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Abstract: The paramo is a unique and severely threatened ecosystem scattered in the high northern
Andes of South America. However, several further, extra-Andean paramos exist, of which a particular
case is situated on the active volcano Sumaco, in the northwestern Amazon Basin of Ecuador. We have
set an elevational gradient of 600 m (3200-3800 m a.s.l.) and sampled a total of 21 vegetation
plots, using the phytosociological method. All vascular plants encountered were typified by their
taxonomy, life form and phytogeographic origin. In order to determine if plots may be ensembled
into vegetation units and understand what the main environmental factors shaping this pattern
are, a non-metric multidimensional scaling (NMDS) analysis was performed. In addition, species
turnover was quantified in order to appreciate the quantity and sort of species which are responsible
for the similarity or dissimilarity between vegetation units. Therefore, a SIMPER similarity percentage
analysis was conducted. We encountered 68 plant species belonging to 54 genera and 31 families,
of which three are Ecuadorian endemics. The most frequent life forms were erect herbs, rosette and
tussocks, whereas the least were cushions. At genus level, 44% of the Sumaco paramo flora was
of tropical origin, followed by temperate (33%) and finally cosmopolitan (22%). The neotropical
montane element was the most represented with 15 species, followed by the Austral-Antarctic
with ten, wide temperate with another ten and cosmopolitan with seven. Regarding vegetation,
four floristically distinct groups were segregated being lower gradient (3250-3500 m a.s.l.) and high
altitude (3500-3800 m a.s.l.)

Keywords: altitudinal gradient; endemism; isolated paramo; Sumaco volcano

1. Introduction

The paramo includes all natural and semi-natural ecosystems located above the natural montane
tree line in the northern Andes [1-3]. Nevertheless, few isolated paramos exist, apart from the main
cordilleras and are called extra-Andean paramos. The most adequate examples are located in Ecuador
and cover the mountain tops of the Sumaco and Sangay volcanoes in the Amazon basin [4], as well as
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the Kutuku and El Condor Cordillera [5,6]. To date, only basic research has been conducted on these
isolated paramos, even though they constitute a priority candidate for ecological and conservation
efforts [7,8]. Generally, the largest distribution of the paramo is in the tropical mountains of Central
and South America. Nonetheless, it is also present in certain areas within East Africa, Hawaii and
Malaysia [9,10]. Chronologically, the paramo is constituted by tropical, temperate and cosmopolitan
elements [11]. In addition, the evolutionary history of the paramo demonstrates that the origins of the
present flora depend dominantly on elements from the northern continent more than own elements
and southern hemisphere [12].

The Andean paramo is distributed in the high mountains of Venezuela, Colombia, Ecuador and
northern Peru, where its flora contributes an important percentage of the regional biodiversity [13-16].
Currently, it is considered that the paramo is a strategic ecosystem in terms of environmental and
landscape services, of which the most important are water production and regulation, as well as carbon
storage [17,18]. In Ecuador, the paramo covers approximately five percent of the national territory
and hosts about 1500 vascular plant species [19], with an endemism rate estimated of about 60% at
species level [1]. It is considered as a fragile ecosystem, where the main threats are mainly fire, grazing,
and Andean crops, among other minor causes [20-23].

Several studies have considered the ecosystem and its flora, trying to fit it into a regular classification
system [24-30]. Its crossed flora and ecotones indicate a variety of local floristic features leading the
classification of the vegetation of the paramo to advance significantly, particularly in Ecuador [1,31-34].
The denominations by their physiognomy (shrub, herbaceous), by type of climate (wet, dry) and/or
plant associations [35], resulted in several types of paramo, such as the sub-paramo, where dense
and shrubby vegetation dominates [36,37]. The mid paramo is considered a transition zone between
the tree line and the open paramo, being of moist dense shrubland and glasslands vegetation [1,38].
The super paramo is characterized by sparse and discontinuous vegetation, with predominantly
lichens, mosses and small herbs and shrubs, often belonging to the Asteraceae family, such as Senecio
or Culcitium [39,40].

There is a severe lack of knowledge about the phytogeography on the extra-Andean paramo.
Studies of the paramo of Costa Rica to Peru, where twelve genera have been described, originated from
the Savannas [41]. In the study of the flora of Avila (Eastern Cordillera of Colombia), some 18 genera
(15%) have been encountered [42], which originated from the Savannah [43]. Other studies of the
phytogeography of the flora of the Podocarpus National Park in southern Ecuador indicated that
very humid climate and regional isolation are considered as key factors in the current geographic
distribution of the 187 genera of the paramo [44]. There are 40 genera in common with the puna (21%),
and three other types of floristic geographical components, such as tropical (55%), temperate (38%)
and cosmopolitan (7%).

In Ecuador, isolated paramos outside the eastern to western ranges of the Andes are
physiognomically different from the paramos encountered on the ridges of both mountain ranges,
which have been developed upon volcanic ash deposits and lava flows. Unfortunately, there are so
far no studies in the isolated paramos of the Sumaco and Sangay volcanoes, most probably due to
particular adverse weather conditions and accessibility [45], except for a single exploratory expedition
which took place in 1979 [27]. Nonetheless, a recent study on Sumaco paramos has revealed new
species records, and clarified the endemism as well as the plant communities [4].

The current study represents pioneering research on the ecology of extra Andean paramos,
focusing on the Sumanco volcano. Hereby, we most likely count a lack of anthropogenic intervention,
possibly presenting its own floristic evolution and with different types of paramo. There are so far
no floristic records of the native taxa of these sites, leading undoubtedly to the first register of the
flora and the ecologically identification of existing plant formations in the altitudinal gradient of the
Sumaco volcano. Therefore, the main goal of our study has been to fully characterize the given flora
(taxonomical diversity), vegetation (life forms) and the chorological aspects of the paramo belt on the
Sumaco volcano.
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2. Materials and Methods

2.1. Study Area and Geological History of the Sumaco Volcano

The study was conducted within the Sumaco Napo—Galeras National Park (PNSNG), in the core
area of the Sumaco Biosphere Reserve, which is located in the northeastern area of the Ecuadorian
Amazon, between the provinces of Napo, Francisco de Orellana and Sucumbios (Figure 1). The Sumaco
volcano culminates at 3800 m above sea level (m a.s.l.), which is part of the sub-Andean volcanic
cordillera and has been discovered and first described just a century ago [46—49]. It is located at
approximately 105 km southeast of the city of Quito and 35 km northwest of Loreto, which is the
nearest village in the Orellana province.

4 ]
P

Legend
| ® Sampling plots
Rivers

'] \‘ =
[: Provincial border | %

L[] 2.732—3.788 M

[] 228a—2732 g
\[J1es2—2203 ;KI,.

I 11634—1041 |l B8

[ J1208—18633 If 45&’ Scals 1:80.000
| o8 —1205 | . R

A il

Figure 1. Location of the study area and distribution of the sampling plots along the cone of the Sumaco
Volcano. Colors identify the various altitudinal classes.

The active volcano and its magmatic products perforated pre-existing geological formations,
such as the formations of Misahualli, Hollin, Napo, Tena and Tiyuyocu, as well as granitic rocks of
the Guacamayos [47,48]. The Sumaco Volcano was formed in two phases, of which the oldest phase,
the Paleo-Sumaco (la and Ib, for its volcanic products) reached an approximate height of 3750 m a.s.l.
After a violent eruption (Volcanic Explosivity Index = 6), it collapsed, and its height was reduced by
almost half [49]. Later, a parasitic cone called Guagua Sumaco took place on the eastern slope of the
volcano. The collapse itself produced an avalanche of debris that was deposited on the eastern side of
the volcano. The event left a remarkable mark at a height of 2400 m a.s.l., while the ejected material
covered a radius of at least 120 km? around the volcano. The debris avalanche mainly filled the Suno
River valley up to 500 m a.s.l., and partially the Rio Molino valley, which caused the damming of the
waters in the two upper watersheds. The ash ejected during the eruption covered the surroundings of
the volcano with a layer thickness of up to 10 to 20 m from the center of the emission and this allowed
one to conclude that during the evolutionary process of the Sumaco volcano, explosive episodes of great
magnitude took place. One of these was probably the cause of the collapse of the Paleo-Sumaco cone
and the sliding of the north-eastern flank. After that, a landslide was generated in the north-eastern
section of the volcanic building (Paleo-Sumaco) sequence of the collapse of a part of the cone [49].
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The second phase (the current volcano, Ila and IIb) grew on the remains of the Paleo-Sumaco and
reached a height of about 3732 m a.s.l. The Sumaco volcano is currently characterized by two craters.
The oldest on the south flank appears with a strong erosion of the eastern side and the second is located
in the north, of which the morphological characteristics are well preserved. The lava of this volcano
is alkaline in nature, being the only ones in the Andes with this composition [46,50-53]. Its stages
of volcanic reactivation should be related to the high tectonic activity present in this area [54,55].
Although historical eruptions have not been recorded, it is estimated that the most recent eruptions
occurred between 1865 and 1925. Therefore, the volcano represents a potential hazard to the inhabitants
of Loreto and Avila Vieja, as well as to the transecuadorian pipeline system (SOTE) and for the oleoduct
of heavy oils (OCP), although these will most likely be affected by the massive fall of ash [56].

2.2. Data Sampling and Processing

The sampling sites were located on the isolated paramo (00°32'28.7” S to 77°37’37” W), in the
upper cone area, above the 3200 m a.s.l. elevation line up to 3800 m a.s.l. at the edge of the main
cone. A total of 21 temporary plots of 5 X 5 m in four altitudinal classes were installed and sampled
according to the phytosociological Braun Blanquet method [57,58] (3380 m a.s.l. n =6; 3500 m a.s.1.
n=6;3700ma.s.l. n=3;3800 m a.s.l. n = 6), which is considered adequate for low-height vegetation as
found in the paramo, and has been extensively used in the paramo ecosystem [59,60], and specifically
in Ecuador, e.g., [1,33,38,61]. In each plot, all vascular species present were listed and those that were
not identified on the field were collected and coded. Abundance scores were established according
to the Braun Blanquet scale (1, <5%; 2, 6-25%; 3, 26-50%; 4, 51-75%; 5, >75%); the symbols—'r” and
‘+” were not used, due to the small size [9]. Then each species was classified according to its lifeform
as: cushion, erect shrub, erect herb, prostrate herb, tussocks, acaulescent rosette, basal rosette or stem
rosette [62—-64]. The frequency of each of the life-forms described above was evaluated.

Other data acquired for each plot were the total cover of each vegetation stratum, geographic
position, elevation, slope of the terrain, aspect and environmental temperature. These data were
obtained with a frequency of four times every three months, within a one-year period. For all
vascular plant species, 3-4 specimens were collected (Table S1), codified and stored in ziplocs for their
ulterior transportation to the ECUAMZ herbarium, where they were then processed and added to the
collection [65,66]. The taxonomic identification of each specimen was performed, based on the key
treatments Flora of Ecuador [67] in the herbariums of the Universidad Estatal Amazoénica (ECUAMZ),
the Ecuadorian Museum of Sciences (QCNE) and the herbarium of the Pontificia Universidad Catélica
de Quito (QCA)

2.3. Statistical Analyses of Plant Diversity and Species Assemblages

In order to reflect plant diversity at plot level, the Shannon diversity index (SDI) was
calculated [68,69]. This index offers insight on the effect on each species, in relation to the number of
individuals. The equation indicated below was applied using the PAST software [70].

s
H" = Zpi Inp;
i=1

H’ is the Shannon index, p is the proportion (1/N) of individuals of one particular species found
(n) divided by the total number of individuals found (N), In is the natural log, X is the sum of the
calculations, and S is the number of species.

In order to determine if the plots were grouped into vegetation units and understand what the
main environmental factors are that form this pattern, a non-metric multidimensional scaling analysis
(NMDS) was performed [71,72]. In order to assess the goodness of the NMD cluster, we used the stress
values proposed by Clarke 1993 [73], as follows: 0.05 = excellent, = 0.10 good, 0.20 usable and > 0.20
not acceptable.
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First, the Bray—Curtis dissimilarity distance was calculated [74,75], which is a statistic used
to quantify the compositional dissimilarity between two different sites. The values of Bray—Curtis
dissimilarity are bounded between 0 and 1, where 0 means the two sites have the same composition
(that is they share all the species), and 1 means the two sites do not share any species, based on species
counts at each site, and is calculated by applying the equation:

Zci]‘
S+ 5]

BCjj=1- 1)
where C;; is the sum of the lesser values for only those species in common between both sites. S; and S;
are the total number of specimens counted at both sites [76].

In order to build a dissimilarity matrix between plots, and later the final results, they were
plotted in a NMDS ordination diagram using the ‘vegan’ package in R.3.4.4 [77]. Values of relative
species abundance and environmental variables were then fitted onto the first two axes of the NMDS
ordination, squared correlation coefficients (r?) and empirical p-values (p), which were calculated for
these linear fittings. The averages at plot level and group level of Shannon diversity index SDI and
others characters were compared using a Kruskall-Wallis test between each group assimilable to a
vegetation unit.

The frequency of lifeforms was compared using a Chi-square test (x?) contrasting the same groups
or communities resulting of the previous ordination analysis. In addition, species turnover was
quantified, in order to count and list the species responsible for the similarity or dissimilarity between
vegetation units. Therefore, a SIMPER similarity percentage analysis was conducted [78,79] using the
software PRIMER v6 [80]. This procedure, proposed by (Clarke, 1993), assesses the average percentage
contribution of individual variables (species) to the dissimilarity between objects in a Bray—Curtis
dissimilarity matrix. It allows one to identify variables that are likely to be the major contributors to
any differences between groups.

2.4. Geographic Plant Distribution

The paramo vascular plant genera of the Sumaco volcano were grouped into geographic component
and flora element following Cleef 1979 [81], Cleef and Chaverri 1992 [82,83] and Sklenaf et al., 2011 [84].
This was based on three main components; (a) tropical, (b) temperate and (c) cosmopolitan, and the
percentages of each geographic component and element were calculated.

3. Results

3.1. Plant Diversity

The paramo plant diversity on the Sumaco volcano is represented by 68 species of terrestrial
vascular plants, belonging to 54 genera and 31 families. The vegetation covers between 95-100%
of the substrate and the height of the main vegetation strata reach 0.5-2 m. The predominant life
forms of the Sumaco Volcano plants are erect shrubs, erect herbs, tussocks, just a few cushions,
and various types of rosettes characteristic of the paramos. The most diverse families were Asteraceae
with eleven species (14.9% of the total determined species), Orchidaceae with seven species (10.4%),
followed by Cyperaceae, Dryopteridaceae, Ericaceae, Lycopodiaceae and Poaceae with four species,
each representing 6% of the total species. At genus level, the dominant ones were Elaphoglossum,
Epidendrum and Huperzia with four species each, followed by Carex with three species, and Agrostis,
Blechnum, Elleanthus, Grammitys, Miconia and Stellis with two species, whereas all other genera only
presented one species. The SDI values (2.6 + 0.1) did not show significant differences along the
altitudinal gradients (x*> = 0.87, p = 0.34), and neither did the other environmental variables.
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3.2. Species Assemblages and Floristic Groups along Gradient

Following the NMDS analysis, the plots were grouped within two preliminary “communities” or
floristic groups (Figure 2), the first group (G I) including the plots of the lowest altitude classes, while the
second group (G II) accounted for the plots located in the highest altitude classes. The stress values
that the cluster reached when reducing the dimensionality of the model are acceptable (stress = 0.12).
There are further factors other than the altitude, which is the most influential variable that determines
the clustering of plots (Table 1, Figure 3). The growth habit also determines the affinity of the plots,
being the greater presence of herbaceous species in the plots of the first two gradients that influence its
grouping, while the greater number of shrub species in the plots located in the higher gradients, is the
factor that determines the separation in the groups. Temperature is not relevant in the grouping.

1.0 n
Community GI &

0.5 4

NMDS Axis 2

Community GII
-1.5

-15 -1.0 -0.5 0.0 0.5 1.0 1.5 20

NMDS Axis 1

Figure 2. Non-metric multidimensional scaling (NMDS) diagram, showing the grouped plots based on
the floristic composition (Stress = 0.12). The circles separate the floristic groups (Communities I-II).
The black circle contains the plots installed in the lowest areas of the cone of the Volcano and the gray
circle contains the plots sampled in the highest areas of the cone.

Table 1. p-Values of variables that significantly influence the formation of floristic groups in the paramo
of Sumaco volcano. NMDS: non-metric multidimensional scaling. *** p < 0.001 * p < 0.05.

Variables NMDS1 NMDS2 r Pr(>1)
Altitude —0.68090 0.73237 0.83  0.001 ***
Herbaceous stratum 0.04777 0.99886 0.53  0.0071 ***
Shrub stratum —0.04777 —0.99886 0.53  0.007 ***
Slope 0.87744 —0.47969 0.34 0.023 *

Temperature 0.13639 —-0.99066  0.23 0.087

In the community GII (3300-3504 m a.s.1.), 39 species and 31 genera were determined, Orchidaceae
being the most diverse family, with nine species, followed by Asteraceae and Ericaceae with four
species each, and Dryopteridaceae, Cyperaceae and Poaceae with two species each. This gradient
develops at an intermediate altitude of the volcano and it presents a dense vegetation of herbaceous
and shrubby type, with a range of plant cover of 100%. The height of the herbaceous layer is of about
0.15-2 m and the shrub layer is around 0.30-2.50 m. This strip is very well delimited. The arboreal
stratum decreases its size, increasing the altitude and bushes scattered among the “pajonal” next
to small grasses. The species with the highest percentage of coverage belonging to the dominant
families throughout the sampled area were: Elleanthus aurantiacus (20%) for Orchidaceae; Elaphoglossum
dendricolum (20%) for Dryopteridaceae; Cortaderia nitida (75%) for Poaceae; Pernettya prostrata (15%)
and Disterigma codonanthum (15%) for Ericaceae; and Monticalia andicola (5%) for Asteraceae.
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Figure 3. Boxplot of some structural and richness characteristics in each altitudinal gradient. Hereby (A)
represents the Shanon index; (B) the herbaceous stratum; (C) the shrub stratum; and (D) total species.

In the community GI (3585-3778 m a.s.1.), 42 species and 34 genera were determined. Asteraceae is
the most diverse family with seven species, followed by Orchidaceae with five species, and Cyperaceae,
and Poaceae with three species each. The species with the highest coverage are Monticalia andicola (25%),
Diplostephium rupestre (25%), Pernettya prostrata (25%), Huperzia hystrix (5%) and Blechnum cordatum
(5%). This community has been encountered in the upper cone, on a rounded crest, and it has low
herbaceous, as well as shrubby vegetation of around 0.15-1 m in height. The “pajonal” is a variable
where there are low, dry and humid “pajonales” grasslands. In most of the sites, they are covered by a
great variety of mosses.

3.3. Life Forms and Species Turnover

In the communities of the two gradients, the dominant lifeforms of the species were the erect
herbs (39 species of the 68 registered, 59%), the bunchgrass (10 species 14.5%) and the prostrate herbs
(4 species 5.8%). There are so far no records of cushion plants at the first community. However, at the
next community, just one species is present (1.4%). The “rosettes”, in general, are acaulescent, with six
species (8.7%), two basal (2.8%) and four stem rosettes (5.8%) (Figure 4).

The lifeforms that indicate a significant difference in frequency between gradients are the cushions
(Table 2, Figure 5), the basal rosettes, and the stem rosettes, which are more frequently in community II
at higher altitudes. The rest of the lifeforms lack the presentation of significant differences throughout
the two communities.
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Figure 4. Cumulative frequency values of lifeforms for each community in two altitudinal gradients.

Table 2. p-Values of Kruskall-Wallis test, comparing the frequency of lifeforms. * p < 0.05.

Lifeform GI GII  X-Squared df p
Cushion 0 3 44 1 0.03 *
Erect Shrub 8 5 0.1 1 0.9
Erect Herb 97 61 1.9 1 0.1
Prostrate Herb 6 5 0.16 1 0.68
Tussock 25 20 0.05 1 0.8
Acaulescent
Rosette 4 8 3 1 0.08
Basal Rosette 1 5 5.3 1 0.02*
Stem Rosette 2 6 6.01 1 0.01*

The turnover species among the gradients is the main reason why the plots are grouped.
The gradients are floristically different. Distribution and abundance are characteristics that respond to
its spatial distribution pattern, and to other factors that we have not been classified so far. The difference
between gradients is evident and the SIMPER analysis indicates the calculated values for each of
the gradients. The gradients III-IV are the most dissimilar (84.8%), while the least dissimilar are the
gradients I-1I (54.1%). The values of dissimilarity between the I-III gradients are also high (77.9%) and
the dissimilarity values between the III-IV gradients (67.7%) confirm the floristic separation of the first
two gradients in a floristic group and the other two gradients, forming another floristic group. Table 3
lists the five species responsible for the floristic dissimilarity in each gradient, as well as the average
values of abundance of each of them in each gradient and a cumulative value of the percentage that
represent each one of them.
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Figure 5. All Lifeforms’ plant boxplot by altitudinal gradients. The altitudinal gradients are plotted
versus (A) Cushion; (B) Erect Herb; (C) Prostrate Herb; (D) Erect. Shrub; (E) Tussock; (F) Acaulescent
Rosette; (G) Basal Rosette; (H) Stem Rosette.
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Table 3. Species and values of floristic dissimilarity between primary levels of sampling.

Level I to Level II Average Dissimilarity = 54.1

Species Level I Average Level II Average Average Contribution Cumulative
P Abundance Abundance Dissimilarity (%) (%)
Macleania rupestris 0.8 0.2 3.2 59 59
Agrostis perennans 0.2 0.8 3.1 5.7 11.6
Epidendrum elleanthoides 0.2 0.7 2.7 49 16.5
Elaphoglossum muscosum 0.3 0.8 2.6 4.87 21.4
Elaphoglossum dendriculum 0.7 0.5 22 4.07 25.4
Level I to Level III Average Dissimilarity = 77.9
Species Level I Average Level IIT Average Average Contribution Cumulative
P Abundance Abundance Dissimilarity (%) (%)
Disterigma codonanthum 0.8 0 32 4.1 4.1
Macleania rupestris 0.8 0 3.2 4.1 8.2
Gaultheria amoena 0.2 1.0 3.2 41 12.3
Elleanthus aurantiacus 0.7 0 2.7 3.5 15.7
Huperzia hystrix 0 0.7 2.6 3.3 19.1
Level I to Level IV Average Dissimilarity = 81.9
Species Level I Average Level IV Average Average Contribution Cumulative
P Abundance Abundance Dissimilarity (%) (%)
Elaphoglossum antisanae 0.8 0 3.7 4.5 4.5
Macleania rupestris 0.8 0 3.5 43 8.7
Carex microglochin 0 0.8 3.5 4.2 13.0
Lachemila hispidula 0 0.8 3.3 4.1 17.0
Elleanthus aurantiacus 0.7 0 29 3.6 20.6
Level II to Level III Average Dissimilarity = 76.1
Species Level II Average Level III Average Average Contribution Cumulative
P Abundance Abundance Dissimilarity (%) (%)
Elleanthus aurantiacus 1.0 0 41 54 54
Elaphoglossum muscosum 0.8 0 3.4 45 9.9
Gaultheria amoena 0.2 1 3.4 45 14.4
Disterigma codonanthum 0.8 0 3.4 44 18.8
Huperzia hystrix 0 0.67 2.7 3.6 22.4
Level II to Level IV Average Dissimilarity = 84.8
Species Level II Average Level IV Average Average Contribution = Cumulative
P Abundance Abundance Dissimilarity (%) (%)
Elleanthus aurantiacus 1.0 0 4.5 5.2 5.2
Elaphoglossum antisanae 0.8 0 3.7 4.4 9.7
Elaphoglossum muscosum 0.8 0 3.7 44 14.1
Carex microglochin 0 0.83 3.7 44 18.4
Agrostis perennans 0.8 0 3.7 43 22.8
Level III - Level IV Average Dissimilarity = 67.7
Species Level IIT Average Level IV Average Average Contribution Cumulative
P Abundance Abundance Dissimilarity (%) (%)
Huperzia hystrix 0.7 0 2.7 4.0 4.0
Gaultheria amoena 1.0 0.3 2.7 3.9 79
Elaphoglossum dendriculum 0.7 0.3 2.3 3.4 11.3
Carex microglochin 0.3 0.8 2.3 3.4 14.7
Hieracium frigidum 0.3 0.7 2.3 3.3 18.0

3.4. Plant Geography

Of the total 54 genera recorded, 44.5% belong to the tropical component, followed by temperate
with 33.3%, and cosmopolitan with 22.2%. The neotropical montane element has the highest number of
species with 15, followed by Austral-Antarctic with ten species. Similarly, with ten and seven species
are wide temperate and cosmopolitan, respectively, and this declined to five and four species for the
paramo-puna and paramo, respectively (Figure 6).
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Figure 6. Geographical Distribution of Vascular Flora of Sumaco Paramo. (A) Species versus
phytogeographic origin of the Paramo flora isolated from the Sumaco volcano; (B) Floristic components
in relative distribution.

Correlating the migration on extra-Andean paramo, at the same latitude in the paramos of the
cordillera real (Antisana Ecological Reserve, UTM code 17MRV24, VegParamo 2018), there are 13 species
and 5 genera in common with the Sumaco Volcano, most of them being erect herbs. Although there is
also a considerable amount of tussocks that occur in both paramos, Xenophyllum humile (Kunth) VA
Funk, is the only rosette shared on both sites [85]. Further, west within the same Reserve Antisana
(UTM code 17MRV14, VegParamo 2018), only four species and seven genera are present in both sites.
Likewise, in the area of Aloag—Machachi (UTM code 17MQV64), we only found two species and one
genus in common with the species recorded in the Sumaco volcano.

4. Discussion

4.1. Diversity and Main Life Form

The results reveal the importance of examining the biodiversity and ecology of isolated volcanos
and their extra-Andean paramos in particular, as part of the recovery plant species growing mainly
on ash and volcanic rock, where distribution models of plant species and communities obey
to patterns are widely known [86-89], even with phytoclimatics patterns [90], where the plant
distribution is clearly shown and now confirmed by the applied analysis and the given results.
According to our study, the Sumaco vascular flora reaches 68 species of terrestrial vascular plants,
asignificantly higher amount than the previously reported 43 species and we observed several additional
non-vascular species, including some lichens [27]. The most abundant species registered on the Sumaco
are of Monticalia andicola (previously registered and referred to as Senecio andicola (Asteraceae),
Disterigma codonanthum and Pernettya prostrata (Ericaceae), Cortaderia nitida (Poaceae), Huperzia hystrix
(Lycopodiaceae), and Elaphoglossum dendricolum (Dryopteridaceae) [85,91,92]. Such species are common
in other areas of the northern and central paramo of Ecuador, especially on active and dormant volcanoes.
This counts as one of the types of vegetation of the Chimborazo and Chiles volcanoes in the Highlands,
being an environment of desert paramo of cushions, where they stand out from the rest of the
groups [93]. There, the vegetation is low, characterized by the presence of small erect shrubs and herbs,
while rosettes are absent [5].

Other paramos, like in the Podocarpus National Park [94], are much more diverse than the
paramo of the Sumaco volcano. There, in a single plot, there have been around 86 species registered.
Nevertheless, it is necessary to demonstrate that the conditions, mainly of volcanism, are impediments,
and therefore, its natural restoration phase reaches the later stages, leading to an idea of the flora which
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is potentially fully adapted to such conditions. This low diversity species, with a notable absence
of endemic species, with only four registered species vs. some 39—40% in high elevation paramos,
represented by ~508 species reported by Balslev 1988 [95], is low due to the fact that the paramos of
the Sumaco volcano are in the center of the Amazon rainforest on a cone of the volcano, with a short
time of colonization. In addition, due to the last eruption of Sumaco Volcano, which occurred some
150 years ago, most of the vegetation of the upper slopes was destroyed, therefore it is called a “young
paramo” based on the given restoration time [27].

Another aspect that should be highlighted in the flora of Sumaco is that the bushes represent a
low percentage of its composition with some nine species (13%). In other paramos of Ecuador that are
included in the Eastern Cordillera, the shrub elements occupy entire strips, even being called strip
of paramo (shrubland), which has a high amount of species [96]. However, the shrub species in the
isolated volcanoes are adapted to much harder conditions, being both climatic and edaphic [26].

4.2. Phytogeography and Distribution Patterns

The presence of 54 genera is low compared with the 201 genera recorded at the Podocarpus massif,
the 149 genera in the Sierra Nevada de Mérida, or the 150 genera in Guaramacal of Venezuela [44,97,98].
The presence of island-type ecosystem in middle of the Amazon basin forest is remarkable, producing
a high percentage of neotropical montane element, due to the high precipitation range and easy
wild dispersion. This probably occurs due to the lack of organic soil and the dominance of ash and
volcanic rock, allowing the higher second presence of the Austral-Antarctic element, where most of
the landscape is covered by Cortaderia tussocks. This may also be well influenced by the presence of
the paramo-puna element, whereas the presence of cosmopolitan and wide temperate obeys an easy
system of colonization by wind or bird distribution.

There is a broad description of the distribution patterns of the paramo species, of the isolated
volcano areas, which is lacking [99]. By trying to compare the patterns of the Sumaco volcano with
the paramos of the central mountain range, we may yield that the distribution of the Sumaco species
obeys the same factors that distribute the species in the paramos of other volcanoes to the west of
the mountain range (Antisana and Chimborazo volcanoes). Thereby, the vertical zonation, with its
respective climatic characteristics and the relatively young vegetation cover, leads to the composition of
the Sumaco volcano being similar to the rest of the volcanoes, although the absence of shrub elements
is typical of lower vegetation formations and of higher paramos (super paramos), placing it within a
unique composition of species.

5. Conclusions

On the Sumaco volcano isolated paramo, the vegetation is mountain-characteristic and as elevation
increases, the vegetation physiognomy gradually changes from shrubby to grasslands and finally
patchy to bare substrate where the most recent eruptions occured. Although the flora of the isolated
Amazonian volcanoes has been poorly studied, apparently the influence of altitude exerts the same effect
on the paramo of the mountain range, as well as the volcanoes. An altitudinal gradient in the mountain
range central discriminates the super-paramo (at higher altitudes), with the lower ranges dominated
by Poaceae and possibly with lower paramos (mid paramo), dominated by bushes (Ericaceae) and
herbs (ferns and lycopodium). This is something that occurs in the Sumaco volcano, since the rosettes
and cushion typical of the super-paramo are present in the highest gradient. The presence of these
species determines the structure of the so-called super paramo. Plant diversity can also be influenced
by altitude.

The isolated paramos of the Sumaco volcano are in a good state of conservation, with a range of
pioneer plant cover of 95% to 100%. There are significant differences in the number of individuals,
life forms and diversity, with respect to the altitudinal gradient. Marked differences were found within
each strip, which is possibly a product of the presence of microhabitats caused by the interaction of the
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edaphic—environmental variables of the different altitudes in which they were sampled. The intact
conservation of this ecosystem is due to the distance, rough terrain and difficult access to the summit.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/12/6/229/s1,
Table S1: Field data (excel supplement).
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