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RESEARCH ARTICLE

Assessing the completeness of inventories of vascular
epiphytes and climbing plants in Chilean swamp forest
remnants
Jimmy Pincheira-Ulbricha,b , Cristián E Hernándezc, Alfredo Saldañad,
Fernando Peña-Cortése and Francisco Aguilera-Benaventef

aLaboratorio de Planificación Territorial, Escuela de Ciencias Ambientales, Facultad de Recursos Naturales,
Universidad Católica de Temuco, Temuco, Chile; bDepartamento de Zoología, Facultad de Ciencias Naturales y
Oceanográficas, Universidad de Concepción, Concepción, Chile; cLaboratorio de Ecología Evolutiva y
Filoinformática, Departamento de Zoología, Facultad de Ciencias Naturales y Oceanográficas, Universidad de
Concepción, Concepción, Chile; dDepartamento de Botánica, Universidad de Concepción, Concepción, Chile;
eLaboratorio de Planificación Territorial, Escuela de Ciencias Ambientales, Facultad de Recursos Naturales,
Universidad Católica de Temuco, Temuco, Chile; fDepartamento de Geología, Geografía y Medio Ambiente,
Universidad de Alcalá, Spain

ABSTRACT
Plant species inventories provide the foundation for more complex
analytical studies and are the basis of monitoring programmes;
however, if they are to provide reliable information in the long
term, their level of completeness needs to be estimated. This
work assessed the completeness of inventories of climbing plants
and vascular epiphytes in swamp forest remnants of the
Araucanía region of south-central Chile, which has been severely
disturbed by agroforestry expansion. We sampled 30 sites using
transects, with observations from ground level to a height of
2.3 m up the trees. To assess the potential existence of
unrecorded species we drew rarefaction curves based on sample
trees and extrapolated them towards one of the most intensely
sampled sites. We then calculated the asymptotic species richness
with the Chao 1 estimator. The results showed: (1) a total richness
of 16 species of epiphytes and 17 species of climbing plants; (2)
the rarefaction curve differentiated only two categories of
sampling effort (‘rich’ and ‘poor’ sites) as a result of the substantial
overlap of the confidence limits at 95%; and (3) the maximum
richness estimated by Chao 1 was similar to the richness observed
in all the sites. We conclude that greater sampling effort is
required to obtain tighter statistical confidence levels in the
rarefaction curve; however, from a biological point of view, the
sampling effort achieved adequate representation of the species
richness at all the sites. Total richness of vascular epiphytes and
climbing plants was only slightly below values reported for much
larger areas of better-conserved forest in south-central Chile and
adjacent areas of Argentina. Finally, we found evidence that forest
fragmentation has more severe effects on species richness of
vascular epiphytes than on that of climbing plants.
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Introduction

Basic inventories are fundamental for knowledge of species diversity in a region and
provide the foundation for more complex analytical studies (Funk 2006). The species
lists generated from these inventories allow: (1) study of the distribution of plant assem-
blages in the landscape (Götzenberger et al. 2012); (2) determine the conservation status of
species on a regional scale (UICN 2001; Squeo et al. 2010); and (3) research into biogeo-
graphical (e.g. Swenson et al. 2012) or macro-ecological areas of interest (e.g. Cadotte et al.
2006).

Species richness is perhaps the measurement most commonly produced from inven-
tories to describe the diversity of a community (e.g. Hortal et al. 2007). Currently, measur-
ing the number of species is of great scientific interest because it is the basis of many
models in community ecology and an implicit objective of biological conservation
studies (Gotelli & Colwell 2001; Brooks et al. 2004; Colwell et al. 2012). However, quanti-
fying the number of species (even of vascular plants) is a difficult task, especially in large
areas, because: (1) in practice it is impossible to identify all the species or count all the indi-
viduals of every square centimetre of an ecosystem or landscape (Chiarucci & Palemer
2005); (2) in nature many species are rare and unlikely to be detected (Magurran & Han-
derson 2003); and (3) logistical limitations require an equilibrium between efficient
sampling and the resources required (cost, time and accessibility) for a complete inventory
(Hermoso et al. 2013).

A reasonable way of overcoming these difficulties is to combine two strategies: first,
intensive sampling of assemblages of species sensitive to ecosystem or climate changes,
which can be used to infer certain ecosystem processes and as a signal for the rest of
the biota (Lambeck 1997; Carignan & Villard 2002; Zotz & Bader 2009; Dominguez
et al. 2012; Hermoso et al. 2013); and second, assessing the quality of the inventory stat-
istically (not by a census) when the sampling effort is unequal or when the expected rich-
ness at one or more sites is unknown (Colwell & Coddington 1994). To do this, the
completeness of the inventory can be assessed by rarefaction curves and asymptotic esti-
mators of species richness (Colwell & Coddington 1994). For the first case, algorithms
have been proposed that allow the species richness at different sites (or moments) to be
compared by interpolation (the traditional way) or extrapolation of the rarefaction
curves. The second case is particularly useful when quantitative data are available
(Colwell et al. 2012; Colwell 2013).

In this context, climbing plants and vascular epiphytes are good study models because:
(1) they depend almost exclusively on forest trees for their survival (Benzing 1990; Schnitzer
et al. 2015), which can be used to infer certain processes in the ecosystem and as a signal for
the rest of the biota; (2) they present differentiated responses to environmental gradients,
making them good indicators of the ecological state and the dynamic of the forest ecosystem
(Pincheira-Ulbrich 2011); (3) they are distributed over a wide latitude, allowing the results
to be extrapolated to different areas; and (4) they constitute functional groups that can be
clearly differentiated by their morphology, physiology and life history (Schnitzer &
Bongers 2002; Bartels & Shen 2012), meaning that their differentiated representation in
the landscape would mark the different functioning of community structures.

Inventories of these assemblages can then become the starting point for a monitoring
programme. However, a complete species inventory is required to extract reliable

2 J PINCHEIRA-ULBRICH ET AL.



information over the long term on which to base later ecological studies (Hortal et al. 2007;
Domínguez et al. 2012; Rivera Huntiel et al. 2012). Inventories are urgently required in
many forest regions of Latin America, particularly regions suffering strong pressure
from human use, as is the case of the swamp forest of southern South America (Möller
& Muñoz-Pedreros 2014).

Chilean swamp forest, dominated by trees of the family Myrtaceae, is threatened by
agricultural and forestry expansion. These forests are described as azonal hygrophilous
formations, i.e. their presence is not determined by the climate but by excess soil moisture
(Ramírez et al. 1983; San Martín et al. 1988; Ramírez et al. 1996). Within the broad lati-
tudinal range in which swamp forest is distributed (between 30°S and 41°28′S), one of the
areas most deserving of attention is the coast of the Araucanía region of Chile, where a
considerable area of swamp forest still exists (c. 7500 ha).

Here we assess the completeness of inventories of climbing plants and vascular epi-
phytes in swamp forest remnants of the Araucanía region. Three objectives were estab-
lished for this study: (1) to present a complete inventory of both assemblages; (2) to
evaluate the sampling effort in 30 sites by rarefaction curves based on sample trees; and
(3) to estimate the maximum species richness expected in these sites. We aimed to lay
the basis for understanding how the species richness of both assemblages is affected by
the anthropisation of this landscape.

Materials and methods

Study area

The study area is located on the coast of the Araucanía region of Chile (38°30′–39°30′S, 72°
45′–73°30′W) (Figure 1). It covers an area of 1656 km2, bounded by the Imperial River in
the south and the Queule in the north, and lying between the Coastal Range to the east and
the Pacific Ocean to the west (Peña-Cortés et al. 2014). The climate is oceanic with a Med-
iterranean influence (Di Castri & Hajek 1976), with average annual precipitation of 1200–
1600 mm.

The territory is distributed between numerous indigenous Mapuche communities and
private farming/forestry properties. The land is divided into small plots, with high poverty
and rural dwelling, largely unchanged since the middle of the 20th century (Gissi 2004;
Peña-Cortés et al. 2009). As a result, historical and current pressure on forest has
meant that most of its area is in a degraded state, set in a matrix of anthropic landscape
(Peña-Cortés et al. 2011; Hauenstein et al. 2014).

The forest is a secondary ecosystem (diameter at breast height of trees �x = 19 ± 11 cm),
consisting mainly of endemic species of the Myrtaceae family and dominated by two
species: Myrceugenia exsucca O.Berg and Blepharocalyx cruckshanksii (Hook. & Arn.)
Nied. This species composition is characteristic of these formations throughout the tem-
perate phytogeographic region (Ramírez et al. 1983; Ramírez et al. 1996). However, intro-
duced species of European origin such as Rubus constrictus Lefèvre & P.J.Müll. (Rosaceae)
and Salix viminalis L. (Salicaceae) can also be found (Hauenstein et al. 2014). The forest
grows on fluvio-marine and alluvial plains on ground with temporary or permanent flood-
ing, forming intricate and often connected networks. Four hundred and twenty-seven
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fragments of forest have been identified, covering an area of 7675 ha, which represents
4.6% of the territory (Peña-Cortés et al. 2011).

Selection of sampling sites

Before fieldwork began, the study area was divided into six large zones corresponding to
the principal hydrographic basins (Budi, Chelle, Toltén, Boldo, Boroa and Queule), to
ensure that the distribution of swamp forest in the territory was fully represented. The
digital forest template prepared by Peña-Cortés et al. (2011) was superimposed on a sat-
ellite image obtained from Google Earth (2015 Google), and a 2.5 km2 grid was projected
on to this using the ArcGis 10.1 software with ArcMap (ESRI 2011). The grid made it
easier to update the forest distribution and eliminate those zones no longer covered by
forest (e.g. felled or drained). To capture the maximum floristic diversity in the ecosys-
tems, the forested area was grouped into five size classes: <0.5 ha, 0.5–2 ha, 2–10 ha,
10–50 ha, >50 ha. The seven largest fragments (>50 ha) were chosen subjectively and
six fragments were selected at random from each of the other classes, except the 0.5–
2 ha class, which contained only five fragments. This produced a total of 30 sampling
sites distributed over the whole study area.

Sampling design and data collection

The sampling design was non-random in order to include the largest possible variety of
micro-habitats and number of rare species (Dieckman et al. 2007; Croft & Crow-Fraser

Figure 1. Map of the study area with the locations of the 30 sampling sites in the coastal swamp forest
remnants of the Araucanía Region, Chile.
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2009). Data were collected from 2011 to 2013 with 30 days spent in the field. Sampling
followed a ground-based observations protocol (Flores-Palacios & García-Franco 2001),
using individual trees as the basic measure of sampling effort. Trees are the quintessential
substrate of these species, where the plants are anchored and spend most of their life cycle.
Tree selection was by transect sampling, oriented from the edge towards the centre of the
fragment (Brower et al. 1990). In each transect, a circular quadrat 3 m in diameter was
established (7.06 m2), with a distance of at least 10 m between each quadrat. All the quad-
rats were designed to cover most of the core area.

For logistical reasons (i.e. accessibility, cost and time), we sampled climbing plants and
vascular epiphytes in 180 quadrats (see below). The quadrats were established and geo-
referenced across the swamp forest with variable sampling intensity which depended on
the fragment size (site) and the accumulated species richness recorded in the field. In
this way, a minimum of three quadrats were determined for small fragments (<1 ha)
and a maximum of 18 quadrats for the largest fragment (936 ha).

Within each quadrat, the abundance of all epiphytes (e.g. fronds) and climbing plants
(i.e. stems) was counted systematically from ground level to a height of 2.3 m up the trunks
of trees with diameter at breast height (DBH) equal to or greater than 5 cm. This protocol
is commonly used in South American temperate forests (see Pincheira-Ulbrich 2011). To
increase the possibility of observing more species outside the quadrat, only the abundance
of new species (on the trees) along the transect line was counted.

It is difficult to directly quantify the abundance (number of individuals) of epiphyte and
climbing plant assemblages (e.g. filmy ferns), since an individual may present vegetative
reproduction and/or cover extensive areas of the trunk. In this study we therefore used
as a substitute the number of fern fronds and the number of creeper stems; and in the
case of the epiphyte Fascicularia bicolor (Ruiz & Pav.) Mez, the number of plants
(rosettes). These surrogate measures are commonly used criteria in the clonal population
study (e.g. Wolf et al. 2009; IUCN 2010; Mondragón 2011).

The height limit for abundance sampling was set by a technical ecological criterion,
considering that: (1) the greatest diversity of epiphytes (e.g. filmy ferns) is found in the
first few metres of trunk height, particularly in secondary forests, while observation of
climbing plants anchored in the earth does not require greater height; and (2) this
approach facilitates the systematic inclusion of all the trees in the quadrat (e.g. Muñoz
et al. 2003; Woda et al. 2006; San Martin et al. 2008).

Epiphyte identification followed the criteria established in the publications of Diem &
Lichtenstein (1959), Marticorena & Rodríguez (1995), Rodríguez et al. (2009) and Larsen
et al. (2014), while climbing plant identification was based on Martínez (1985) and Mar-
ticorena et al. (2010). Some specimens were identified in the herbarium of Universidad de
Concepción (CONC), Chile. The nomenclature was based on The International Plant
Names Index (2008).

Standardisation of the sampling effort

To assess the sampling effort at the sites, rarefaction curves were drawn for each forest. In
this approach, we used sample-based incidence data as a function of trees sampled, rescal-
ing (extrapolating) the number of species towards one of the most intensely sampled sites,
which is called the ‘reference sample’ equal to 75 trees (sensu Colwell et al. 2012). The null
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hypothesis, tested by comparison of two sites with different sample sizes (n trees), was that
the species richness in the smaller sample does not differ from that in the larger sample
(Gotelli & Colwell 2011). The calculations followed equation 18 of Colwell et al. (2012)
independently for the assemblages of vascular epiphytes and climbing plants. Using this
technique (extrapolation) prevents loss of the information contained in large assemblages
as has occurred traditionally, because the species richness was interpolated towards the
smaller sample (see Colwell et al. 2012). The 95% confidence intervals were obtained ana-
lytically with equation 19 of Colwell et al. (2012) considering a variance not conditioned
by the observed species richness, so these limits do not converge on zero. This supposes
that some species in the assemblage sampled are not detected when all the sampling
units (i.e. trees) in a particular site are pooled (Colwell 2013). The estimated richness
was considered statistically different when there is non-overlap with the confidence inter-
vals (Colwell et al. 2012). All calculations were performed using EstimateS 9.10 software
(Colwell 2013).

Expected (minimum) richness

The extrapolated rarefaction curve calculated with the unconditional ‘open’ confidence
intervals supposes that some species in the assemblage sampled remain undetected,
even when asymptote is achieved (Colwell 2013). To assess this, the expected species rich-
ness in each of the sites was calculated using equation 2 of Chao 1 which includes an
adjustment factor for when the number of sample units (i.e. number of trees) is small
(Colwell 2013). The calculations were done independently for the assemblages of vascular
epiphytes and climbing plants using the EstimateS 9.10 software (Colwell 2013). Chao 1
calculates the (asymptotic) species richness as a function of the number of singletons
(species represented by a single individual) and doubletons (represented by exactly two
individuals) observed in a group of samples (n trees in a site). The underlying principle
is that the abundance of very rare species (which emerges from the sampled trees
pooled on a site) can be used to estimate the frequency of undetected species (Gotelli &
Colwell 2011). Asymptote is reached when there is no singleton or exactly one singleton
and no doubletons (Colwell 2013). This implies that an inventory has been achieved of all
the species in a determined site (i.e. fragment of forest), under the supposition that the
samples represent the site properly. Chao 1 is a robust, non-parametric estimator,
which does not require any supposition of the location of the samples in space, or of
the model for the distribution of species abundances (Gotelli & Colwell 2001, 2011). In
some cases, when the coefficient of variation of the abundance is greater than 0.5, Chao
1 is inaccurate; in these cases, the index was calculated with the classic formula following
the recommendation of Anne Chao (equation 2 in Colwell 2013).

The 95% confidence intervals were calculated in the EstimateS 9.10 software with the
logarithmic transformation proposed by Chao (1987). Equations 13 or 14 presented in
Colwell (2013) were used for this purpose, depending on whether equation 1 or 2 from
Chao 1 was used. To compare the estimated richness between the different sites, the
sampling units were resampled at random with replacement by random numbers obtained
from the strong-hash-driven cryptographic algorithm with 100 randomisations. This
allowed unconditional confidence limits to be obtained which do not converge to zero
at the right-hand end of the curve (Colwell et al. 2012, 2013).
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Results

Richness and composition of flora

The sampling protocol resulted in 914 sample units (�x = 30 ± 18 trees in 30 sites) on which
33 species were identified for the coastal swamp forest of the Araucanía region. Of these,
17 were climbing plants (including two introduced species) and 16 were vascular epi-
phytes. The climbing plants were represented by 15 families, while the epiphytes came
from six families. Of the latter assemblage the filmy ferns family, Hymenophyllaceae, pre-
sented the highest representation with 10 species.

The most abundant climbing plants were Luzuriaga radicans Ruiz & Pav. and Cissus
striata Ruiz & Pav., with 1228 and 759 stems, respectively. These species also had the
highest incidence, since they were found on 18.3% and 24% of the trees, respectively
(Table 1). The most abundant epiphytes were Hymenophyllum plicatum Kaulf. and

Table 1. Vascular epiphytes and climbing plants recorded on 914 trees in coastal swamp forest
remnants of the Araucanía region, Chile.
Vascular epiphytes Family Abundance* Incidence on trees (%)

Asplenium dareoides Desv. Aspleniaceae 4563 13.9
Asplenium trilobum Cav. Aspleniaceae 2914 4.5
Fascicularia bicolor (Ruiz & Pav.) Mez Bromeliaceae 440‡ 7.2
Grammitis magellanica Desv. Grammitidaceae 733 1.1
Hymenoglossum cruentum C.Presl Hymenophyllaceae 1364 2.5
Hymenophyllum caudiculatum Mart. Hymenophyllaceae 7956 10.2
Hymenophyllum cuneatum Kunze Hymenophyllaceae 496 0.8
Hymenophyllum dentatum Cav. Hymenophyllaceae 420 3.7
Hymenophyllum dicranotrichum (Pr.) Sadeb. Hymenophyllaceae 5421 2.5
Hymenophyllum krauseanum Phil. Hymenophyllaceae 4501 13.6
Hymenophyllum pectinatum Cav. Hymenophyllaceae 252 1.1
Hymenophyllum peltatum (Poir.) Desv. Hymenophyllaceae 1764 4.2
Hymenophyllum plicatum Kaulf. Hymenophyllaceae 10,381 20.4
Hymenophyllum secundum Hook. & Grev. Hymenophyllaceae 85 0.4
Polypodium feuillei Bertero Polypodiaceae 247 3.1
Sarmienta scandens Pers. Gesneriaceae 789† 12.4
Total = 16 species 6 families 42,326

Climbing plants Family Abundance†

Boquila trifoliolata (DC.) Decne Lardizabalaceae 322 8.8
Calystegia sepium (L.) R.Br.§ Convolvulaceae 4 0.4
Campsidium valdivianum (Phil.) Skottsb. Bignoniaceae 21 0.9
Cissus striata Ruiz & Pav. Vitaceae 759 18.3
Dioscorea auriculata Poepp. Dioscoreaceae 1 0.4
Ercilla spp. Phytolaccaceae 2 0.4
Galium hypocarpium (L.) Fosberg Rubiaceae 2 4.9
Griselinia racemosa (Phil.) Taub. Griseliniaceae 4 0.4
Hedera helix L.§ Hederaceae 2 0.1
Hydrangea serratifolia F.Phil. Hydrangeaceae 8 0.3
Lapageria rosea Ruiz & Pav. Philesiaceae 49 1.0
Luzuriaga polyphylla (Hook.) J.F.Macbr. Luzuriagaceae 176 5.3
Luzuriaga radicans Ruiz & Pav. Luzuriagaceae 1288 24.0
Mitraria coccinea Cav. Gesneriaceae 394 12.8
Muehlenbeckia hastulata I.M.Johnst. Polygonaceae 12 0.4
Nertera granadensis Druce Rubiaceae 39 1.1
Pseudopanax valdiviensis Seem. Araliaceae 15 0.4
Total = 17 species 15 families 3098

*number of fronds in epiphyte ferns.
†number of stems in climbing plants.
‡number of plants (rosettes).
§introduced species.
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Hymenophyllum caudiculatum Mart. with 10,381 and 7956 fronds, respectively (Table 1).
Hymenophyllum plicatum also presented the highest incidence with 20.4% of the trees.
Other important species were Asplenium dareoides Cav., Hymenophyllum krauseanum
Phil., Hymenophyllum caudiculatum and Sarmienta scandens Pers. with incidence
ranging between 10.2% and 13.6%.

The results showed that most species (n = 22) are low frequency (incidence <5%),
despite the high abundances registered in the forest. The situation is more critical when
low incidence is combined with reduced abundance, as with Hymenophyllum secundum
Hook. & Grev. and the climbing plant Hydrangea serratifolia F.Phil.

Standardisation of the sampling effort

The standardisation of the sampling effort by extrapolation of the rarefaction curve from
each reference sample (number of trees in each site) to a number of 75 trees showed that
the variability of the expected species richness between the sites and within each assem-
blage resulted in the identification of only two categories of site (‘rich’ and ‘poor’), for
both vascular epiphytes and climbing plants, since the limits for 95% confidence
overlap substantially within each category (Figure 2; Table A1.1). This implies that if
we could record the species richness on the same number of trees (i.e. 75) in every site,
we would distinguish only two groups of species richness (using a conservative approach).

Figure 2. Extrapolation of the rarefaction curve from the reference sample for vascular epiphytes (A)
and climbing plants (B) up to 75 samples (trees) in 30 swamp forest sites. The unbroken and broken
lines represent groups of rich and poor sites, respectively, which present no statistical difference in
standardised richness at 95% confidence. The circles represent the curves that achieve asymptote.
To avoid saturating the image, the confidence limits of the rarefaction curves are not shown (see
Table A1.1).
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In general, the sites rich in epiphytes (observed) are associated with larger fragments
while at the other extreme both assemblages become poorer, although we note that in
the case of epiphytes there is a superposition zone of the curves for the rich and poor
sites between 1 and 3.9 ha. Climbing plants present three peaks for richness (86–156,
50 and 5.5 ha) with 10 species in each, while epiphytes present a peak for the largest
sites (156 and 936 ha) with 16 species (see Table A1.1).

The projection of the rarefaction curve suggests that the richness of approximately half
the sites (15 for epiphytes and 13 for climbing plants) would achieve asymptote, and that
greater sampling effort is required for climbing plants than for epiphytes to achieve this
statistical asymptote, since in most of the sites, the number of undiscovered species
would be larger for climbing plants. Unusual values can also be observed. For example,
if we observe only the upper confidence limits in all the sites and stop at the 33 ha site
(see Table A1.1), we would probably find up to 15 more species of epiphyte (�x = 6.36 ±
5.08 species considering all the sites), while in climbing plants the expected maximum
number of additional species would be 24 in the 0.13 ha site (�x = 7.03 ± 5.39 species con-
sidering all the sites) (Table A1.1). These richness values are not possible in the field, for
two reasons: (1) there are no more species in the region (see ‘Discussion’); and (2) in small
fragments practically all the trees at the site were inspected.

Expected (minimum) richness

The estimated asymptotic richness presented small differences between the observed
value and the value estimated by Chao 1, of less than one species for epiphytes (�x =
0.51 ± 0.47) and close to one species for climbing plants (�x = 1.10 ± 1.01) (Figure 3).
The Chao 1 result was less than the observed richness of epiphytes in most sites
(except the sites of 156 and 11 ha) while the richness of climbing plants remained
within the confidence limits, except for some rich (e.g. 133, 86 and 33 ha) and poor
sites (e.g. 0.8 and 0.13 ha) where the number of species observed was higher (Figure
3). This implies that the inventory of epiphytes and climbing plants was representative
of the expected minimum richness, especially for epiphytes where in practical terms no
other species would be expected. For the climbing plants assemblage on the other hand it
is likely that two or three more species might be found in medium to large sites (e.g. 936,
50, 40 and 22 ha). The results show that when the assemblages are compared site to site,
there is significantly greater species richness for epiphytes (except for the site of 86 ha)
than for climbing plants from the 7.1 ha site and larger (P≤ 0.05, see Table A1.1). This
pattern is significant and is the opposite of that observed in the 5.5 ha site and smaller,
where climbing plants are more important (P≤ 0.05, except for the sites of 3.4 and
1.9 ha).

The variability in species richness along the fragment size gradient was clearly differ-
entiated between assemblages (Figure 3). In the case of epiphytes, the estimated richness
reached its maximum in the largest sites (936 and 156 ha), diminishing with the fragment
size gradient. There were even sites with 95% confidence intervals for species richness that
did not match the intervals of any other site; this means that the number of species is
unique and distinguishable from other sites (e.g. 133 and 42 ha, see Table A1.1). In the
case of climbing plants, the variation in the species richness is less clear (the overlap
between sites is bigger), with five maxima of 10 species observed. No significant differences
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were found in species richness between the majority of the large fragments (936, 156, 133,
86 and 50 ha), some medium (8, 1.8 and 1 ha) and one small (0.12 ha) (Figure 3).

Discussion

Chilean coastal swamp forest remnants were surprisingly rich in both vascular epiphytes
(16 species) and climbing plants (15 native species) (Table 1). These values are almost as
high as those reported from much more extensive areas of better-conserved forest in the
Chilean coast ranges further south (Smith-Ramirez et al. 2005) and in the Argentine
Andes (Ezcurra & Brion 2005). Chilean swamp forest may therefore have an important
role in conserving these groups of plants, despite its degraded state and survival mostly
as second-growth stands.

Likewise, several of the sites sampled in the present study appear to be as rich in species
as mature forests of other forest types in the Chilean coast ranges, which have a more
diverse structure. This can be seen in Jiménez-Castillo et al. (2007), who reported the pres-
ence of five and seven species of climbing plants in two sites, and Pincheira-Ulbrich et al.
(2012) who recorded a maximum of seven climbing plants and 12 epiphytes (for a review,
see Pincheira-Ulbrich 2011). Nevertheless, it must be remembered that no simple, direct
comparison can be made of this study with the few existing inventories of temperate
forests which include climbing plants and vascular epiphytes, because different

Figure 3. Estimated asymptotic richness for assemblages of vascular epiphytes (A) and climbing plants
(B) in 30 swamp forest sites (ha). The dots represent the Chao 1 estimator and the bars the 95% con-
fidence intervals (see Table A1.1).
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methodologies have been used and often different objectives pursued (e.g. Pincheira-
Ulbrich 2011). Moreover, and especially, because the other studies do not include explicit
statistical assessments of their completeness or the effect of the sampling effort, as has been
strongly suggested in the literature (Gotelli & Colwell 2001; Jiménez-Valverde & Hortal
2003; Colwell et al. 2012; Rivera Huntiel et al. 2012).

The transect-based sampling protocol and intensity of sampling (914 trees) of our study
enabled detection of species that had not previously been recorded in these forests.
Examples include the filmy ferns Hymenophyllum cuneatum Kunze and Hymenophyllum
secundum, and the climbing plants Griselinia racemosa (Phil.) Taub. and Hydrangea ser-
ratifolia. These can now be added to the earlier inventory carried out in the same study
area (Hauenstein et al. 2014), which identified 14 epiphytes and nine climbing plants
using Braun-Blanquet’s methodology. The use of transects in this method allows environ-
mental gradients to be captured more efficiently than with plots, even though the specific
area is smaller; in this study at least this would appear to be a good way of identifying rare
species, an important aspect for biological conservation (Croft & Crow-Fraser 2009;
Dieckman et al. 2007).

The sampling protocol used here is a non-random method, implying that the results of
a sample may not be as representative of population parameters as a randomised protocol.
However, the advantage of subjective sampling is that it allows the use of scientific fore-
knowledge of the study site, and it has proved to be more efficient in identifying rare
species (it facilitates the search for species in field); the decision on the type of sampling
will therefore depend on the purpose of study (Kenkel et al. 1989; Diekmann et al. 2007).

The rarefaction curves extrapolated to 75 trees per site showed that the variability of the
expected richness can be reduced to two groups: rich sites and poor sites. However, it is
important to note that in approximately half of the sites this curve does not stabilise
and presents a wide variance, meaning that a greater sampling effort would be required.
Nevertheless, even if it were possible to increase the sampling effort, it would be very dif-
ficult to find more species in small fragments of forest (<1 ha), because there are limit-
ations in the availability of substrate (trees) and because in the field practically all the
trees in these fragments were inspected and there are simply no more species. At the
other extreme of fragment size, and considering the local richness and the data provided
by other works (e.g. Pincheira-Ulbrich 2011), the large fragments where asymptote was
not reached (e.g. 936, 156 and 133 ha) might not hold any more species since the
maximum species richness for the region has already been reached (see Smith-Ramirez
et al. 2005). More attention may need to be paid to the proportion of rare species in
the medium to large sites, since recording rare species requires a greater capture effort
for the rarefaction curve to reach asymptote (Thompson & Whitters 2003).

Despite the potential limitations of our sampling method, the Chao 1 index, used to
assess undetected species, resulted in a better-fitting richness with narrower confidence
intervals than estimates reached by rarefaction. The advantage of this estimator is that
when representative sampling has been done of the study community, for example
using the scientific judgement of the researcher (Wallington & Moore 2005), and the
abundance data have been obtained, the effects of under-sampling environmental gradi-
ents and spatial auto-correlation do not appear to have any consequences in this non-
parametric estimator (O’Hara 2005; Hortal et al. 2006; Colwell 2013).
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Species richness estimators depend on having a sufficiently large sample size; for Chao
1 this means that the proportion of singletons must be less than 50% (Colwell 2013) as
occurs in our study (see Table A1.1). Although Chao 1 was derived for estimating the
lower limit of species richness (Chao 1984; Colwell et al. 2012), in the opinion of Chao
& Shen (2006), based on the works of Shen et al. (2003) and Chao et al. (2006), for
many sets of biological data, Chao 1 could justifiably be used as an estimator of the
total species richness, not just the lower limit. Consequently, we believe that an appropri-
ate level of inventory completeness was achieved.

Our species richness data suggest that assemblages of vascular epiphytes gradually
become impoverished in small forest fragments. Climbing plants on the other hand
appear to be less affected by habitat reduction and are more likely to be found in small
fragments, while epiphytes tend to disappear (see Table A1.1). This may be explained
by the stronger edge effect in small sites and/or reduction of the core area of forest frag-
ments which change micro-environmental patterns (at habitat scale, see Murcia 1995) and
influence the distribution of these assemblages (e.g. Pincheira-Ulbrich et al. 2012). Alter-
natively, following the classical theory of island biogeography, the mechanism for main-
taining this diversity in the landscape would be based on a dynamic of colonisation and
extinction where small fragments would hold relatively few species due to their higher
extinction rates, while large fragments maintain greater species richness and lower extinc-
tion rates (MacArthur & Wilson 1967). Future studies need to be conducted to determine
the relative importance of the processes at habitat and landscape scale that explain changes
in diversity.

In temperate forests it has in fact been shown that more humid environments provide
better micro-habitat conditions for epiphytic ferns (Hymenophyllaceae), while climbing
plants prefer sites with more direct sunlight (Muñoz et al. 2003; Woda et al. 2006; San
Martín et al. 2008; Parra et al. 2009). In general, micro-climatic and forest structural
changes appear to correlate more directly with vascular epiphytes than with climbing
plants (e.g. Gianoli et al. 2010; Reyes et al. 2010; Saldaña et al. 2014). This reflects the vul-
nerability of epiphytes to desiccation, because of their limited access to water (Zotz &
Bader 2009).

Conclusions

Our assessment of the effect of sampling effort on the inventory of climbing plants and
vascular epiphytes in Chilean swamp forest led us to conclude that complete inventories
were obtained. The Chao 1 index resulted in a better-fitting richness with narrower con-
fidence intervals than estimates reached by rarefaction. Use of this index is therefore rec-
ommended when prior information of ecosystem and regional richness is available, and
when the proportion of singletons is adequately captured by the sampling design. We
found evidence that forest fragmentation has more severe effects on species richness of
vascular epiphytes than on that of climbing plants.

The swamp forest of the Araucanía region maintains a particularly high richness of
climbers and vascular epiphytes, comparable to larger, better-conserved areas of forest
in the same region. This was unexpected, considering that this ecosystem is dominated
by just two tree species, and that remaining stands are mostly second-growth and
under strong anthropogenic pressure.
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Appendix

Table A1.1. Summarised inventory of species of climbing plants and vascular epiphytes drawn up in 30
sites in the coastal swamp forest of the Araucanía Region, Chile.

Site
(ha)

Number
of trees

Vascular epiphytes Climbing plants

S
obs Sin Doub

Rarefaction Richness estimator

S
obs Sin Doub

Rarefaction
Richness
estimator

S est
(75)

95%
CI L

95%
CI U

Chao
1

95%
CI L

95%
CI U

S est
(75)

95%
CI L

95%
CI U

Chao
1

95%
CI L

95%
CI U

936 75 16 0 1 16 10.83 21.17 14.53 14.53 15.08 8 1 0 8 5.53 10.47 7.38 7.22 10.63
156 67 16 1 0 16.33 13.51 19.14 14.8 14.8 15.72 10 1 2 10.58 5.94 15.22 8.48 8.42 10.31
133 34 14 0 0 16.05 11.22 20.88 13.02 13.02 13.26 10 0 4 12.74 6.9 18.58 8.61 8.66 9.72
86 18 10 0 1 15.03 5.43 24.64 8.65 8.65 9.04 10 0 3 15.47 4.07 26.87 8.11 8.12 9.8
67 19 12 0 0 12.63 10.19 15.06 10.8 10.8 11.11 6 1 2 7.42 3.2 11.64 4.79 4.83 6.2
55 46 11 0 0 11.7 9.27 14.13 10.27 10.27 10.49 7 1 1 7.92 4.75 11.09 6.21 6.16 8.08
50 50 14 0 1 14.62 12.3 16.94 13.14 13.14 13.84 10 1 3 11.08 7.79 14.37 8.88 8.74 12.53
42 86 6 0 0 6 3.61 8.39 4.99 4.99 5.38 7 0 4 6.62 3.92 9.31 6.03 6.03 7.03
40 33 12 0 0 15.91 8.71 23.12 9.77 9.77 10.15 8 2 2 11.71 4.47 18.96 6.77 6.46 11.28
33 24 12 1 1 17.11 7.08 27.13 10.44 10.45 11.39 5 0 0 5.24 3.86 6.62 4.35 4.35 4.8
22 21 10 0 0 15.61 4.22 27 8.18 8.18 8.85 4 2 1 5.77 0 11.58 3.46 3.23 7.22
16 31 8 1 2 10.28 4.99 15.57 6.26 6.32 7.6 2 1 0 2 0 0 1.67 1.67 2.51
11 26 7 1 1 8.64 3.51 13.77 6.14 6.14 7.06 3 1 0 3 0 0 2.63 2.64 3.55
9.4 21 10 0 1 15.61 4.22 27 8.45 8.45 9.04 6 2 1 11.61 0.23 22.99 4.59 4.58 6.65
7.1 24 10 0 1 15.11 5.09 25.12 8.54 8.54 9.19 6 2 1 8.59 2.58 14.59 5.07 5.03 7.35
5.5 36 9 1 0 11.59 6.05 17.14 7.55 7.55 8.43 10 1 3 12.59 7.04 18.14 8.5 8.54 10.65
3.9 29 3 0 0 3 0 0 2.96 2.96 2.98 5 2 1 6.55 1.82 11.27 4.53 4.19 9.78
3.4 31 8 0 1 11.6 4.74 18.45 6.28 6.26 7.22 3 0 0 4.17 0 9.07 2.92 2.92 3.29
3 35 4 0 0 4.87 2.05 7.7 3.4 3.4 3.47 7 0 3 10.15 3.92 16.38 5.63 5.64 6.47
1.9 7 7 0 0 8.29 4.42 12.15 5.63 5.63 5.73 4 0 1 4 0 0 3.91 0 0
1.8 34 6 0 0 6 0 0 5.44 5.44 5.64 7 2 2 10.26 3.88 16.64 5.87 5.76 8.47
1 18 8 1 0 8.94 5.78 12.11 7.22 7.22 8 8 2 1 13.03 3.44 22.63 6.78 6.74 8.94
0.8 18 2 1 1 2.94 0 5.98 1.4 0 0 2 2 1 4.82 0 10.99 2.61 0 0
0.7 22 0 0 0 0 0 0 0 0 0 4 0 0 4.24 2.86 5.61 3.41 3.4 4.41
0.15 12 3 0 0 5.74 0 10.53 2.06 0 0 4 1 0 4.92 1.86 7.97 3.41 3.4 5.18
0.14 13 3 0 0 3 0 0 2.9 2.9 2.91 3 0 1 3.46 1.07 5.86 2.56 2.56 3.37
0.13 22 2 0 0 2 0 0 1.89 0 0 7 1 4 16.72 2.08 31.37 4.65 4.88 5.55
0.12 27 0 0 0 0 0 0 0 0 0 5 2 1 8.05 0.93 15.16 4.17 3.96 8.36
0.07 19 0 0 0 0 0 0 0 0 0 2 0 0 2 0 0 1.94 1.94 2.41
0.05 16 4 0 0 4.94 1.83 8.04 3.33 3.33 3.39 3 0 1 3 0 0 2.63 2.63 3.42

S obs, species observed; S est, species estimated; Doub, doubletons; Sin, singleton; S est(75), number of species extrapo-
lated to 75 samples (trees); 95% CI l, lower limit for 95% confidence; 95% CI U, upper limit for 95% confidence.
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