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Abstract
Premise: In edaphic old‐growth grasslands, the low nutrient content of the soil
restricts plant species establishment. Additionally, fire remains an important factor in
shaping vegetation structure and belowground biomass investment in old‐growth
grasslands, such as the campos rupestres. However, how fire frequency affects the
belowground components of these grasslands remain poorly understood. Addressing
this gap is essential for understanding plant resilience and regeneration strategies in
fire‐prone ecosystems worldwide and advancing trait‐based perspectives on plant
persistence under recurrent disturbances.
Methods: We compared plant belowground components across three campos ru-
pestres sites differing in fire frequencies (1, 6, and 10 fires in 34 years). At each site, we
quantified fine root biomass, specialized belowground organ biomass, bud bank size,
bud‐bearing organ density, and organ composition to evaluate how repeated fires
shape belowground traits related to persistence and regeneration.
Results: High fire frequencies reduced bud bank size and belowground organ density,
but altered organ composition: Graminoid and forb rhizomes declined in number,
whereas woody rhizomes became more common. Overall, belowground organ bio-
mass increased with increasing fire frequency, but fine root biomass decreased.
Conclusions: Our study indicates that changes in belowground components driven by
fire frequency may lead to irreversible shifts in community structure, where very
frequent fires can jeopardize the resilience of the campos rupestres. For such systems,
novel fire regimes can have devastating effects, threatening biodiversity, compro-
mising conservation status, and reducing ecosystem services.
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belowground traits, bud bank, campos rupestres, edaphic grasslands, fine roots, nutrient‐poor soils,
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Old‐growth grasslands host an immense plant diversity, char-
acterized by high herbaceous species richness, high endemism,
and unique species composition (Veldman et al., 2015;
Nerlekar and Veldman, 2020). The campos rupestres are
tropical old‐growth grasslands constrained mostly by edaphic
and climate conditions (Silveira et al., 2016), and that are prone
to fire (Veldman et al., 2015; Buisson et al., 2019, 2022). Thus,
plants in these ecosystems present traits that allow thriving

constraint edaphic conditions as desiccation tolerance (Brum
et al., 2017; Teodoro et al., 2021), drought avoidance (Brum
et al., 2017), but also recovery ability (Le Stradic et al., 2018c;
Araújo and Conceição, 2021). They also may have a large
diversity of root types to cope with contrasting nutrient‐
impoverished soil types (Oliveira et al., 2015, 2016). Limited
water and soil nutrient content greatly impacts belowground
traits and nutrient acquisition. Due to contrasting strategies to
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acquire water, grass and sedge species present a clear functional
divergence compared to other species, with fasciculate roots
reaching only shallow soils (Díaz et al., 2016; Brum et al., 2017),
whereas forbs and woody species can present great variation in
rooting depths and belowground specialized organs (Moraes
et al., 2016; Brum et al., 2017; Joaquim et al., 2018; Da Silva
et al., 2023).

These tropical old‐growth grasslands are not strictly fire‐
dependent (Pivello et al., 2021), but several clues have indicated
that fire plays a role in structuring them (Figueira et al., 2016).
They are highly resilient to fire (Neves and Conceição, 2010; Le
Stradic et al., 2018c) since plants have strategies to persist and
survive after a fire, including the presence of storage in spe-
cialized belowground organs, coupled with the capacity to
repeatedly resprout from bud‐bearing organs after aboveground
biomass removal (Moraes et al., 2016; Joaquim et al., 2018; Da
Silva et al., 2023), and fire‐related cues for germination (Le
Stradic et al., 2018a; Zirondi et al., 2019a, 2019b). Fire exclusion
can lead to changes in species composition, such as a lowered
species richness (Le Stradic et al., 2018c), indicating that these
grasslands are maintained through interactions between fire
and soil characteristics (Buisson et al., 2019).

The most common post‐fire regeneration strategy in these
systems is resprouting (Neves and Conceição, 2010; Figueira
et al., 2016; Le Stradic et al., 2018b), which is enabled by the
presence of viable bud banks. Bud banks can be aerial, where
buds are protected either by the presence of a thick bark
(Simon and Pennington, 2012; Chiminazzo et al., 2023) or
overlapped leaves (aboveground buds, Lusa et al., 2014) or by
the soil when located on belowground specialized organs
(Pausas et al., 2018). Additionally, belowground organs must
supply resources for resprouting, either by producing roots to
uptake soil nutrients (Da Silva et al., 2023) or by investing in
storage organs (Moraes et al., 2016; Klimešová et al., 2018;
Pausas et al., 2018). In fire‐prone systems, belowground bud
bank maintenance is triggered by frequent fires (Fidelis
et al., 2014; Bombo et al., 2022a, 2022b). However, this ability
may be hampered by different fire regimes, particularly al-
terations in fire frequency (Vesk and Westoby, 2004; Figueira
et al., 2016), which can affect the density of viable buds and the
composition of the belowground bud‐bearing organs (Fidelis
et al., 2014; Bombo et al., 2022a, 2022b).

Therefore, novel fire regimes can significantly affect not
only the responses from the aboveground plant community (Le
Stradic et al., 2018c), but also the belowground components of
the vegetation, affecting how plants will regenerate after a dis-
turbance. In tropical open savannas, recurrent fires are
important to maintain belowground bud‐bearing organ com-
position, bud banks, and fine roots. Fire exclusion, however,
leads to a decline in bud‐bearing diversity, favoring the domi-
nance of fleshy rhizomes from a few grass species (Bombo
et al., 2022a). This process can result in the disappearance of
large structures like xylopodium, basal woody burls that store a
large number of belowground renewal buds (Pausas
et al., 2018), ultimately compromising the system's resilience
(Bombo et al., 2022a). Roots also respond quickly to changes in
fire frequency because studies have shown an increase in fine

root biomass following frequent and recent fires (Oliveras
et al., 2012; Le Stradic et al., 2021), in response to the demand
for resources needed to promote shoot regrowth. However, in
nutrient‐poor ecosystems such as campos rupestres, where
nutrients are scarce, plants may be limited in their ability to
produce large amounts of roots after each fire, potentially
hindering their capacity to thrive under frequent fires.

Although plants from campos rupestres also rely mostly on
belowground storage organs and bud banks for post‐fire re-
sprouting (Silveira et al., 2016; Le Stradic et al., 2018b), they may
respond differently than other old‐growth grasslands (e.g.,
savannas) to different fire regimes, since it is also edaphically
constrained. Campos rupestres have a moisture‐dependent fire
regime, with lower fire frequencies (every 6–8 years, Figueira
et al., 2016; Alvarado et al., 2017) than tropical savannas (every
1–5 years, Eiten, 1982). Changes in fire regimes in campos
rupestres are expected due to anthropogenic actions (i.e.,
human‐induced fires) or due to new climatic conditions and
might affect plant post‐fire responses. In general, fire‐prone
systems may experience increased fire frequency, fire season
length, and risks of more severe fires because of significant
decreases in precipitation (Senande‐Rivera et al., 2022). Thus, it
is crucial to understand how novel fire regimes (e.g., lower or
higher fire frequencies) would affect the belowground compo-
nents, since they will be responsible for providing resilience to
the vegetation, even in edaphic‐constrained grasslands.

Therefore, we investigated how belowground traits respond
to different fire frequencies in campos rupestres. We analyzed
the belowground bud bank density, bud‐bearing below-
ground organs (BBOs) composition and biomass, root biomass,
and BBOs‐to‐shoot and root‐to‐shoot biomass ratios in sites
with different fire frequencies: low, intermediate, and high fire
frequencies. Since the intermediate fire frequency represents the
natural fire regime, we hypothesized that the highest accumu-
lation of buds in the bank and fine root biomass, along with the
greatest diversity of belowground organs, would be found in
areas with this fire frequency. If fire frequency increases (high),
then we expect a loss of buds in the bud bank resulting from
biomass removal and successive resprouting and a decrease in
fine roots caused by the burning of shallow roots and reduced
root production due to repeated burning. Coupled with low
edaphic resources, these combined effects may strongly limit the
ability to refill the bud bank and produce new roots. Therefore,
bud‐bearing organs would perish in the system. On the other
hand, if fire is excluded for longer periods (low), then more
aboveground biomass will be allocated to aboveground com-
partments, and the composition of belowground organs will
significantly change. In such conditions, grasses will outcompete
forb species by excluding them through biomass accumulation.

MATERIALS AND METHODS

Study site

The study was located in the Parque Nacional Serra do Cipó
and its buffer zone (Morro da Pedreira Environmental
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Protection Area) in the southern portion of the Espinhaço
mountain range, in southeastern Brazil (19°17′ S, 43°33′ W,
700–1670m a.s.l.; Appendix S1: Figure S1). The climate in
the area is warm tropical and seasonal with marked cold dry
winters and hot wet summers (Silveira et al., 2016). The
annual mean rainfall is ca. 1400 mm, most of it during
the rainy season (October–April; Alvarado et al., 2017). The
mean daily maximum and minimum temperature is,
respectively, 33°C and 28°C at the peak of the hot wet
summer and 13°C and 7°C at the peak of the dry cold
season (Alvarado et al., 2017).

The vegetation of the region is primarily campos rupestres,
a mosaic of old‐growth grasslands at high altitudes, composed
of a species‐rich herbaceous layer with scattered woody species
occurring mainly in the rocky outcrops. They have a high level
of endemism, and the main families are Poaceae, Cyperaceae,
Eriocaulaceae, Asteraceae, and Xyridaceae (Giulietti et al., 1987;
Silveira et al., 2016). The vegetation types composing campos
rupestres include wet grasslands, stony grasslands, or sandy
grasslands. Campos rupestres are snow‐free despite occurring at
altitudes higher than 900m on shallow and sandy soils over
quartzitic bedrock (Giulietti et al., 1987; Silveira et al., 2016).
Campos rupestres are also fire‐prone environments with a fire
return time of 6 to 8 years in the Parque Nacional Serra do
Cipó, mainly occurring during the dry season (Figueira
et al., 2016; Alvarado et al., 2017).

We selected three sampling sites in sandy grasslands,
presenting different fire frequencies: 1 to 10 fires from 1984
to 2018 (i.e., a proxy of fire frequency, Appendix S1:
Table S1, Figure S1). In the region, 55–49% of all burned
areas was burned between one and four times from 1984 to
2015, 33–20% was burned between five and nine times, and
only 2–3% was burned 10 or more times during the same
period (Alvarado et al., 2018). Using these three categories,
we selected sites with low (one fire event in 35 years),
intermediate (six fire events in 35 years), and high (10 fire
events in 35 years) fire frequencies. Each site had a different
length of time since the last fire, ranging from four years
(intermediate and high) to 19 years of fire exclusion
(Appendix S1: Table S1).

Biomass sampling

In each site, we sampled belowground organ and root
biomass and the associated aboveground biomass. To assess
the aboveground biomass and belowground bud‐bearing
organ biomass and bud bank size at each of the three
sampling sites, we randomly established ten 0.5 × 0.5 m
plots, maintaining a minimum distance of 20 m between
plot edges. Within each bud bank plot, aboveground bio-
mass was entirely removed 5 mm above the ground and
bagged separately. At the laboratory, standing dead and live
parts were separated, oven‐dried at 80°C for 48 h, then
weighed. To assess belowground organ biomass, we ex-
cavated the plots down to 10 cm and directly sieved the soil
to remove part of the soil and large stones. Since the

majority of belowground resprouting buds are located
between 0 and 5 cm deep (Klimešová et al., 2019), samples
were collected only from depths of 0–10 cm. All below-
ground plant structures were collected in a plastic bag and
stored in a cooler for transport for further analysis at the
laboratory, including bud counting. The sampling was
performed during the rainy season (April 2018) to account
for dormant buds that accumulated during the previous
growing season, representing the maximum productivity of
the studied plant communities (Klimešová et al., 2019). At
the laboratory, belowground structures were water‐washed
to remove most of the soil attached to roots and other
organs. Roots attached to the different organs, primarily
adventitious roots in grass rhizomes, were removed to assess
only belowground bud‐bearing organ biomass. All other
plant parts, including belowground bud‐bearing organs and
those that could be ambiguous in their potential to bear
buds, were retained for further detailed investigation. All
the belowground structures were stored in 70% ethanol for
later bud bank analyses.

For the bud bank analysis, live buds from all perennial
organs found in each 0.25‐m² sampled plot were counted.
The number of buds for each plot was summed, and the
mean and standard error were calculated for each site
(treatment). The bud bank size was then extrapolated to
estimate the number of buds per square meter. Below-
ground buds were also counted according to growth
forms and categorized as graminoids or non‐graminoids
(including forbs sensu Siebert et al. [2024]) and shrubs. The
bud‐bearing structures were classified into specific below-
ground organ types according to morphological types as
described by Pausas et al. (2018). Among the belowground
organ types, we recognized the following categories, adapted
from Pausas et al. (2018): non‐graminoid rhizomes, com-
prising all types of fleshy rhizomes from forbs; graminoid
rhizomes, composed of fibrous rhizomes from grasses and
sedges; bulbs, including all swollen structures with one to a
few buds, which may also include corms and stem tubers;
root crowns, bearing a substantial number of buds at the
root collar; xylopodia, encompassing all woody basal burls,
regardless of their developmental origin; woody rhizomes,
including true woody stems (soboles) that grow horizontally
under the soil surface and woody gemmiferous roots, which
can only be distinguished from soboles through detailed
anatomical analysis; and, other, which includes fragmented
structures that could not be accurately classified and were
considered in bud bank analyses only if they bore live buds
(Bombo et al., 2022a). Buds were counted using a stereo-
microscope. After bud counting, all the belowground plant
material was transferred to paper bags, oven‐dried at 80°C
for 48 h, and weighed. The belowground organ‐to‐shoot
(BBO:shoot) ratio was calculated as the ratio of below-
ground bud‐bearing organ biomass in the first 10 cm of soil
to total live dry aboveground biomass (collected in the
respective plots; g·m–2).

For assessing root biomass, we randomly set up five
circular plots of 0.25 m2 in each sampling site in February
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2018. In each root plot, total aboveground biomass was
sampled as described previously. As previously mentioned,
aboveground biomass was separated into dead and live
fractions, oven‐dried at 80°C for 48 h, and only the live
fraction was weighed to determine the live aboveground dry
biomass per square meter. In the middle of each plot, we
collected soil samples from the soil surface down to a 20‐cm
depth using an auger (5 cm diameter). Harvested roots
represented a mixture of roots from species occurring above
and in the vicinity of the core. Samples were stored at –18°C
before analysis. Soil cores were defrosted at the laboratory
and gently washed with water using 1 mm, 850 μm, and
200 μm sieves to avoid losing roots (Pérez‐Harguindeguy
et al., 2013). Fine roots (<2 mm) were then separated, and
each root sample was oven‐dried at 60°C for 72 h (Pérez‐
Harguindeguy et al., 2013) and weighed. The root‐to‐shoot
ratio (root:shoot) was calculated as the ratio of fine root
biomass (i.e., roots <2 mm) in the first 20 cm of soil to
live aboveground biomass (collected in the respective
plots; g·m−2).

Data analyses

We tested whether the bud bank density and related be-
lowground traits varied among sites with the different
number of fires (1, 6, and 10 fires between 1984 and 2018;
hereafter referred to as fire frequency). Specifically, we
evaluated differences in bud bank density (number of
buds·m⁻2, both total and by growth form), proportion of
live belowground bud‐bearing organs (% of the total for
each belowground organ type), the density of each below-
ground organ type (number of belowground organs·m–2),
belowground organ‐to‐shoot ratio, and the root‐to‐shoot
ratio.

Generalized linear mixed models (GLMMs) were used
for these analyses The models were fitted using the
glmmTMB package (Brooks et al., 2017), with response
variables modelled as a function of fire frequency, while
plots were treated as random factors when applicable (Zuur
et al., 2009). Different distributions, such as Poisson and
negative binomial, were tested to address potential over-
dispersion, and the Poisson family with a logit link function
was applied for count data. Zero‐inflated models were
applied for variables with excess zeros, using the zeroinfl
function in the R package pscl (Jackman, 2020). For all
tested variables, multiple pairwise comparisons were con-
ducted using Tukey's honest significant difference (HSD)
test to assess differences between treatments. Model selec-
tion was performed using likelihood ratio tests and infor-
mation criteria, such as the Akaike information criterion
(AIC) and Bayesian information criterion (BIC), to identify
the most parsimonious model. Residuals were assessed
using the DHARMa package (Hartig, 2020), and model
performance was evaluated with the R package performance
and check_model() function (Lüdecke et al., 2021). Type III
ANOVA, conducted using the R package car (Fox and

Weisberg, 2019), tested the significance of the fixed effects,
while pseudo‐R² values were calculated to assess model fit.
Final models were selected based on the lowest AIC/BIC
values, residual diagnostics, and data fit.

To assess whether the proportional allocation of different
belowground storage organs differed among fire frequency
treatments, we performed permutational multivariate analysis
of variance (PERMANOVA) implemented with the function
adonis in the R package vegan (Oksanen et al., 2025).
The analysis was based on a Bray–Curtis dissimilarity matrix
calculated from organ‐type proportions, with 9999 permuta-
tions. To identify specific differences between treatments,
pairwise comparisons were performed using the function
pairwise.adonis.

All statistical analyses were conducted using R version
4.1.2 (R Core Team, 2019). Results were visualized using R
packages sjPlot (Lüdecke, 2024) and report (Makowski
et al., 2023), and R packages Tidyverse (Wickham et al., 2019)
and ggplot2 (Wickham, 2016) for data manipulation and
graphical presentation. CorelDRAW X6 version 16.0.0.707
(2012) was also used for visual representations.

RESULTS

Bud bank size, belowground organ density, and
composition

The site with low fire frequency (1‐fire site) had a higher
total bud bank (P < 0.05, Figure 1A; Appendix S1:
Table S2), with 47% higher density compared to the high
fire frequency site (10‐fire events), and 38% more buds
compared to the intermediate fire frequency site (6‐fire
events). Similar bud bank values were found between
intermediate and high fire frequency sites (6‐ and 10‐fire
events, respectively). The graminoid bud bank was the
major component of the total bud bank across all sites with
different fire frequencies. For non‐graminoid species, bud
density decreased drastically at the high fire frequency site
compared to the other sites. Low and intermediate fire
frequency sites had similar numbers of buds (Figure 1,
Appendix S1: Table S2).

A greater accumulation of belowground organs was
found in the 1‐fire site compared to intermediate and high
fire frequencies (P < 0.001, Figure 1B; Appendix S1:
Table S2). We found that the proportions of belowground
organ types differed significantly among the sites
(R2 = 0.31, F = 12.3, P = 0.0011). Pairwise comparisons
showed that sites with 10 fires differed significantly from
both the 6‐fire (P = 0.021) and 1‐fire (P = 0.003) sites, while
no significant difference was found between the 6‐fire and
1‐fire sites (Appendix S1: Table S3). All organ types were
represented in the 6‐fire site. Woody rhizomes were not
found in the 1‐fire site, and bulbs were not found in the
10‐fire site (Figure 2; Appendix S1: Table S2). Fleshy rhi-
zomes represented the majority of belowground organs,
especially graminoid rhizomes (Figure 2; Appendix S1:
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Table S2) in all sites. Non‐graminoid fleshy rhizomes were
significantly lower in number and proportion in the 10‐fire
site (Figure 2; Appendix S1: Table S2). All other organ
types had lower representation in the total number of
organs, accounting for approximately 1.7%, 3.0%, and
3.7% in sites with low, intermediate, and high fire fre-
quency, respectively. Fire frequency only significantly
affected the total number of woody rhizomes (Appendix
S1: Table S2).

Belowground biomass

Belowground organ and root biomass differed distinctly in
response to fire frequency. The biomass of belowground
organs did not vary among the three sites, while the biomass
of fine roots was 64% higher at the 1‐fire site and 22% lower
at the 10‐fire site compared to the intermediate fire fre-
quency site (P < 0.001, Table 1).

Independent of fire frequency at the sites in the campos
rupestres, the belowground biomass (both belowground
organs and fine roots) was always higher than aboveground
biomass, since the belowground‐to‐aboveground ratio was
consistently greater than 1 (Figure 3, Table 1). The below-
ground organ‐to‐shoot ratio increased with high fire fre-
quency (P < 0.01), while the root‐to‐shoot ratio showed the
opposite response (P < 0.001) (Figure 3, Table 1).

DISCUSSION

Our study showed that fire frequency is not only an
important factor influencing the aboveground plant com-
munity but also the belowground components in the
campos rupestres. As expected, high fire frequency led to a
lower bud bank density and a decrease in the number of
belowground organs. In all three sites, fleshy rhizomes of
graminoids were dominant, while woody rhizomes
increased in relative proportion in frequently burned sites
(moderate and high), despite being less important or even
absent in site with lower fire frequency. Although below-
ground organ biomass did not vary across sites, root bio-
mass and both belowground organ‐to‐shoot and root‐to‐
shoot ratios did change and were consistently higher than
1.0, indicating greater investment in belowground

F IGURE 1 Density of belowground bud bank and belowground bud‐bearing organs at different fire frequencies (1, 6, and 10 fire events from 1984 to
2018) in the campos rupestres. (A) Total belowground bud bank density and from graminoid (grasses and sedges) and non‐graminoid species (forbs and
shrubs). (B) Density of belowground bud‐bearing organs. Colored dots represent data from each plot; black dots represent means; bars indicate standard
error. For more details, see Appendix S1: Table S2.

F IGURE 2 Composition of belowground bud‐bearing organs at
different fire frequencies (1, 6, and 10 fire events from 1984 to 2018) in the
campos rupestres. Left, fleshy rhizomes; right, all other belowground bud‐
bearing organs (BBOs), accounting for approximately 1.7%, 3.0%, and 3.7%
of the total in 1‐fire, 6‐fire, and 10‐fire sites, respectively. For more details
and statistics, see Appendix S1: Tables S2 and S3.
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perennating organs and the resilience of this component to
fire. Additionally, the composition of belowground storage
organs shifted among the fire frequencies, pointing to a
consistent overall investment in belowground organs, irre-
spective of changes in their composition. Our study sup-
ports the premise that changes in fire regimes may
compromise the resilience of campos rupestres by altering
belowground components, both storage organs and roots.
Specifically, an increase in fire frequency negatively
impacted bud bank size, with the strongest effects observed
in the forb component. Differently from tropical savannas
(Bombo et al., 2022a) and subtropical grasslands (Fidelis
et al., 2014), in campos rupestres, forbs will profit more
under a low and an intermediate fire frequency.

We identified that the total bud bank size decreased
under high fire frequency (in our study site, one fire every 3

to 4 years), possibly due to the recurrent removal of
aboveground biomass and resprouting, along with insuffi-
cient time or resources to replenish the bud bank. Also,
storage depletion in belowground organs may contribute to
this decline because campos rupestres typically experience
fires at an intermediate fire frequency, approximately every
6 to 8 years (Figueira et al., 2016; Alvarado et al., 2017).
Additionally, some organ types tend to store more buds
than others (Pausas et al., 2018), then bud accumulation
may be driven by the number and diversity of belowground
organs present (Pausas et al., 2018; Ott et al., 2019; Ferraro
et al., 2021; Bombo et al., 2022a). Indeed, at the high fire
frequency site, we found that the lower number of buds was
mainly due to the lower amount of non‐graminoid bud
banks and live belowground organs. The reduction of be-
lowground organs and, consequently, of the total bud bank,
is consistent with findings in other grassy systems, where a
lower number and diversity of belowground storage organs
correspond to smaller bud banks (Fidelis et al., 2014;
Ferraro et al., 2021; Bombo et al., 2022a, 2022b). In campos
rupestres, the belowground structures of herbaceous species
are generally very small, even when they function as storage
organs (A. B. Bombo, personal observation). As fire fre-
quency increases, it may become energetically impossible to
produce or maintain the necessary storage organs to sup-
port new aerial shoots between fires (Bellingham and
Sparrow, 2000; Klimešová et al., 2019; Ott et al., 2019),
affecting the post‐fire regeneration and, ultimately, the
resilience of the system.

The most affected group in terms of bud bank size and
number of belowground organs was the non‐graminoid
species, which in this study included the forbs and shrubs.
In Campos Rupestres, forb species include not only herba-
ceous and subshrub species (Silveira et al., 2016), but also
several monocotyledon families that are characteristic of
campos rupestres flora (Giulietti et al., 1987; Silveira
et al., 2016). Their representatives possess belowground
organ types such as fleshy rhizomes and bulbs (Appendix
S1: Table S2). Bulbs, for example, are specialized storage

TABLE 1 Belowground biomass of sampled sites in campos rupestres according to fire frequency (number of fires from 1984 to 2018). Ratio values greater than
1.0 indicate greater allocation to belowground than aboveground biomass. For each linear mixed‐models, we report the incidence rate ratios for the intercept and the
treatment, and P‐value. The intercept represents the baseline incidence rate, while the treatment effect reflects the relative change in the incidence rate associated with
the treatment variable (*P < 0.05, **P < 0.01, ***P < 0.001, n.s. nonsignificant). Different letters represent treatment differences identified by Tukey's HSD test.

No. of fires Belowground organ biomass (g·m–2) Fine root biomass (g·m–2) Belowground organ:shoot ratio Root:shoot ratio

1 760.72 ± 52.63 a 621.02 ± 64.21 a 4.9 ± 0.49 a 2.6 ± 0.38 a

6 627.27 ± 103.17 a 378.34 ± 69.17 b 6.75 ± 0.73 ab 1.63 ± 0.19 b

10 873.55 ± 108.77 a 294.34 ± 71.83 b 8.19 ± 1.03 b 1.35 ± 0.16 b

Model estimates

(Intercept) 691.92*** 639.77*** 4.53*** 2.66***

Treatment 10.93 n.s. –36.80*** 0.37** –0.14***

df 26 10 26 11

Note: Belowground organ biomass at soil depth of 0–10 cm; fine root biomass at depth of 0–20 cm.

F IGURE 3 Belowground organ:shoot and root:shoot biomass ratios at
different fire frequencies (1, 6, and 10 fire events from 1984 to 2018) in the
campos rupestres. Colored dots represent data from each plot; black dots
represent means; bars represent standard error. For more details and
statistics, see Table 1.
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organs of herbaceous plants (Klimešová et al., 2019), com-
monly associated with the Iridaceae, Alliaceae, and Amar-
yllidaceae families (Dutilh, 2005). In turn, non‐graminoid
fleshy rhizomes are linked to Eriocaulaceae, Xyridaceae, and
Velloziaceae families (Giulietti et al., 1987), which are
characteristic components of the campos rupestres vegeta-
tion (Le Stradic et al., 2015; Silveira et al., 2016). Therefore,
unlike the cerrado savannas, where most forbs and shrubs
have xylopodia and woody rhizomes, which may dominate
the belowground component (Appezzato‐da‐Glória and
Cury, 2011; Silva et al., 2021; Bombo et al., 2024; Cozin
et al., 2024), bulbs and fleshy rhizomes seem to play a major
role in the campos rupestres. Consequently, the reduction of
these structures due to increased fire frequency may com-
promise post‐fire regeneration, especially for characteristic
campos rupestres species, leading to changes in the above-
ground plant community.

In our samples, monocotyledon families such as Erio-
caulaceae, Xyridaceae, and Velloziaceae were very abundant
among the forb species (data not shown). The bud‐bearing
organs of these families are often located at the soil surface,
not benefiting from the soil depth and its insulating prop-
erties. However, these structures may exhibit other protec-
tive traits for buds positioned at the soil level, such as rosette
life forms (Eriocaulaceae, Velloziaceae, Asteraceae, Apia-
ceae, and others) (Figueira and Del Sarto, 2007; Andrino
et al., 2015; Silveira et al., 2016), lignified scales covering the
buds (Xyridaceae) (Wanderley, 2010; A. B. Bombo, personal
observation), and stems covered by dead, dry leaf sheaths
(Velloziaceae) (José and Alves, 1994). Thus, since these
structures are more exposed to fire, frequent fires may
scorch the viable buds, killing some of them and depleting
the bud bank. As we observed, fewer non‐graminoid buds
and bud‐bearing belowground organs were produced in the
site with high fire frequency (10‐fire) than in sites with
intermediate (6‐fire) or low (1‐fire) fire frequency
(Appendix S1: Table S2), confirming that forb species were
strongly affected by the increase in fire frequency.

One of the key findings of our study is that fire reshapes
the composition of the organs in the belowground com-
ponent, without altering their total biomass. In the campos
rupestres, the relative contribution of different belowground
storage organs shifted among treatments, suggesting that
the system maintains a relatively stable belowground organ
load regardless of its composition. However, such compo-
sitional changes may have functional consequences because
different organ types (e.g., woody rhizomes, bulbs, fleshy
rhizomes) vary in their capacity for bud protection, re-
sprouting ability, and resource storage. Similar shifts have
been observed in other grassy ecosystems (Fidelis
et al., 2014; Bombo et al., 2022a, 2022b), reinforcing the idea
that fire regimes play a central role in shaping the below-
ground traits associated with post‐fire recovery dynamics of
open ecosystems.

Contrary to what is observed in tropical savannas (Le
Stradic et al., 2021), we recorded a decrease in the root
biomass with increasing fire frequency, while belowground

organ biomass was not affected. Campos rupestres are
dominated by grass and sedge species that produce sub-
stantial root biomass at the soil surface in shallow soils
(Díaz et al., 2016; Brum et al., 2017). Recurrent fire may
damage these superficial roots, while the limited nutrient
content of campos rupestres does not support rapid root
production post fire. Conversely, fire exclusion benefits
grass species, as shown by the increase in graminoid fleshy
rhizomes under these conditions. The dense root systems of
grasses accumulate at the soil surface, and root biomass
increases in the absence of fire. Species with fleshy rhizomes,
such as some grass species, lack substantial reserves and
depend on fine roots to capture resources, whereas species
with organs like xylopodia do not rely heavily on root
production to acquire resources (Pausas et al., 2018).

Although aboveground biomass is known to be affected
by fire frequency, with recurrent fires reducing the total
amount of aboveground biomass (Rodrigues et al., 2021),
the belowground‐to‐aboveground ratio, both organ‐to‐
shoot and root‐to‐shoot, presented values that were con-
sistently greater than one in our study. These uniformly
high belowground‐to‐aboveground ratios highlight the
predominance of belowground biomass allocation in
campos rupestres, regardless of fire frequency. Such a pat-
tern can be associated with a resource‐conservative strategy,
characterized by biomass accumulation in specialized be-
lowground organs, in addition to the roots, and is a well‐
documented adaptation in savannas and other open grassy
ecosystems (Fidelis et al., 2013; Klimešová et al., 2018, 2021;
Le Stradic et al., 2021; Ottaviani et al., 2024). In these sys-
tems, belowground plant organs constitute a substantial
portion of total plant biomass, which results in higher
belowground‐to‐shoot ratios (Ottaviani et al., 2024). These
patterns indicate that the soil serves a major reservoir of
organic biomass in old‐growth grasslands.

CONCLUSIONS

Alterations in fire regimes, such as increasing fire frequency,
can lead to drastic changes in the belowground compart-
ment of old‐growth grasslands like the campos rupestres.
An increase in fire frequency leads to a significant reduction
of the bud bank size and bud‐bearing organ density, which
may hamper regeneration and threaten the resilience of the
campos rupestres. Our findings indicate that forbs in the
campos rupestres can be particularly sensitive to an increase
in fire frequency, as their belowground bud‐bearing organs,
i.e., non‐graminoid fleshy rhizomes, are especially vulnera-
ble to high fire frequency. Forbs are the most taxonomically
and functionally diverse group in tropical old‐growth
grasslands (Siebert et al., 2024), and a key source of diver-
sity and endemism in the campos rupestres (Silveira
et al., 2016). However, they remain underrepresented in
most restoration projects worldwide due to limited under-
standing of their dynamics (Nerlekar et al., 2024), particu-
larly their belowground components. Fire management
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needs to be planned for the conservation and restoration of
the campos rupestres to ensure plant diversity and com-
munity resilience.
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SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

Appendix S1. Supporting figure and tables.

Figure S1. Location of the three selected sites that differ fire
frequency in the campos rupestres (map) and image of each site.

Table S1. Information about the three sampling sites in
campos rupestres.

Table S2. Bud bank density, total and by growth form,
number of live belowground bud‐bearing organs, and
number of each belowground organ type in campos ru-
pestres under different fire frequencies.

Table S3. Results of PERMANOVA and pairwise compari-
son tests of the differences in belowground organ composi-
tion between fire frequencies based on Bray–Curtis
dissimilarities and 9.999 permutations.
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