline (Lla-
mbi et al. 2013). However, Ramos (2008) found posi-
tive association of C. multiflora with mosses at a tree-
line in Colombia. Since mosses tend to prefer moist
conditions and also can locally increase moisture by
holding high amounts of water, the positive associa-
tion seems reasonable in this seasonally dry treeline.
However, Cybianthus seedlings in the forest were
also positively associated with lichens. As lichens
tend to indicate dryer and brighter conditions than
mosses, this association might indicate a preference
for relatively high-light microsites inside the forest.
Besides mosses and lichens, ferns also seemed to be
associated with favorable microsites for seedlings of
our target species, at least inside the forest. Similarly,
Ramos (2008) found that ferns enhanced seedling
survival at a Colombian treeline, and Llambi et al.
(2013) reported positive spatial association of tree
seedlings with a fern from the Lycopodiaceae family
in open paramo environments at a wet treeline in the
Venezuelan Andes.

Rosette plants have been described previously as
nurse plants for herbs, cushions and small shrubs in
high tropical alpine environments (Mora et al. 2018).
In our study, the basal rosette Ruilopezia artropurpu-
rea appears to provide shelter to seedlings of Cybi-
anthus in border environments. Interestingly, tus-
sock grasses do not seem to act as nurse plants for
seedlings of tree species in the alpine tropics, as has
been described for some temperate-zone treelines
(Germino et al. 2002). The fact that the Cybianthus
seedlings are positively associated with mosses in the
border, and that this life form is replaced as the domi-
nant life form in the lower stratum by tussock grasses
in the paramo, suggests that there could be strong
negative effects of tussock grasses that inhibited the
establishment of new tree seedlings, either by direct
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competition with the seedlings or by competition with
mosses that could act as facilitators for the seedlings.

Seedling ecophysiological responses

All the seedlings showed a similar physiological sta-
tus, independent of the environment where they were
established. We found low assimilation rates for both
target species compared to what has been previously
reported for adults of these species on humid slopes
in the Venezuelan Andes (Rada et al. 2009). As the
measured radiation intensities of 300 umol m=2 s~
in the border correspond to only a fraction of the
1300 umol m~2 s~! sometimes measured at the site
(in the paramo), it is possible that all seedlings were
operating below their light saturation point, with
seedlings in the forest and under cover being more
acclimatized to shade and seedlings in the gaps to
higher light conditions. Apart from a different light
acclimation, the relatively low assimilation rates in
the gaps could have been due to stomatal closure to
prevent water loss, but this is not supported by the
data, as Gs, E, Ci/Ca and WUE did not differ signifi-
cantly between environments. Another explanation
would be photoinhibition due to excess radiation in
the gaps, but this is also not supported by the tenden-
cies found in the relevant parameters. Nevertheless,
Cybianthus seedlings, especially those individuals
in the gaps, developed pigmented leaves (red and
orange) between the first and the last survey, sug-
gesting the production of protective pigmentation to
prevent damage to the photosystem. Contrary to our
findings, Olivares (1997) described that C. multiflora
is present only in gaps and borders of the cloud-for-
est, but never inside the forest canopy, therefore no
shade tolerance is excepted in this species (Olivares
1997). However, our results indicate that seedlings of
this species perform well under the canopy of the for-
est, even if their health status seemed slightly better
in the border.

Conclusion

We showed that: (i) there is a strong dry season in
this tropical treeline; (ii) there is a drastic decrease in
the density of tree seedlings, including our two-target
species, from the forest to the paramo; (iii) the estab-
lished seedlings in the forest and forest border survive
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well but grow very slowly, which indicates the pres-
ence of a persistent seedling bank in these shady envi-
ronments; (iv) local spatial associations suggest facil-
itative neighbor effects, which could be linked with
increased moisture; and (v) photosynthetic rates were
similarly low in all the environments where seedlings
were found.

The lack of seedling establishment in the paramo
indicates that any upward shift of the forest will be
very slow and will probably occur in a closed front
around the existing forest (Llambi et al. 2013). This
suggests that both forest recovery after past land use
and forest expansion due to climate change could be a
very slow processes (see Gonzélez et al. 2011; Llambi
et al. 2013; Bueno and Llambi 2015). Like in other
parts of the Andes, the exact status of the treeline
ecotone and paramo, whether natural or influenced by
land use and fire, is not completely clear here. Cur-
rently, land use is very extensive and appears to have
little effect on the ecotone. However, the relatively
dry conditions of the area might have favored a more
intensive land-use in the past, which may also help
to explain the low ecotone elevation. If this was the
case, it happened before known historical records, so
the legacy is long-lasting (as reported in other semi-
arid enclaves where wheat cultivation resulted in fro-
zen succession, see Sarmiento et al. 2015).

One important question that emerged from our
results is why we did not find established seedlings
of our target species in the paramo, even when the
microenvironment is very similar between the paramo
and the gaps in the border (in terms of temperature
and humidity). The answer may lie in other abiotic
factors (e.g. radiation or soil moisture), seed avail-
ability, or biotic effects (e.g. local competition with
the dense tussock grass cover) that could all restrict
establishment in open paramo environments. The fact
that the only seedlings from woody species found
in open paramo areas belong the radiation-tolerant
D. venezuelense (Puentes 2010) may indicate that
radiation is a main factor preventing the establish-
ment of the other tree species. This would suggest a
scenario of high potential stability for this treelines,
with expansion depending on the formation of a rela-
tively closed canopy at the edge of the forest. How-
ever, longer-term monitoring of vegetation (perma-
nent plots) and climate (to detect possible sporadic
frost events), as well as experimental manipulation
(e.g. removals or transplants) are required to provide
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a more mechanistic understanding of the observed
dynamics.
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