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Abstract

Fire is the major natural disturbance agent that has transformed the global landscape,
consuming surface biomass and altering the physicochemical properties of the soil. However,
anthropogenic intervention has increased the frequency of this disturbance, affecting various
ecosystems, including the paramo, a high-altitude Andean Mountain ecosystem. In this
ecosystem, there are indications that fire facilitates species establishment in the understudied
genus Puya. To further investigate their response to fire, transects were established in areas
impacted by fires in 1988 and 2002, as well as in undisturbed areas (no fire prior to 1985). The
study aimed to understand how fire interacted with species diversity and abundance, as well as
with aboveground and belowground plant functional traits, and mycorrhizal colonization. Our
results revealed that in the undisturbed transects, there was higher plant diversity (four species),
and that fire disturbance led to a decrease in species richness. In the 2002 fire-affected transects,
only Puya goudotiana was present. Interestingly, this species did not undergo changes in
functional traits when comparing individuals growing in undisturbed conditions with those
affected by fire. Puya nitida was present in the 1988 and the no fire transects and exhibited
significantly higher root branching and lower root diameter under undisturbed conditions.
Mycorrhizal colonization did not show significant differences between species or time since
fire disturbance. Considering the ecological importance of Puya in the paramo ecosystem, and
the large impact fire has on abundance and diversity, more research on the genus is needed to
better understand how these plants respond to disturbance events and colonization in affected

areas.
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1 INTRODUCTION

Fire, as an ecological process, has shaped the planet, posing a constant challenge to survival
(Cochrane & Ryan, 2009), affecting the structure and function of ecosystems (Pausas &
Schwilk, 2012). Fire also influences their global distribution and composition (Bond et al.,
2005; Bond & Keeley, 2005), consuming a large part of terrestrial biomass (Archibald &
Hempson, 2016). However, this process has increased in frequency due to climate change
(Burton et al., 2023), as well as human activity (Neary, 2009), reaching a point where it is
difficult to distinguish a natural fire regime from an anthropogenic one (Bowman et al., 2011).
Fire can vary in intensity and frequency, impacting community assembly. However, the effect
of low-intensity fire on community assembly is negligible, and the latter is mainly influenced
by competition (Verdu & Pausas, 2007).

Fires can cause changes in soil chemical composition (Ondik et al., 2022). Some studies have
emphasized the importance of carbon and nitrogen in soil water retention (Strydom et al.,
2019), highlighting the need to understand how fire dynamics affect nutrient acquisition in
different ecosystems. For instance, after a low-intensity fire, there may be an increase in carbon
(C) and nitrogen (N), but after a higher-intensity fire, there is not a further increase in mineral
content (Krishnaraj et al., 2016). However, available phosphorus (P) will increase (Agbeshie
et al., 2022). If fires are constant, soil N decreases and the C:N ratio increases (Liechty &
Hooper, 2016). Moderate fires have no impact on soil and heterotrophic respiration compared
to low and high intensity (Gui et al., 2023). In larch forests, high intensity fire increased the
time needed to recover soil organic and mineral content (Liu & Pan, 2019).

Fire regime intensity effects are not unique to the soil. Vegetation communities in the
Mediterranean basin have also shown increases in grassland cover recovery after a fire
(Fernandez-Guisuraga et al., 2023). The suppression of fires can significantly alter forest
composition, leading to heighten risks of intense fires, drought, or pest infestations (Odland
et al., 2021). Plant communities also face challenges related to their location, with communities
in areas of heavy seasonal rainfall being most affected by fires (Miller et al., 2019). It has been
found that the community response to fire is usually determined by the strongest species. If the
strongest competitor is adapted to fire, the community will not present composition changes
after a fire; otherwise, species composition will vary (Magnani et al., 2023).
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There are functional plant traits that confer adaptive value to fire and vary depending on
frequency and intensity (Keeley etal., 2011). Functional traits are measurable, heritable,
morphological, physiological, or phenological characteristics that serve as proxies for
understanding an individual's performance in a specific environment and community and are
valuable for comprehending ecosystem dynamics (Perez et al., 2020; Violle et al., 2007).
Short-term studies, following a fire, show a lower mean for leaf dry matter content (LDMC)
and a higher specific leaf area (SLA) at the community level (Abedi et al., 2022). Yet, when
communities are dominated by Pinus palustrius and Aristida stricta, there is a decrease in SLA
and a non-significant increase in LDMC in areas with repeated burns (Mitchell et al., 2021). In
general, fire favors species with low nitrogen requirements (Moretti & Legg, 2009). In fire-
prone areas, there is an increase in plant leaf length, a trait that is linked to higher fire intensity
(Schwilk & Caprio, 2011). Other responses such as increased flammability (Pausas et al., 2012)
or changes in seeds (GOmez-Gonzalez et al., 2011) are caused by the constant disturbance of

fire.

Mycorrhizae are root-symbiotic fungi that improve the nutrient and water uptake of host plants,
by increasing the volume of soil covered (Dighton, 2009). There are four main types of
mycorrhizae, arbuscular (AMF), orchid, ectomycorrhizae (EMC) and ericoid, that associate
with ca. 86% of flowering plants (Brundrett, 2009). Some studies have shown that EMC
mycorrhizal colonization is reduced after a fire (Buscardo et al., 2012; Longo et al., 2011).
Controlled studies have also shown that fire reduces the quantity of propagules of Glomus spp.
(AMF) on the soil surface (Pattinson et al., 1999), but successive fires have no effect on AMF
diversity (Mirzaei et al., 2023).

One of the ecosystems that has been historically affected by fires is the paramo, a tropical
ecosystem found between 3000 and 5000 m.a.s.l., distributed from Venezuela to northern Peru
(Sayre etal., 2020). The paramo is typically divided into subparamo, paramo, and
superparamo, based on altitude (Cleef, 1981) and dominated by different forms of vegetation
(Christmann & Oliveras, 2020). Despite its high richness, with around 3500 plant species
(Sklenaf et al., 2011), and high endemicity, the paramo faces challenges such as climate change
and land use changes related to livestock and agriculture, which significantly impact plant
species diversity (Vasquez et al., 2015). This ecosystem, dominated by grasslands and shrubs,
is periodically burned, mostly due to human activities (Horn & Kappelle, 2009). Therefore, fire
alongside grazing and other human activities, can affect the conservation status of this
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ecosystem (Hofstede et al., 2002), with post-fire succession resulting in changes in plant

abundance by growth type (Zomer & Ramsay, 2021).

The genus Puya, belonging to the Bromeliaceae family, is endemic to the Andes (Liu et al.,
2022), with 221 species described (Luther, 2014). Fourteen of these species are found at
altitudes above 3000 m in Colombia (Raz & Agudelo-Zamora, s. f.), where Puya is crucial in
the diet of the Andean bear (Tremarctos ornatus) (Suarez, 1988), and is also an important food
source for hummingbirds and other pollinators. Puya is known to enhance water availability
for the avifauna, by diluting the nectar (Hornung-Leoni et al., 2013). Despite its importance,
little is known about the morphological characteristics or habitats of this genus (Jabaily &
Sytsma, 2010). Puya is monocarpic (Mora et al., 2005) and some species exhibit resistance to
fire through specialized rosettes that protect the meristem from high temperature and radiation
(Miller & Silander, 1991). This would make them ideal as indicators of recent fires, due to their
increased post-fire survival (Garcia-Meneses & Ramsay, 2014). For example, species like P.
hamata, show low mortality and significant recruitment after a fire (Garcia-Meneses, 2012;
Rivadeneira et al., 2020), while species like P. chiliensis is not affected by fire (Ramirez et al.,
2017). Therefore, it is essential to explore if this positive response to fire is present in all

species, and if functional trait values change with fire disturbance.

This study aims to evaluate how species diversity and abundance changes under fires.
Additionally, we studied how functional traits respond to fire disturbance over a temporal scale
at three points in time (No fire prior to 1985, 1988 and 2002) for the genus Puya in the paramo
ecosystem. We specifically tested three hypotheses: (1) Given that some Puya species have
been shown to resist fire, we hypothesize that recent fires (2002) have no effect on diversity
and abundance compared to areas with no recent fire. (2) We also expect a decrease in SLA
and higher LDMC in Puya after a fire, as shown in other studies. (3) Regarding mycorrhizal
colonization, we expect to find colonization, given that in Puya trianae (a species widely
distributed in the Colombian paramo) vesicles and arbuscules have been reported (Guerrero

Forero, 1996). Nonetheless, we expect less colonization in the fire affected zones.
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2 MATERIALS AND METHODS

2.1 Study site and soil analysis

The Matarredonda Natural Reserve (Fig. 1), located in the municipality of Choachi, at an
elevation of 3300 m.a.s.l., was selected for this study. The average temperature is 8.8 °C, with
a daily maximum of 29.6 °C and a minimum of 2.6 °C (Leon-Garcia & Lasso, 2019). The
precipitation ranges from 1000 to 1500 mm annually (Cruz & Lasso, 2021). This reserve is part
of the Cruz Verde paramo, one of the 36 paramo complexes in the country.

We delineated and analyzed the areas impacted by fires within the Matarredonda Natural
Reserve. The mapping of burnt areas relied on Landsat satellite imagery, delivering optical data
with a spatial resolution of 30 meters. This mapping spanned from 1985 to 2022, starting with
the first complete year of available satellite imagery. The classification of burnt areas involved
the creation of annual mosaics, incorporating the lowest normalized burnt ratio values for each
pixel. These mosaics integrated optical bands and several spectral indices (NDVI, NBR, dNBR,
and MIRBI), alongside considerations for temporal change derived from the variance between
the current year's and previous years' values. Burnt area probability mapping employed a
random forest classifier, utilizing these spectral and temporal parameters as input. An expert
satellite image interpreter curated the training data for the classifier. To mitigate uncertainty
associated with small burn patches, only burn scars exceeding 0.3 hectares were considered.
However, the effectiveness of burnt area detection faced limitations or complete absence during
the years 1993-1998 due to cloud cover and limited image availability.

Areas affected by fires in 1988 and 2002 were selected, as well as areas that have not been
impacted by fire, at least prior to 1985, although with the caveat of the uncertainty in burnt area
detection during part of the 90’s. We corroborated the fire with the owners of the reserve for
all the 2000’s fires. Two transects of 100 x 40 m each were established in these areas. In each
transect, soil samples were collected to a 10 cm depth at three randomly chosen points and
mixed into one sample per site. For the soil analysis we obtained pH, electric conductivity
(CE), total Nitrogen (N Total) and other variables found in Table S1. The texture of soil

samples was determined as silt loam, with an organic matter average of 20%.
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Figure 1. Study site with fires occurring in 1988 and 2002, and no fires prior to 1985. A)

-

Location of Colombia on the map. B) Location of the Cruz Verde paramo within Colombia.
C) Cruz Verde paramo with an indication (arrow) of the study area in the northern part of
Cruz Verde paramo. D) Study area with regions unaffected by fire (pink) and affected by fire
in 1988 (blue) and 2002 (red). E) Transects were placed inside and outside the areas impacted
by fire.

2.2 Biodiversity indices

In each transect, the species present were identified using field guides (Cruz etal., 2016;
Betancur et al., 2018) and herbarium samples. The number of individuals per species was also
recorded. Four species of Puya have been described for Matarredonda: Puya goudotiana, P.
nitida, P. santosii, P. trianae (Cruz etal., 2016). Others are also found in the Cruz Verde
paramo area such as P. bicolor (Pico, 2020), P. loca (Madrifian, 2015), and P. cryptantha
(Betancur, 2015; Gouda et al., 2023). Using the data on abundance and richness, we calculated
the following indices (Moreno, 2001): Margalef for richness; Mclintosh's D for dominance;
first-order Jacknife (Jack 1) to estimate the hypothetical number of species in the zone. These

indices only include Puya diversity, giving us an estimated diversity of the genus.
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2.3 Functional traits

In this study, we measured 13 functional traits that reflect plant ecological strategies
(conservative vs. acquisitive) and response to disturbance (Table S2). In addition to
aboveground traits, we decided to include seven root traits that are related to mycorrhizal
associations, as well as to resource acquisition and mobilization. Functional traits were
measured using standard protocols (Pérez-Harguindeguy etal., 2016). Among the
aboveground traits' data, we recorded height (H, cm) from the base of the rosette to the apex of
the leaves. The rosette diameter (RD, cm) was measured with diameter tape by measuring the
distance between the tips of the farthest leaves. Leaf traits were obtained by collecting three
leaves, as healthy as possible, from the intermediate zone of the rosette. At the time of
collection, leaf thickness data (Lt, mm) were obtained by measuring the thickness with calipers
at three parts of the leaf (near the base, middle of the leaf, and near the tip). Other data collected
included leaf weight (W, g), and area (LA, cm?). Photographs of the leaves (Fig. S1A) were
analyzed using ImagelJ software (Rasband, 1997) to calculate LA. The leaves were then dried
in an oven for 96 h at a temperature of 60 °C, and subsequently weighed to obtain leaf dry
matter content (LDMC, mg g%); specific leaf area (SLA, cm? g*) was calculated as leaf area

divided by leaf dry weight.

Root traits were obtained from roots collected at the base of the rosettes for each individual.
Any soil residues were removed from the roots, and they were scanned using an Epson Scanner
at 1200 DPI. The obtained images were analyzed using RhizoVision Explorer (Seethepalli &
York, 2020) with the following thresholding parameters: 180-200 for the thresholding level, 3
for filtering non-root objects, and 2 for enabling edge smoothing. For the analyses we used
samples that contained at least 77% fine roots (1 mm in diameter). Subsequently, the roots were
dried for 36 h at a temperature of 60 °C and weighed. We also calculated specific root length
(SRL, cm g}), specific root area (SRA, cm? g%, root tissue density (RTD, g cm?), and root
branching index (Bi, root tips cm™). Branching frequency (BF, mm), average diameter (AD,
mm) and surface area (SA, mm?) were obtained directly from the software.

These traits were selected because they provide insights into whether there is a response to
fires, and indicate if the ecological strategy is acquisitive or conservative (Table S2). Among
these traits, increases in SLA and SRL could suggest a more acquisitive strategy (Shao et al.,
2019), while an increase in LDMC indicates a conservative strategy in response to fires. Plant
height (H) has been related to tolerance or resistance to fire disturbance and traits such as Lt

9
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(Maracahipes et al., 2018) and LDMC (Toledo-Aceves et al., 2019) can indicate resistance to
physical damage. SRL increases in non-resprouting plants affected by fire, showing more

slender ramifications (Paula & Pausas, 2011).

2.4 Mycorrhizal colonization

We used a standardized staining process (Koske & Gemma, 1989) for roots, but modified it to
achieve a clearer staining. We cut the roots into approximately 2 mm sections per individual,
and these were stored in 80% ethanol. The ethanol was removed from each tube before the
staining process, and enough KOH was added to immerse the roots. The tubes were then placed
on a hot plate at 90 °C for 20 min, stirring at the 10-min mark. We then removed the KOH
solution, and the roots were rinsed three times with distilled water.

Next, 3% H>O> was added to the roots, repeating the 20-min heating while stirring at the 10-
min mark. After this, the roots were washed twice with distilled water, and then 1% HCI was
applied to the roots for 5 min. After removing the HCI, we applied a staining mixture,
consisting of a solution of vinegar with 5% India ink by volume for 20 min, repeating the
heating process. The solution was removed, and the roots were cleaned three times with
distilled water. Finally, we stored the roots in a destain solution (50% glycerol, 45% distilled
water, 5% HCI). Subsequently, colonization was determined by inspecting the root sections on
a grid slide with 42 intersections, assessing the presence of structures such as vesicles (Fig.

S1B) or arbuscules at each intersection.

We used a two-way ANOVA to understand the differences in colonization between fires and
species. A Wilcoxon test was performed to find differences between P. nitida in the 1988 fire
and the no fire area, and a Kruskal-Wallis test, to establish differences in P. goudotiana in the
three moments. Puya cf. bicolor was excluded from this analysis, as all the root material was

damaged by the staining process (even when decreasing the KOH and HCI concentrations).

2.5 Data Analysis

For the data analysis, we used R version 4.3.0 (R Core Team, 2023). Principal component
analysis (PCA) was conducted using FactoMineR v 2.9 (Husson et al., 2023) and factoextra v
1.0.7 (Kassambara & Mundt, 2020).
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Initially, we obtained the mean of the three trait measurements per individual. Normal
distribution and homoscedasticity were assessed using the Shapiro-Wilk test and Levene's test
using the car package v 3.2.1 (Fox et al., 2023). Given that P. goudotiana was present in the
three fires (No fire, 1988, 2002), trait analysis was performed with an ANOVA, if traits
followed a normal distribution and exhibited equal homoscedasticity. If either of these
conditions was not met, the Kruskal test was performed. For P. nitida, comparisons were made
at two fires (No fire, 1988). In this case, a Mann-Whitney U or T test was conducted. The
ggplot2 package v 3.4.4 (Wickham et al., 2023) was utilized for making figures.

To understand trait changes between sites, a classical multidimensional scaling on the traits
was performed, and an ordination using the vegan package 2.6-4 (Oksanen et al., 2022) to
include soil variables in the functional trait analyses; these were graphed using ggordiplots

(Quensen et al., 2023) to the minimum significant level for the soil variables.

3 RESULTS

3.1 Diversity of Puya spp.

We collected four species of Puya in Matarredonda: P. goudotiana, P. santosii, P. nitida, P. cf.
bicolor. Fire history has an impact on the abundance of the four species in the area, where
regions affected by recent fires experienced lower species richness. The fire in 2002 had the
most notorious impact on species richness, with only P. goudotiana present. This was followed
by the 1988 fire, which had two species: P. goudotiana and P. nitida (Fig. 2). Puya goudotiana
was the only species found in all sites, with a total of 306 individuals and the highest abundance
in the recent fire (2002 fire: 116, 1988 fire: 99, no fire: 91). Puya nitida had 713 individuals
(no fire: 665, 1988 fire: 48); P. cf. bicolor had 6 individuals and P. santosii had 45 in the no-

fire area.
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Figure 2. Abundance per species in the established transects in paramo de Cruz Verde (No
fire, 1988, 2002).

The impact of fires on diversity was compared in the fires affected (1988 and 2002) and no fire
transects (Table 1). The Jacknife index estimated six species in the area (Jack 1: 5.7), which is
higher than the actual diversity reported. When combining the fire zones, the Margalef index
estimated a long-term effect, reducing richness (Margalef Fire: 0.179; No Fire: 0.448) after a
fire event. The dominance of P. goudotiana increased in the area impacted by fires (McIntosh
D Fire: 0.575, No Fire: 0.345).

Table 1. Margalef richness index, Mcintosh (D) for sites affected by fire and without fire.

First order Jacknife estimation (Jack 1)

Index

Site Margalef MclIntoshD  Jack 1

Fire 0.179 0.575 5.7

No fire 0.448 0.345

12



3.2 Functional traits

Puya cf. bicolor, P. nitida, and P. santosii were grouped based on traits such as SLA and SRA
(Fig. 3), while P. goudotiana differed from them, especially in terms of LA, Lt, LDMC, H,
RD. However, the relationships with root traits are not as clear. In dimension 1, foliar traits
dominate, and in dimension 2, root traits predominate. Although both dimensions explain
47.1% of the variation, it can be determined that conservative traits primarily explain the
grouping of P. goudotiana individuals, while the other three species are mediated by acquisitive
traits (i.e., SLA).

5.0
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]
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¢ bicolor

A| goudotiana
nitida

+| santosii

Dimension 2 (14.9%)
3

|
N
O

4 2 4

Dimension 1 (32.2%)
Figure 3. PCA of individuals collected per species in paramo de Cruz Verde, with traits. Red:
Puya cf. bicolor, green: santosii, orange: P. nitida, blue: P. goudotiana. Functional traits
measured include: Average diameter (AD, mm), Branching frequency (BF, mm), Branching
index (Bi, root tips mm™), Leaf area (LA, cm?), Leaf dry matter content (LDMC, mg g%),
Leaf thickness (Lt, mm), Plant height (H, cm), Root tissue density (RTD, g cm™), Rosette
diameter (RD, cm), Specific leaf area (SLA, cm? g*), Specific root area (SRA, mm? g ),
Specific root length (SRL, mm g?), Surface area (SA, mm?).

When analyzing the aboveground and root traits separately, a greater percentage of the
variation is explained by aboveground traits, 76.7% (Fig. 4B), than by root traits (49.1% ; Fig.
4A). In the aboveground traits, the SLA relationship remains as the dominant trait grouping P.
santosii, P. nitida, and P. cf. bicolor, while P. goudotiana shows wide phenotypic variation,
and many traits associated with its variability. However, when evaluating root traits, there is

no clear separation in these species.
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Dimension 1(25.4%) Dimension 1 (69.4%)

Figure 4. PCA of A) Radicular traits: Average diameter (AD, mm), Branching frequency
(BF, per mm); Branching index (Bi, root tips mm™), Root tissue density (RTD, g cm?),
Specific root area (SRA, mm?2 g1), Specific root length (SRL, mm g2), Surface area (SA,
mm?); and B) Aboveground traits: Leaf area (LA, cm?), Leaf dry matter content (LDMC, mg
g1), Leaf thickness (Lt, mm), Plant height (H, cm), Rosette diameter (RD, cm), Specific leaf
area (SLA, cm? g1) by species. Red: Puya cf. bicolor, green: P. santosii, orange: P. nitida,

blue: P. goudotiana.

Given that P. goudotiana was the only species present in the three fires, over a 35-year period,
we compared the measurements of six aboveground traits (Fig. 5) and seven belowground traits
(Fig. S2). The results indicate that fire events do not have a significant effect on P. goudotiana’s
traits (p > 0.05). However, an increase in the mean of aboveground traits is observed for the
2002 fire event (except for SLA). For root traits, the mean tended to increase in the 1988 fire
event compared to the 2002 and no fire, except for RTD, where the 2002 fire event was higher
(Fig. S2).
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(mg g}), Lt: Leaf thickness (mm), RD: Rosette diameter (cm), SLA: Specific leaf area (cm?

g?).

3.3 Soil analysis and functional traits

All the collected soils (Table S1) were classified as silt loams and had an acidic pH (No fire:
4.3, 1998: 4.58, 2002: 4.35). Almost one fifth of the composition was organic matter (No fire:
19.1%, 1988: 21.6%, 2002: 21.2%). The no fire zone had the lowest percentage of N, 0.925%,
compared to the 1988 fire, with 1.04% and 2002 with 1.02%. The no fire transects had the most
calcium (34.7 mg kg1), potassium (170 mg kg™?) and interchangeable acidity (1030 mg kg™).
Meanwhile, the 2002 fire had the highest amount of sulfur (S; 8.67 mg kg™) and the least
potassium (99.5 mg kg?). The soil characteristics did not have a significant effect on
aboveground traits and the combination with radicular traits (Fig. S3) or on only radicular traits

(Fig. S4), as root traits were not related to any soil variable.

No intraspecific differences were observed for P. nitida between sites for aboveground traits
and most root traits (Fig. S5). However, the 1988 fire showed a significant decrease in
branching frequency (Fig. 6A) (p = 0.007) and increase in average diameter (Fig. 6B) (p =
0.007), compared to the no fire zone.
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Figure 6. Significantly different root traits for P. nitida (p = 0.05) from left to right: A)
Average diameter (mm) (p = 0.007), and B) branching frequency (per mm) (p = 0.007), in

two fires categories (red: No fire, blue: 1988).

3.4 Mycorrhizal colonization

Three species (P. goudotiana, P. nitida, P. santosii) were colonized by arbuscular mycorrhizae,
based on the presence of vesicles; P. cf. bicolor was excluded as root damage occurred in the
staining process. Colonization is not high at the genus level (less than 16%), except for P. nitida
which was colonized at 24.32% in the no fire zone (Table 2). This species shows the highest
percentage of mycorrhizae, and its colonization was affected by the 1988 fire, decreasing to
14.32%. Puya goudotiana had its highest colonization in the 2002 fire. However, no significant
differences were found between species (p = 0.608) or fire events (p = 0.238). There were also
no significant differences between P. goudotiana (p = 0.995) and P. nitida (p = 0.092) in

response to fire.

Table 2. Presence of mycorrhizal colonization in Puya roots. Percentage of colonization was
obtained by dividing the colonized intersection by the total (colonized and non-colonized

roots) per species and fire. NF = No fire. Dashes (-) indicate species not collected in a given

fire site.

Colonized Non-Colonized Percent colonization (%0)
Fire |goudotiana nitida santosii goudotiana nitida santosii goudotiana nitida santosii
NF 14 63 5 98 196 37 12.5 2432 119
1988 19 6 - 165 54 - 10.3 10 -
2002 17 - - 91 - - 15.7 - -
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4 DISCUSSION

This study examined the impact of fire on diversity and abundance of Puya, as well as above-
and belowground functional traits. We found results contrary to our three hypotheses. We had
hypothesized that there would be no effect of fire on Puya diversity and abundance. However,
only one of four species, P. goudotiana, was present in all sites (no fire and 1988 and 2002 fire
sites) (Fig. 2). On our second hypothesis, we expected to find significant differences in SLA
and LDMC after a fire. Yet, P. goudotiana showed no significant differences in any functional
traits (Fig. 5) while P. nitida exhibited significant differences in root average diameter and
branching frequency, but not in LDMC and SLA as hypothesized (Fig. 6). We expected to find
less colonization in fire affected zones in our third hypothesis. However, mycorrhizal
colonization did not significantly change between fires, except for P. nitida that showed a non-

significant decrease of 14% in colonization from NF to the 1988 fire (Table 2).

In this study, we collected four of the seven species of the genus Puya reported in the Cruz
Verde paramo (Betancur, 2015; Cruz et al., 2016; Pico, 2020). Fire impacted the richness of
these sites (Fig. 2) but affected species differently. We found P. goudotiana in all sampled
areas. This may indicate that the species is tolerant to fire or has the capacity to rapidly establish
after disturbance, while others like P. cf. bicolor and P. santosii could be more sensitive to fire
in the long term. Species such as P. nitida may be able to colonize areas that have not been
impacted by fires over the long run, such as the 1988 fire (Fig. 2). Thus, our results show a
decrease in diversity in fire affected zones, suggesting that high fire recurrence may
homogenize the paramo landscape (Renvoize et al., 2000), favoring the establishment of few
species such as P. goudotiana. However, fire suppression may also be problematic in
ecosystems where fire has been historically recurrent. The buildup of dead biomass acting as
fuel increases the severity of the fires (Bond & Keane, 2017) and suppression can cause
changes in community composition, leading to an increase of both pathogen epidemics and
insect outbreaks (Hawkins, 2004). Although fire has an impact on paramo diversity, due to an
increase in tussock grass abundance, as time passes the tussock thins out, allowing the
colonization of other species (Zomer & Ramsay, 2021), possibly allowing the establishment of
P. nitida.
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Although the mechanisms for species establishment and resistance to fire are not yet fully
understood, they can be related to the intensity of the events. In coniferous forests, severe fires
consume the organic layer and seed bank, while those of lower intensity only consume the
organic layer, allowing the dominant species on the seedbank to regenerate (Heinselman,
1973). In other ecosystems, such as shrublands and grasslands with long fire history, fire has
no effect on seedbank richness or abundance, but high severity fire reduces both (Shi et al.,
2022). Accordingly, fire in the Brazilian Cerrado had no effect on the overall seedbank density,
yet monocot seed density values did not reach pre-fire values (de Andrade & Miranda, 2014).
In the paramo ecosystem, high disturbance by fire and grazing tends to increase the species
abundance of Paspalum hirtum and Elocharis acicularis (Premauer, 2004). In this study, we
know the fire recurrence in the study area, but we do not know the intensity of those events.
However, we can hypothesize that the seedbanks of species such as P. goudotiana are not
affected by these events (even if the intensity was high). Interestingly, some studies have
reported that the seed moisture content of P. santosii and P. nitida is less than 15% (Calderdn-
Hernandez & Peérez-Martinez, 2018). Seeds with this moisture content, in fire-prone
ecosystems, have been found to sustain a temperature increase of 38 °C (Tangney et al., 2019).
Therefore, this would imply that these seeds would perish under fire events where the soil
temperature is more than 40 °C. Puya goudotiana could thus have a higher temperature

tolerance to persist and establish in more recent burned zones.

Functionally, P. goudotiana shows no change over the evaluated timescale. According to our
hypothesis, we expected changes in traits, such as a reduction in SLA or an increase in LDMC
and LT, in areas with recent fire. In flood-prone areas, the foliar traits of trees remain stable
post-fire (de Almeida Souza et al., 2019), where a high presence of water keeps traits acting
similarly. In paramos, precipitation is abundant, between 1000-1500 mm annually in
Matarredonda (Cruz & Lasso, 2021). This could therefore explain the trait stability for this
species. The presence of P. goudotiana in all fires, along with higher LDMC (compared to the
other species; Fig. 4), which is a trait favoring flammability (Bond & Bond, 1995; Santacruz-
Garcia et al., 2019), could be an indication of the "Kill thy Neighbor" hypothesis. In this
hypothesis flammable traits are favored if there is a fitness benefit with wildfires (Varner et al.,
2022). As previously mentioned, P. goudotiana seedbank might be resistant to high intensity
fires, and their higher LDMC and LA may increase the litter depth. Litter depth has been shown

as the factor increasing flame temperature in fire-prone Mediterranean ecosystems (Ganteaume
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et al., 2011). This temperature increase could exclude other Puya species. However, studies on

litter depth, temperature and seedbanks are needed to corroborate these hypotheses.

Puya nitida was the only other species present in the 1988 fire zone (Fig. 2), and there are
changes in some root functional traits (Fig. 6; Fig. S5). Individuals in areas without fire had a
higher branching frequency and a smaller average diameter compared to those with previous
disturbances. Larger diameter and lower branching frequency indicate an adaptation to lower
resource absorption but greater resistance to climatic events, which are typical of a more
conservative response (Hogan et al., 2020) in affected areas. In areas without the effect of the
fire (prior to 1985), they adopt a more acquisitive strategy. However, aboveground traits do not
support this pattern. This difference between above- and belowground traits may be due to
different evolutionary pressures (Bergmann et al., 2017; Caruso et al., 2019), chemical soil
characteristics that shape root traits (Hogan et al., 2020), and/or changes caused by the
mycorrhizal colonization (Brundrett, 2002; Hetrick, 1991; Perez-Lamarque et al., 2022). Our
results suggest that both sets of traits (above- and belowground) are functionally independent
or uncoupled. This has been found in other studies comparing stem and leaf traits (e.g., Baraloto
et al., 2010) and leaf vs. stem and root traits (e.g., Fortunel et al., 2012), resulting in weaker
functional coordination (de la Riva et al., 2016). Therefore, our results do not support the all

plant coordination hypothesis (e.g., Carvalho et al., 2020; Messier et al., 2017).

Mycorrhizal colonization tended to decrease from the no fire area to the 1988 fire. However,
colonization was not significantly affected by long-term fires, where perhaps the fire-fungus
relationship is not present, or it is not evident on a large timescale. Previous studies have shown
that colonization is reduced only in the first four months after fire (Barker et al., 2013) and full
recovery is achieved if there is no subsequent disturbance (Dove & Hart, 2017). There is also
the possibility that fire does not have an effect on root colonization of arbuscular fungi in
paramo. In tallgrass prairies (Eom et al., 1999), Australian sclerophyllous shrublands (Bellgard
etal., 1994) and North American sand-hill herbs (Anderson & Menges, 1997), fire does not
seem to impact mycorrhizal colonization. In the Chaco region in Argentina, diversity and
richness of arbuscular fungi spores decreased, but the spore density was the same post-fire
(Longo et al., 2014). Hence, Puya mycorrhizal colonization, not being affected by fire, follows
the trend of other ecosystems that present this disturbance. However, the diversity of fungi that

colonizes Puya is yet to be established. We assume that they are mainly arbuscular mycorrhizae
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(AM) given the structures identified (Fig. S1), and that they are the dominant type across the

elevation gradient (Leon et al., 2023; Rendon-Espinosa et al., In review)

Solving the puzzle of the effect of fire on mycorrhizae and Puya species could provide insight
into the genus Puya's ability to colonize areas affected by wildfires. Given the important
ecological role of Puya in the paramo ecosystem, it is necessary to continue with studies to
understand how species respond to fire and the interactions with mycorrhizae. This study can
be used as a starting point for the study of functional traits in relation to fires affecting the

Colombian paramos.
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Supporting Information

Table S1. Soil analysis for each of the fire regime zones: 1988, 2002, No fire.

Fire
Variable Abbreviation 1988 2002 No Fire

pH pH 4.58 4.35 4.3
Electric conductivity (dS/M) CE 0.2 0.38 0.41
Effective Cation exchange capacity (meg/100g) CICE 10.6 9.31 12.4
Average humidity saturation (%) N.A 48 45.6 48.3
Oxidizable Organic carbon (%) COOx 125 12.3 111
Organic Matter (%) MO 21.6 21.2 19.1
Total Nitrogen (%) N Total 1.04 1.02 0.925
Density (g/cm3) d.a. 632 657 662
Interchangeable Potassium (mg/Kg) K 123 99.5 170
Interchangeable Calcium (mg/Kg) Ca 22.2 27.6 34.7
Interchangeable Magnesium (mg/Kg) Mg 39.1 32.4 35.6

Interchangeable Sodium (mg/Kg) Na 6.4 17.3 28
Interchangeable Acidity (mg/Kg) Ac.inter. 886 772 1030
Phosphorus (mg/Kg) P 14 1118 15.2
Sulfur (mg/Kg) S 471 8.67 6.15

Texture

Clay (%) 12 16 10

Sand (%) 16 12 18

Lime (%) 72 72 72

Silt Silt Silt
Texture Loam Loam Loam
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Table S2. List of traits used in this study with their units and functions.

Traits Unit Function Reference

Leaf Area (LA) cm?  Related to energy and water balance

?gf;glc Leaf Area cm? gt Related to growth and photosynthetic rate Cornelis,sen etal.,
2003; Pérez-
Harguindeguy et al.,
2016

Leaf Dry Matter
Content (LDMC)

Positive relation with life-span, and negative with

mg g* )
99 potential growth rate

Leaf thickness (LT) MM Rejated to disturbance response, competitive

- . Weiher et al., 1999
Plant Height (H) cm  ability and dispersal

Rosette Diameter

(RD) A proxy to biomass Metcalf et al., 2006

'Root Tissue Density' 3 | 'Withington etal.,
g mm

Related to root lifespan

(RTD) 2006
'Specific Root Area ' 0 1 | ] . . |
(SRA) MM=g~  Related to increased root soil exploration,
N increased resource uptake, and mycorrhizal Hajek et al., 2013

Specific Root mm gt associations
Length (SRL)
Root Branching mm Intense branching tends to indicate an acquisitive Liese et al., 2017
Frequency (BF) strategy
Root Branching root t_|1ps A decrease in Bl reflects a conservative strategy ~ Pierick et al., 2021
Index (BI) cm
Py ' b i | hizal

oot Average o roxy to root size and related to mycorrhiza Costa et al., 2000

Diameter (AD) colonization

'Root Surface Area )
mm

(SA) Related to the uptake of minerals Wang et al., 2016

Cornelissen, J. H. C., Lavorel, S., Garnier, E., Diaz, S., Buchmann, N., Gurvich, D. E., Reich,
P. B., Steege, H. ter, Morgan, H. D., Heijden, M. G. A. van der, Pausas, J. G., & Poorter, H.
(2003). A handbook of protocols for standardised and easy measurement of plant functional
traits worldwide. Australian Journal of Botany, 51(4), 335-380.
https://doi.org/10.1071/bt02124
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Figure S1. A) Example of how photographs were taken of Puya leaves, to determine leaf area

(LA). B) Dyed vesicles, present in P. goudotiana roots.
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Figure S2. Puya goudotiana root traits from left to right, Average diameter (mm), Bi:
Branching index (root tips mm™), SRA: Specific root area (mm? g), Surface Area (mm?),
Branching frequency per (mm), RTD: Root tissue density (g mm=), SRL: Specific root length
(mmg).
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Figure S3. Ordination of A) Aboveground traits y B) Aboveground and radicular traits, for P.

goudotiana, with minimum significance level for soil characteristics influencing traits.

Ellipses showing the confidence interval for the individual in each fire category, red: 1988,

green: 2002, blue: No fire. Red arrows show the soil characteristics that influence the traits at

a given significant level (A: 0.5, B: 0.2). Arrows in A) correspond to Interchangeable sodium

(Na, mg kg1), Interchangeable sulfur (S, mg kgt), Effective Cation exchange capacity

(CICE, meq/100g), Interchangeable magnesium (Mg, mg kg™2), I, Interchangeable acidity
(Ac. Inter, mg kg?), Oxidizable organic carbon (COOXx, %), Total nitrogen (N Total, %). B)
N Total (%), COOx (%), Na (mg kg?), S (mg kg?), Organic matter (MO, %).
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Figure S4. Ordination of radicular traits for P. goudotiana, without significance level for soil
characteristics influencing traits. Ellipses show the confidence interval for the individual in
each fire category, red: 1988, green: 2002, blue: No fire. Red arrows show the soil

characteristics: N Total (%), COOx (%), Na (mg kg™?), S (mg kg™b).
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Figure S5. Puya nitida traits from left to right: H: Plant height; Lt: Leaf thickness (mm), RD:
Rosette diameter (cm), LA: Leaf area (cm?), LDMC: Leaf dry matter content (mg g1), SLA:
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Specific leaf area (cm? g), Surface Area (cm?), SRL: Specific root length (mm g*), SRA:
Specific root area (mm? g %), RTD: Root tissue density (g mm), Bi: Branching index (root

tips mmY), in two fire regime categories: No fire and 1988.
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