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Abstract

Puya raimondii Harms, an endangered giant bromeliad, has great ecological and cultural significance in
the Central Andes. To help studies of population size structure in this species, this study aims to develop
a rapid classification system based on plant developmental stages instead of using absolute size
measurements, and applies it to three areas in or near Huascaran National Park, Peru. Plant height, stem
height, total and photosynthetically-active rosette diameter and height to the base of the rosette were
measured, to illustrate how the developmental stages compare, along with estimates of vegetation,
rocks, and bare ground. Five plant developmental stages were identified in the study: juvenile, subadult,
adult, reproductive adult, and senescent reproductive adult. The juvenile stage could, in future, be further
divided into smaller, vulnerable plants and more established juveniles, but this requires more detailed
study to determine appropriate distinguishing developmental criteria. Comparing locations, Puya plants
in Queshque, were smaller than in the other locations, across all developmental stages. However, the
environmental variables recorded in this study could not explain this difference, indicating the
importance of other, unknown factors. This study provides an efficient and informative classification
system for P raimondii giant rosettes, using well-defined developmental stages, that can reveal
important differences between populations and prompt the generation of new hypotheses about the
ecology of these important plants. The classification system could be applied in populations across the
species’ distributional range in the Central Andes to explore how age, size and environmental factors
affect growth and development in this species.

Introduction

The spectacular Puya raimondii Harms is the largest bromeliad in the world, and an endangered species
which is emblematic of the puna in Peru and Bolivia (Raimondi 1874; Rees and Roe 1980; Lambe 2009;
Salazar Castillo et al. 2011; Fortier 2024). Ecologically, P raimondiiis a keystone species, providing
structure for climbing plants and foraging and nesting resources for birds (Dorst 1957; Salinas et al.
2007; Hornung-Leoni et al. 2013; Rocha 2023). Tourists are attracted to high mountain ecosystems by
this charismatic megaflora, and the plants also hold significant cultural value to local people (Waite
1978; Venero Gonzales and Hostning 1986; Venero Gonzales 2001; Hornung-Leoni and Sosa 2004), who
use P, raimondii for construction materials, fuel, animal forage and field boundaries (Villiger 1981;
Venero Gonzales 1984; Rivera C. 1985; Leiva G. et al. 1991; Davila 2004; Lounibos and Frank 2009).

The size structures of plant populations provide an insight into present and future demography of the
species (Hara 1988; Holderegger 1997; Fortier 2024), which can be incorporated into conservation plans
(Franco and Silvertown 2004; List et al. 2017). If repeated measures of plant sizes are taken through
time, as part of a longer-term monitoring programme, it can provide information about growth rates and
ages of plants of different sizes (Bierzychudek 2014).

P, raimondii, given its widespread distribution in the Central Andes and its endangered status, requires a
better understanding of its population structure in different locations and over time. However, there are a
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limited number of studies which have reported information linked to the size structure of P raimondii
populations in the puna (Venero Gonzales 1984; Salazar Castillo and Villasante Benavides 2012;
Montesinos 2014; Aquino et al. 2018; Prado-Aliaga et al. 2021; Veldhuisen et al. 2022), other Puya
species in the paramos of the Northern Andes (Miller and Silander 1991; Mora et al. 2005; Mora et al.
2007; Garcia-Meneses and Ramsay 2014; Veldhuisen et al. 2022), and even one species from the
paramo of Costa Rica (Augspurger 1985). However, collecting comprehensive and detailed information
about rosette size and plant height in remote and rugged terrain presents practical difficulties, and a
simpler system of developmental phases could provide a more effective way to collect valuable
demographic information about population size structure. For example, Suni et al. (2024) assigned P
raimondii plants to developmental phases according to rosette height, corresponding to broad
developmental phases of the plant: juveniles < 0.5 m height; hemispherical juveniles 0.50—1.49 m height;
spherical adults 1.50-2.99 m height; and mature adults = 3.0 m. An alternative classification, using
developmental morphology rather than fixed size thresholds could be more suitable, especially for
making comparisons between populations where there could be differences in the size of plants within
the developmental phases.

Using detailed measurements of representative plants, we aim to develop a rapid evaluation system for
P, raimondii plants to assign them to biologically meaningful developmental categories. To illustrate how
such a system could be applied to different populations of P raimondiithroughout the Central Andes, we
compare three different locations with important stands of this giant rosette plant in and around
Huascaran National Park, Peru.

Methods
Study areas

The locations of two large populations of P raimondii plants in Huascaran National Park has been
reported by Shoobridge (2005) and Vadillo Galvez (2011): Pumapampa and Queshque. A third large
population of plants is located mostly outside the national park, near the village of Pachapaqui. All three
areas were included in our study (Fig. 1).

Size structure of P. raimondii in the field

In August and September 2017, P raimondii plants were measured in the three study areas within
rectangular plots of 50 m x 6 m, established at random within the Puya stands. Four plots each were
employed in Queshque and Pachapaqui, and ten plots in Pumapampa (Fig. 1, Online Resource 1). The
reduced number of plots in Queshque and Pachapaqui reflected difficulties in accessing the populations
in those places.

All P raimondii plants with rosette centres within the limits of the plots were located and four allometric
variables measured: total rosette diameter, live rosette diameter, total plant height, and stem height.
Total rosette diameter represented the greatest distance across the rosette from one leaf point to

Page 3/23



another. Live rosette diameter represented the greatest distance across the rosette of green,
photosynthetically-active leaf tissue. Total plant height was measured from ground level to the highest
point of the plant (vertical leaf points for immature plants, and the top of the inflorescence for mature,
reproductively-active plants). Stem height was measured from ground level to the apical meristem in the
rosette, the height at which leaves are held horizontally from the centre of the rosette—see Fig. 4 of
Tomita et al. (2011). Inflorescence length was calculated as the difference between total plant height
and stem height (in vegetative plants, total plant height = stem height). For all height measurements
made on sloping terrain, ground level was measured at the sides of the plants, perpendicular to the
slope.

Senescent reproductive rosettes, with all rosette leaves below the horizontal plane, were recorded with
zero rosette diameter and, in these plants, the reproductive axis was entirely in fruit. Dead plants often
remain standing for several years after reproduction has been completed. Such plants were not
measured in this study.

Environmental variables in each area

Percentage covers of vegetation, parent rock, and stones greater than 20 cm across (averaging
perpendicular dimensions) were estimated within ten 2 m? areas, arranged in pairs at 5.5, 15.5, 25.5,
35.5 and 45.5 m along the length of each plot. The percentage cover of bare ground with smaller stones
(less than 20 cm across, averaging perpendicular dimensions) was calculated, in each case, by
subtraction of the other percentage covers from 100%. In the centre of each 2 m? area, vegetation height
was estimated using the drop disc technique (disc 30 cm diameter and 40 g).

Data analysis

For our statistical analysis, we used R (R Core Team 2023). Comparisons of P raimondii dimensions
between locations were carried out using the gstatsplot package (Patil 2021). We used Welch's ANOVA
and the Games-Howell multiple comparisons test, since the data were heteroscedastic (different
standard deviations across the range of dimensions). For some developmental stages, the
measurements were not normally distributed and for the statistical comparisons we use natural
logarithm transformations to satisfy the assumptions of Welch's ANOVA.

Principal Components Analysis (PCA, using R) was used to explore the potential differences between
study areas in terms of soil depth, vegetation height and cover of parent rock, large rocks, vegetation,
and soil with small stones.

Results

Classification of P. raimondii plants into developmental stage categories

Within the sampled plots, 246 P. raimondii plants (of which 23 were mature plants) were found at
Pumapampa, 248 plants (5 mature) at Queshque, and 73 plants (11 mature) at Pachapaqui.
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P, raimondii plants change shape over the course of their lives. We characterized four phases of Puya
development (developmental stages), using key morphological features rather than absolute
measurements (Fig. 2). “Juvenile” plants have the apical meristem, at the centre of the rosette, located
at more or less ground level. The younger plants in this developmental stage have fewer, smaller leaves
and older plants have many more leaves and a distinct hemispherical rosette shape. The “subadult”
developmental stage is characterized by the formation of a stem, which lifts the apical meristem above
the ground and, eventually, once the stem is tall enough, allows the rosette to develop a spherical shape.
In the “adult” developmental stage, senescent and dead leaves begin to accumulate below the base of
the spherical rosette, forming a skirt. At the end of its life, the Puya plant produces an inflorescence
while still supporting a living rosette of leaves (the “reproductive adult” developmental stage). Finally, the
rosette leaves senesce and fall below the horizontal plane, as resources are diverted into fruit and seed
production (the “senescent reproductive adult” developmental stage). Completely dead plants (all plant
parts very dark, almost black) were not included in the developmental stage categories, though they can
remain standing for several years after death.

These five developmental stages (juvenile, subadult, adult, reproductive adult, and senescent
reproductive adult) were used in subsequent analyses to determine relationships between plant
dimensions and to identify potential differences in plant dimensions between the three study areas.

Relationships between allometric variables of P. raimondii plants

For subadult and adult plants (with stems and with no inflorescences), there was a clear positive
relationship between stem height and total height (Fig. 3a; combined study areas regression p<0.001,
R? = 0.90; fitted line: total height = -0.295 x stem-height? + 2.048 x stem-height + 0.43). Similar
relationships were found for each of the three study areas separately: Pachapaqui (p< 0.001, R2=0.92,
fitted line: total height = -0.277 x stem-height? + 1.943 x stem-height + 0.60), Pumapampa (p< 0.001, RZ =
0.85, fitted line: total height = -0.242 x stem-height? + 1.871 x stem-height + 0.54) and Queshque (p<
0.001, R? = 0.90, fitted line: total height = -0.161 x stem-height? + 1.897 x stem-height + 0.37). For all three
study areas combined, the stem first appeared when the total plant height was 0.43 m (where stem
height = 0 in Fig. 3a, 95% confidence interval = 0.33-0.53 m), but there was some variation between
study areas. For Pachapaqui, the stem first appeared in plants, on average, 0.60 m tall (95% confidence
interval = 0.33-0.86 m), compared with 0.54 m (0.35-0.72 m) for Pumapampa, and 0.36 m (0.24-0.49
m) for Queshque.

A clear positive relationship was found for juveniles, subadult and adult plants (no plants with
inflorescences) between total rosette diameter and total plant height (Fig. 3b; combined study areas

regression p<0.001, RZ = 0.89; fitted line: total height = 0.760 x diameter + 0.003). This relationship was
very similar in each study area separately: Pachapaqui (p< 0.001, R? = 0.86, fitted line: total height =
0.904 x diameter - 0.10), Pumapampa (p< 0.001, R% = 0.87, fitted line: total height = 0.712 x diameter +
0.02) and Queshque (p<0.001, R? = 0.93, fitted line: total height = 0.751 x diameter + 0.02).
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Combining juveniles, subadult and adult plants from all three study areas, a positive relationship was
also found between live rosette diameter—just the photosynthetically-active green parts of the leaves—
and total plant height (Fig. 3c; regression p<0.001, R? = 0.90; fitted line: total height = 0.876 x diameter +
0.09). Similar patterns were derived from each of the study areas independently: Pachapaqui (p< 0.001,
R? = 0.89, fitted line: total height = 0.966 x diameter + 0.05), Pumapampa (p< 0.001, 2 = 0.87, fitted line:
total height = 0.822 x diameter + 0.11) and Queshque (p< 0.001, RZ = 0.89, fitted line: total height =0.918
x diameter + 0.08).

Another clear positive relationship was found for juveniles, subadult and adult plants from all three study
areas combined between live and total rosette diameters (Fig. 3d; regression p< 0.001, RZ = 0.97; fitted
line: total rosette diameter = 1.131 x live rosette diameter + 0.13). Similar patterns were derived from
each of the study areas independently: Pachapaqui (p< 0.001, R? = 0.97, fitted line: total rosette

diameter = 1.037 x live rosette diameter + 0.21), Pumapampa (p < 0.001, R2=0.97, fitted line: total rosette

diameter = 1.138 x live rosette diameter + 0.15) and Queshque (p<0.001, RZ = 0.95, fitted line: total
rosette diameter = 1.218 x live rosette diameter + 0.09).

For adult plants, the relationship between total height and height to the base of the spherical rosette was
significant, but showed considerable variability (Fig. 3e; regression p< 0.001, R% = 0.27; fitted line: total
height = 2.487 x height to the base of the spherical rosette + 2.98). For all three study areas combined,
the spherical rosette lifted of the ground, on average, when the total plant height was 2.49 m (where
height to the base of the spherical rosette = 0 in Fig. 3e, 95% confidence interval = 1.51-3.47 m).

Differences in P. raimondii allometric variables between study areas

The numbers of plants in each developmental stage varied considerably between study areas, so equal
numbers of plants were selected at random for the statistical analyses reported here. Graphical
comparisons of all the plants measured in each study area are provided in Online Resources 2-6.

Juvenile plants in Queshque were smaller than those in Pachapaqui and Pumapampa in all three
dimensions compared. For total plant height, Queshque plants were shorter than those of Pachapaqui
(Fig. 4a; Welch's ANOVA: F, 497 = 10.28, p< 0.001; Games-Howell pairwise test p = 0.04) and

Pumapampa (Games-Howell pairwise test p<0.001). Queshque plants were also smaller in total rosette
diameter compared with Pachapaqui (Fig. 4b; Welch's ANOVA: £, 49 g = 12.38, p< 0.001; Games-Howell
pairwise test p=0.03) and Pumapampa (Games-Howell pairwise test p< 0.001). Queshque plants were
also smaller in live diameter than Pachapaqui (Fig. 4c; Welch's ANOVA: F, 49, = 12.16, p< 0.001; Games-
Howell pairwise test p=0.04) and Pumapampa (Games-Howell pairwise test p<0.001).

Subadult plant dimensions were significantly smaller in Queshque compared with Pumapampa for total
height (Fig. 5a; Welch’s ANOVA: F, 43 9 = 9.33, p< 0.001; Games-Howell pairwise test p<0.001) and stem

height (Fig. 5b; Welch's ANOVA: F, 45 5 = 6.40, p = 0.003; Games-Howell pairwise test p< 0.001).
Queshque rosettes were smaller in total diameter than those from Pachapaqui (Fig. 5¢; Welch's ANOVA:
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Fj423=11.93, p<0.001, Games-Howell pairwise test p< 0.001) and Pumapampa (Games-Howell
pairwise test p=0.010). The same pattern was found for live rosette diameter between Queshque and
Pachapaqui (Fig. 5d; Welch's ANOVA: F, 43 3 = 18.08, p< 0.001; Games-Howell pairwise test p<0.001)
and Pumapampa (Games-Howell pairwise test p=0.002).

There were only three adult plants in Queshque and they were not included in formal statistical
comparisons with the other study areas. However, the three adult plants in Queshque were smaller than
most adult plants in Pumapampa and Pachapaqui in terms of total height, stem height, total diameter
and live diameter—a similar pattern to those found for juvenile and subadult plants (Fig. 6). Adult plants
in Pumapampa and Pachapaqui were not statistically different for any of the measured dimensions (n=
10 for both areas; Fig. 64, total height, Welch's t;; 4 =-0.02, p=0.99; Fig. 6b, stem height, Welch's t,5 4 =

-0.38, p=0.70; Fig. 6c, height to base of spherical rosette, Welch's t,5, =-0.61, p=0.55; Fig. 6d, total
rosette diameter, Welch's t;4 , = -0.53, p= 0.60; Fig. 6e, live rosette diameter, Welch's #;5 4 =-0.33, p=
0.75).

Very few reproductive adult plants were present in the study area plots: twelve in Pumapampa, two in
Queshque, and none in Pachapaqui. There were insufficient plants for meaningful statistical analyses.
Reproductive adults from Pumapampa tended to be larger than those from Queshque in total plant
height (mean 7.28 + standard deviation 1.60 m compared with 6.25 + 0.68 m), inflorescence height (4.87
+1.67 mvs. 3.55+0.13 m), rosette diameter (3.10 + 0.60 m vs. 2.47 + 0.37 m) and live rosette diameter
(3.35+0.75mvs. 1.58 + 0.32 m). However, the Pumapampa plants had comparatively shorter stems
(2.41£0.40 mvs. 2.71 £ 0.64) and less distance from the ground to the base of the spherical rosette
(1.22+0.47 mvs. 1.99+0.55 m).

Senescent reproductive adult plants are compared in Fig. 7. No statistical comparisons were possible
for Queshque (n=3). Pumapampa plants, compared with ones from Pachapaqui, had longer
inflorescences (Welch's t;4; ¢ = -2.46, p=0.02) and were taller overall (Welch's t;,9 , -1.98, p=0.05), but
there were no differences in stem height (Welch's t,55 4 -1.07, p=0.29) or height to base of spherical
rosette (Welch’s t,,43 g = -055, p=0.58).

Environmental variables in each area

Approximately 55.4% of the variability in these variables was represented in the first two axes of the PCA
(Fig. 8). The first axis was most strongly related to vegetation cover, the second to parent rock, large
rocks and soil cover. Pumapampa tended to have taller vegetation with lower cover of large rocks while
Queshque showed the opposite tendency. In general, however, all three study areas shared similar
conditions, in terms of the variables estimated.

Discussion

Page 7/23



The main contribution of this study is to provide the basis for a relatively easy-to-use developmental
stage classification of P raimondiiplants in the field. Previous attempts to classify P raimondiihave
used absolute measurements of plant parts (Miller and Silander 1991; Salazar Castillo and Villasante
Benavides 2012; Zavaleta Zavaleta 2017; Prado-Aliaga et al. 2021; Suni et al. 2024), or overall plant size
with reproductive status (Venero Gonzales 1984; Montesinos 2014; Aquino et al. 2018). To date, no
classification system for P raimondii has been based on morphological characteristics of developmental
stages (except to distinguish reproductive plants from immature, vegetative ones). Our system does not
depend on specific measurements of plant parts but is based entirely on developmental stages related
to the development of the rosette, stem, and reproductive axis.

Classifying P raimondii using developmental stages rather than specific size thresholds has several
advantages. First, it is faster. Reducing time in the field is important in remote, rugged and high-altitude
terrain with cold temperatures. Faster processing of individual plants increases the number of plants
that can be classified in a given amount of time, providing richer data for plant abundance and density
studies. In protected areas, where the impact of conservation management plans needs to be evaluated
from time to time, it would be useful to know how many juveniles, subadults, adults and reproductive
adults were present in population censuses, offering a more detailed view of population demography.

Secondly, for a monocarpic plant like P raimondii, where investment of resources over the lifetime is
vital, our developmental stage classification allows for comparisons of plant development in different
contexts. For example, plants could be compared in different locations (similar to the current study, or
across the species’ geographical range of more than 11° of latitude). Plants could also be compared
from different microsite contexts within the same location, linking landscape-scale and fine-scale
environmental conditions to plant development. Such studies could consider plants of all developmental
stages or focus on one particular stage. For example, our personal observations have suggested that
juvenile plants survive and develop at different rates according to local microsite conditions,
representing an important demographic filter that could have conservation applications.

Thirdly, our relatively quick classification would allow researchers to control more easily the numbers of
plants in each developmental stage category to provide more powerful and robust statistical analysis.

An improvement to our current developmental stage system would be to subdivide the current juvenile
category into two. At present, it covers a wide range of plants, some of which are newly germinated
seedlings and very young plants that are most likely to die and others are well established plants
growing towards the next developmental stage with a low probability of mortality. Distinguishing
between vulnerable seedlings and very young plants, likely to die, and established juveniles that are likely
to survive would improve the utility of our scheme.

Puya species are well known for producing large numbers of seedlings around parent plants soon after
germination (Moscol Olivera and Cleef 2009; Garcia-Meneses and Ramsay 2014), but almost all of these
do not survive long. In our study of P raimondii, Queshque had many very young plants, skewing the
comparisons at the juvenile stage. Most of the smaller juvenile plants were close to the remains of a
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single mother plant, reflecting the large numbers of seeds produced by mother plants, estimated at
several million (Zavaleta Zavaleta 2017). This is likely to be a common problem unless the classification
system is modified. Unfortunately, in this study, we did not collect data that allowed us to distinguish
between these two juvenile categories. From our personal observations, rosette diameter and plant
height are unsuitable as distinguishing characteristics for distinguishing younger and more-established
juvenile plants, because some recently-germinated rosettes have fewer, horizontal leaves and others
have more numerous, vertical leaves. Thus, leaf density and leaf arrangement offer promising ways of
distinguishing them, perhaps related to physical protection of the plant meristem, but it requires further
investigation.

A classic problem when working with monocarpic plants, like P raimondii, is whether plants develop
according to a broadly similar temporal schedule aligned with absolute age or, instead, do they develop
in accordance with the size of the plant independent of age (Burd et al. 2006). In the current study, we
report wide ranges of sizes associated with each developmental stage, but we do not have information
about the age of our plants. In future, studies could be specifically designed to track developmental
stages of the same plants through time, with allometric measurement, to determine what drives
developmental stage progression in these plants. This has been done in some monocarpic plants with
useful insights into the ecology and conservation of those species (Holderegger 1997; Burd et al. 2006;
Veldhuisen et al. 2022).

The total height of P raimondiiimmature plants (juveniles, subadults and adults) is driven by increases in
both rosette size (closely linked to leaf length) and stem height. Total rosette diameter and total height
of Puya plants shows a linear relationship across the range of plant sizes. However, the relationship
between stem and total height is non-linear, with a greater contribution of stem height to overall height
growth in the majority of the subadult stage, between the appearance of the stem (on average when
plants were 0.43 m tall in total) and reaching 2 m in total height. Within this size range, it is important to
raise the apical meristem above the ground quickly to accommodate longer rosette leaves (and greater
photosynthetic area). Another possibility is the increased water storage capacity afforded by additional
stem height as protection against temporary or prolonged water stress (Males 2016; Chondol et al.
2024), as established for Espeletia, the other prominent group of Andean giant rosette plants (Goldstein
et al. 1984).

Approximately 90% of total rosette diameter (or 95% of leaf length) was photosynthetically active (the
live rosette diameter). This relationship held well across all rosette sizes. For a rosette of 0.5 m total
diameter, this represents a loss of 0.04 m? of potential photosynthetic area, but represents a loss of 1.83
m? for a rosette with a total diameter of 3.5 m. Interestingly, Suni et al. (2024) observed significant
decreases in photosynthetically active rosette area in drier-than-usual years, in ways that differed
between young and older plants. Therefore, the relationship reported in the current study might differ
from that found in other places, or even in the same places in years with different levels of precipitation.
Indeed, this relationship could be a good indicator of local precipitation levels and water stress in P
raimondii plants, and merits further investigation.
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The relationship between total plant height and the height to the base of the spherical rosette was
relatively loose. This relationship depends on several different dimensions of plant size, each with their
own inherent variability: total plant height, leaf lengths (reflected in rosette diameter), and stem height.
Nevertheless, this relationship differed between the three locations in our study, with a clear contrast
between the taller plants in Pumpampa and the shorter plants in Queshque. Combining the observations
from all three locations, exposed stem or skirt first appeared in plants from 1.51-3.47 m (95%
confidence interval), highlighting the variability in this feature of P raimondii plants. Furthermore,
periodic fires can burn away marcescent leaves (which form the base of the rosette as well as the
hanging “skirt”). Burned plants will have a greater height to the base of the rosette for this reason.

In our comparison of the three locations with P raimondiiin Huascaran National Park, plants from
Queshque tended to be smaller than ones from the other sites, across all developmental stages. In other
words, plants from Queshque generally reached the developmental thresholds in our classification
system at smaller sizes. Soil, vegetation and rock variables in the three locations did not explain this
difference. Elevation, slope and aspect were also similar in the three locations. Mountainous terrain
typically produces climatic differences over relatively short distances (Hoorn et al. 2018). Detailed
climate data for the three locations does not exist, and it is not possible to rule out differences in water
availability during the wet season, leading to different growth patterns for Puya. The Queshque
population could differ genetically from the other populations, perhaps in response to local selection
pressures there, or merely as a result of genetic drift associated with the founding plants in this location.
This illustrates how our P. raimondii classification system can generate results that highlight patterns
requiring further research. Comparisons with more P raimondii populations across its range will show
how variable size is in life stages and allow us to put the plants from Queshque into a wider context.

One problem we experienced in this study is the annual variability in P raimondii flowering. In most years,
very few or no plants reproduce, while in others many do (Hartmann 1981). There are clear evolutionary
advantages to mass flowering events (Beck et al. 2024). Hartmann (1981) suggested that mass
flowering was associated with drier years though Venero Gonzales (1984) did not observe more
flowering in a dry year in the south of Peru. Regardless, our field visits during this study coincided with a
year with very few reproductive plants to include in our analysis. If reproduction is triggered by
somewhat periodic variations in climate, perhaps linked to the El Nifio Southern Oscillation, we would
expect to find a wide range of sizes associated with the reproductive adult stage in those years. Since
we did not find many reproductive plants during our field visits, we were not able to test this hypothesis.
Future studies could focus on this aspect of life history, however.

Conclusions

It was possible to classify P raimondii plants into meaningful developmental stages without needing to
make detailed measurements, using the form of the rosette, stem development, the growth of
reproductive structures and the senescence of leaves. Our system can be used in a variety of different
kinds of studies of this species to provide richer datasets without significant extra cost. However, a

Page 10/23



modification to the juvenile category presented here would be useful in future, to separate vulnerable
plants from more-established juveniles.

The Queshque population was clearly smaller than the other populations, across all the developmental
phases. It is not clear what is responsible for this difference, but this illustrates the value of comparing
developmental stages in different places to develop hypotheses and further studies, to expand our
understanding of the ecology of this endangered plant and improve our plans to conserve it. We hope
that our classification system (or modifications of it) will be employed across the geographical and
ecological ranges of P raimondiiin future to gain further insights into the ecology of this important plant.
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Figure 1

Location of the three study locations of Puya raimondii plants within Huascaran National Park, Perd. The
colours of the study locations correspond to the colours used in later figures. The southern part of the
national park’s boundary is shown in red, with the grey buffer zone surrounding it. The inset map shows
the location of the park within Peru.
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Juvenile

After germination, the
basal rosette has fewer
leaves with soil visible

Senescent
Reproductive adult reproductive adult

A vertical stem lifts the

between them. Later, more apical meristem of the The rosette has a spherical
_"_35"55 are P“’duce‘i rosette off the ground, with shape with marcescent The inflorescence grows to All rosette leaves are
hiding the soil below, and older rosette leaves dead leaves hanging down produce a sequence of senescent, yellow and
giving the rosette a hanging down to the to form a skirt. The vertical flowers with copious hanging down, as
nectar and then fruits. The resources are reallocated

stem accounts for more
than 50% of the total plant
height.

ground. The rosette leaves
increase in number and
size.

hemispherical shape. The
apical meristem is at
ground level throughout.

into fruits and seeds for

spherical rosette has green
dispersal.

Figure 2

Key to P raimondii developmental stage categories. Transitions between stages are marked by the form
of the rosette (hemispherical or spherical, the presence of a skirt of marcescent leaves, orientation of
leaves) and the growth of the stem and inflorescence. Completely dead plants (all plant parts very dark,
almost black) were not included in the developmental stage categories, though they can remain standing

for several years after death.
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Relationships between dimensions of P raimondii plants in three locations. a. Stem height and total
plant height. b. Total rosette diameter and total plant height. c. Live rosette diameter and total plant
height. d.Total rosette diameter and live rosette diameter. e. Height to base of spherical rosette and total
plant height. Plants with inflorescences and infrutescences were excluded from these analyses.
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Figure 4

Comparisons of the juvenile developmental stage of P raimondii plants between the three study areas. a.
Total plant height. b. Total rosette diameter. c. Live rosette diameter. n = 26 in all study areas. All the
datasets were transformed to natural logarithms (In). Significant differences are shown, and all other
pairwise comparisons were not significant. The whiskers show 95% confidence ranges.
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Comparisons of the subadult developmental stage of P raimondii plants between the three study areas.
a. Total plant height. b. Stem height. c.Total rosette diameter. d. Live rosette diameter. n= 25 in all study
areas. All the datasets were transformed to natural logarithms (In). Significant differences are shown,
and all other pairwise comparisons were not significant. The whiskers show 95% confidence ranges.
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Comparisons of the adult developmental stage of P raimondii plants between the three study areas. a.
Total plant height. b. Stem height. c.Height to base of spherical rosette. d. Total rosette diameter. e.Live
rosette diameter. n = 10 for Pumapampa and Pachapaqui; Queshque is included for qualitative
comparison, but was not included in statistical tests because only three adults were measured there. No

significant differences between Pumpampa and Pachapaqui were found in any of the plant

measurements. The whiskers show 95% confidence ranges.
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Figure 7

Comparisons of the senescent reproductive adult developmental stage of P raimondiiplants between the
three study areas. a. Total plant height. b.Stem height. ¢. Height to base of spherical rosette. d.
Inflorescence height. n= 11 for Pumapampa and Pachapaqui; Queshque is included for qualitative
comparison, but was not included in statistical tests because only three adults were measured there.
The whiskers show 95% confidence ranges.
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Figure 8

Principal Components Analysis of cover, soil depth and vegetation height estimates in plots from the
three study areas. Arrows represent the variables and the points represent samples. Longer arrows
explain more of the variance, and points closer together are more similar in the values of the variables
found there. For each study area, the single larger symbol represents the centroid of all the samples
from that area. Variable labels: ParentRockCover = Percentage cover of parent rock; LargeRockCover =
Percentage cover of rocks greater than 20 cm across; SoilCover = Percentage cover of soil and stones <
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20 cm across; VegCover = Percentage cover of vegetation; SoilDepth = Depth of soil to rock below;
VegHt = Height of vegetation.
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