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Abstract

Key message Sprouting is a key component of the
population dynamics of woody species. Regeneration
via sprouting contributes substantially to population
growth when resource availability varies.

Abstract Basal sprouting is an important trait that fa-
cilitates the persistence of woody species under different
environmental conditions. Environmental heterogeneity
can have variable effects on allocation to sexual repro-
duction and vegetative growth over an individual’s on-
togeny; consequently, environmental heterogeneity can
influence the dynamics of woody plant populations. How-
ever, the effects of environmental factors on the ramet and
genet dynamics of woody species have yet to be fully ex-
plored. This study investigated the population dynamics of
Curatella americana L. (Dilleniaceae), an abundant tree
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species with a wide geographic distribution. The following
hypotheses were tested: (1) density, vital rates and
population growth rate are constrained by low rainfall and
low soil fertility and (2) ramet production contributes more
than seedling production to population growth at low
rainfall levels and low soil fertility. Population dynamics
were evaluated at two soil types (low and high fertility)
over 3 years (2010, 2011 and 2012) with varying rainfall
levels (average, average and low rainfall levels, respec-
tively). Both hypotheses were supported. Vegetative
growth and the population growth rate were limited by low
rainfall and low soil fertility. The survival rates of adults
and immature ramets had the largest effect on population
growth. Although sprouting was limited by resource
availability, this regeneration mode contributed more than
seedlings to population growth. Basal sprouting not only
ensures species persistence but also, as indicated by these
results, permits a species to tolerate a lack of seedling re-
cruitment. Basal sprouting was, therefore, determined to
play an important role in the population growth of woody
species in heterogeneous environments.

Keywords Life table response experiment - Matrix
model - Regeneration mode - Resource availability

Introduction

Population size fluctuations have long interested ecologists
(Sarukhan 1974; Silvertown 2008; De Kroon et al. 2000).
A large number of studies have focused on the processes
underlying population dynamics, particularly in herbaceous
and woody species that lack vegetative growth. In contrast,
persistence is a topic that has long been neglected in the
field of plant demography (Bond and Midgley 2001).
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Population biology studies suggest that vegetative growth
increases plant abundance (Herben et al. 2014) and pro-
motes resilience to stressful conditions (Muifioz-Costa and
Calleja-Alarcon 2013).

Sprouting is a common form of vegetative growth in
woody species (Jenik 1994; Dodd et al. 2013) and has been
described for plants in the Australian, African and Brazil-
ian savannas (Jenik 1994; Hoffmann 1999, Bond and
Midgley 2001). Sprouting (used synonymously with “re-
sprouting”), is defined as the production of ramets from
new vegetative growth, induced by injury (e.g., stem re-
moval near the root surface) or a substantial change in
growth conditions (Del Tredici2001). In terms of above-
ground structure, basal sprouting results in a genet com-
prised of multiple ramets (Matsuchita et al. 2012).
However, the influence of environmental conditions on the
population dynamics of sprouting woody plants is still not
well known, especially in tropical areas (Bond and Midgley
2001). The relative contribution of sprouting to the
population growth rate is not well described and often hard
to evaluate (Dodd et al. 2013), as this contribution may
change with environmental conditions (Mandujano et al.
2001). To address this question, the buds-protection-re-
sources conceptual framework was proposed; within this
framework, the effect of environmental resources on the
role of sprouting can be explored (Clarke et al. 2013).
Hoffman et al. (2012) states that sprouting plants are more
common in low resource sites. Resource allocation may
vary among individuals of the same species under different
environmental conditions (Xiao et al. 2011). Variation in
environmental conditions may also unevenly affect fecun-
dity, survival or growth at different ontogenetic stages
(Caswell 2001; Soliveres et al. 2010; Dahlgren and Ehrlén
20009).

Soil type and water availability play major roles in plant
population dynamics. For example, soil nutrient avail-
ability alters tree biomass (Davidson et al. 2004; Sardans
et al. 2006) and significantly affects population growth rate
(Brys et al. 2005; Dahlgren and Ehrlén 2009). Water
availability is another limiting factor and is inversely re-
lated to mortality rates in tree species (Nepstad et al. 2007).
At dry sites, sprouting is less vigorous than at wet sites
(Grady and Hoffmann 2012). The relative proportion of
sprouting woody plants is expected to increase with in-
creasing soil fertility and rainfall (Clarke et al. 2013).
However, it remains unknown whether sprouting can be
described as a major life-history attribute of trees and in-
corporated into plant demographic theory (Loehle 2000).

Curatella americana L. (Dilleniaceae) is a woody plant
that sprouts prolifically from the root collar. This species is
considered to be the most abundant tree in savannas
(Devillers and Devillers-Terschuren 1996) and can store a
large portion of the energy, carbon and water reserves in
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this biome (Baruch 2011). C. americana has a wide geo-
graphic distribution, from Central to South America.
Although this species may grow on different soil types, it is
often found on acidic and infertile soils (Baruch 2011) or
poorly drained soils (e.g., wetlands) (Dalmagro et al.
2014). The physical factors that determine variations in C.
americana phenology and physiology across rainfall and
fertility gradients have been identified. Annual variation in
water availability, periodic fires and herbivorous insects
primarily influence this species’ phenology (Foldats and
Rutkis 1975). Specific leaf area and photosynthesis rates
are positively associated with rainfall, whereas water use
efficiency is negatively associated with rainfall (Baruch
2011). Specific leaf area also decreases with low soil
phosphorus (Baruch 2011). However, the effects of envi-
ronmental resources on this species’ population dynamics
remain unknown.

This study reports the demographic patterns of C.
americana under contrasting conditions of resource avail-
ability. It was hypothesized that the density, vital rates (i.e.,
survival, growth and reproductive rates) and the population
growth rate (1) of this species are limited by rainfall and
soil fertility. In environments where soil type and rainfall
result in resource limitations, ramet production was pre-
dicted to affect population growth rate more than seedling
production. We analyzed the density, growth, survival and
production of C. americana ramets and seedlings in years
with different rainfall and soil fertility levels. We
specifically addressed three questions. (1) Do soil fertility
and rainfall conditions affect the density, vital rates and
population growth rate (1) of C. americana? (2) Which
vital rate most affects 4? (3) What are the relative contri-
butions of sexual reproduction and vegetative growth rate
to population size in years with different rainfall and soil
fertility conditions?

Methods
Study site

The study site was located in the Cuiaba municipality,
Mato Grosso State, Brazil (15°43’ to 15°44'S; 56°04' to
56°06'W). According to Alvares et al. (2013), the regional
climate was classified as Tropical with dry winter (Aw),
and the average monthly temperature ranged from 22.3 to
27.0 °C. Altitude was between 165 and 189 m above sea
level. This site has been protected from fire for 20 years.
The study site is located within an 54,522 km? area (Ar-
ruda et al. 2008) of an ecotone between the Cerrado, one of
the world’s biodiversity hotspots (Myers et al. 2000), and
the Pantanal, which is extremely biodiverse and is the
world’s largest freshwater wetland (Carter et al. 2004).
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Study species

Curatella americana is a perennial, xerophytic, and fire-
tolerant woody species. It can be shrubby or arboreal and
reaches up to 10 m in height (Baruch 2011). This species
reproduces sexually using hermaphroditic flowers and
abundant pollen; it may also reproduce vegetatively via
basal sprouting. Production of flowers, fruits and shoots
begins between the middle to the last third of the dry season.
Seeds are long-lived (Medina and Francisco 1994) and may
remain dormant until the beginning of the rainy season,
which is a more favorable time for seedling establishment
(Garwood 1983). Basal sprouting is the production of
sprouts from dormant stem buds near the root collar
(Bellingham and Sparrow 2000; Bond and Midgley 2001;
Matsuchita et al. 2012; Dodd et al. 2013). Following total
aerial biomass loss, a genet (i.e., an individual plant) can
produce one or more stems (ramets) by basal sprouting. In
this study, the term “ramets” is used according to the
definition of Matsuchita et al. (2012). In adult trees, the
collar develops at or just below the ground (Del Tredici
2001); thus, basal sprouting can be identified by observing
the presence of buds protruding from the trunk. Thicker
stems sprout following fire than under undisturbed condi-
tions. As our study site has been protected from fire for
20 years, field observations are consistent with this gener-
alization. Therefore, in this study, sexual reproduction
refers to the production of seedlings, whereas vegetative
growth refers to the production of ramets by basal sprouting.

Soils, sampling design and rainfall

In 38 ha of native area, two soil classes were identified [Petric
Plinthosol (PP) and Yellow Latosol (YL) (Lucenaetal. 2014)]
according to Empresa Brasileira de Pesquisa Agropecuaria
(2006). A previous analysis of the surface layers (020 cm) of
60 randomly selected plots located in each of the two soil
types revealed significant differences in the physical, chemi-
cal and hydrological attributes (Table 1). Compared to YL,
PP was rich in nutrients and has a low permanent wilting
point. Although field capacity and water availability did not
statistically differ between these soil types, these values
tended to be lower in PP than in YL (Table 1).

This study consisted of 150 plots (replicates) of
10 m x 10 m for each soil type, resulting in a total sam-
pled area of 3.0 ha. C. americana individuals were iden-
tified and measured. Rainfall was taken into account by
incorporating data from three different years (2010, 2011
and 2012). Annual rainfall values were obtained from a
micrometeorological station that was at the study site.
During 95 years of data, the average rainfall was
1380.11 £ 210.14 mm at the study region (Diniz et al.
2008). According to a classification based on these years,

Table 1 Mean attributes of Petric Plintosol (PP) and Yellow Latosol
(YL) topsoils

Soil attributes PP YL
Aluminum saturation (m %) 22.18% 27.44°
Magnesium (cmolc dm™>) 0.74* 0.49°
Calcium (cmolc dm™) 1.09° 0.58°
pH (H,0) 5.23% 5.13°
Cation exchange capacity (pH 7) 5.31° 3.36°
Organic matter (g dm™>) 19.07° 11.37°
Sulfur (mg kg™ 8.83% 6.55°
Potassium (cmol, dm™>) 0.20% 0.13°
Silt (g kg™") 39.3% 27.1°
Phosphorus (mg dm™>) 4.94* 2.62°
Zinc (mg kg™ 1.52% 1.43°
Copper (mg kg™") 0.46* 0.44°
Iron (mg kg™ ") 77.12% 79.7%
Manganese (mg kg™ 88.82° 56.02°
Boron (mg kg™') 0.37° 0.35%
Pebble (%) 13.47* 437°
Gravel (%) 43317 17.97°
Clay (mg kg™ " 119* 132.7°
Permanent wilting point (%) 2.14* 2.95°
Field capacity (%) 13.65° 16.57%
Plant available water (%) 11.66% 13.61%

Letters indicate significant differences between mean values (per-
mutation ¢ test, p < 0.05)

the annual rainfall was average in 2010 (1476.61 mm) and
2011 (1188.81 mm) and low in 2012 (733.22 mm).

Petric Plinthosol soil and YL soil were, therefore, ex-
amined during average and low rainfall years. Every April
(i.e., the end of the rainy season), all individuals found in
the plots on both soil types were identified, numbered, and
measured for height, diameter and several morphological
characteristics. Each individual was classified by its onto-
genetic stage using the following criteria: (1) whether the
individual originated through sexual reproduction or
vegetative growth and (2) the presence or absence of ex-
ternal morphological characteristics defined by Gatsuk et al.
(1980). According to Gatsuk et al. (1980), the presence of
cotyledons can be used to indicate the developmental or
ontogenetic stage of a given individual. In this study, on-
togenetic stages were therefore classified as seedlings (S;
plants possessing cotyledons), young seedlings (Y; plants
lacking cotyledons, with or without branching), immature
seedlings (I; plants possessing branching and having late-
stage reiterations caused by the activation of a latent lateral
meristem, Hallé et al. 1978), young ramets (Y,; plants
lacking cotyledons, that have or lack branching, and that
originated from stem buds near the root collar of an adult
individual), immature ramets (/;; plants with branching and
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reiterations that originated from stem buds near the root
collar of an adult individual), and adult (4; any plant with a
diameter and height equal to or greater than those of the
smallest reproductive individual, i.e., height >1300 mm
and stem diameter at soil level >125 mm). For each onto-
genetic stage, we annually calculated the number of plants
that survived and remained in the same stage, the number of
plants that grew to the next stage and the number of plants
that returned to the previous stage.

Data analysis

The density (i.e., the number of individual per ha) of each
ontogenetic stage on the two soil types over 3 consecutive
years (2010, 2011 and 2012) was compared using a per-
mutation test of the equality of means using the ¢ statistic
(n = 1000). This is non-parametric test, and the ¢ test was
only used after a normal distribution was confirmed. A
level of p < 0.05 was considered to be significant.

For each ontogenetic stage, vital rates were calculated
using matrix models of woody plant species demography
(Zuidema et al. 2010). Matrix projections allow the quan-
tification of the vital rates that describe the life cycle of a
population (Silvertown et al. 1993) or subpopulation
(Zuidema et al. 2010) within different habitats. Using a ma-
trix, it is possible to project the composition of the population
or subpopulation at future time intervals (Gurevitch et al.
2009). Before the parameterization of the matrix population
model, matrix elements (Eq. 1) were defined for each onto-
genetic stage (i) in each soil type and annual rainfall level,
according to the Lefkovitch matrix models (Caswell 2001).

n
: 0 0 0 0 0 S
n G, P> R3 0 0 V@
ns 0 G2 P3 0 0 V6
r4+1)=
4 t+D=10 o 0o P 0 0
ne 0 0 0 G, Ps Rg
0 0 G; 0 Gs Pg
_n6_ _ -
ni
ny
x| (1)
ny
ns
ng

Equation 1 corresponds to a general matrix representa-
tion of n (¢ + 1) = An (), where n describes the numbers
of individuals in each stage at times ¢t and ¢ 4+ /, and A is
the transition matrix for the following vital rates: (1) sur-
vival rate (Pi; the number of plants that survived and re-
mained in the same stage (i), divided by the total number of
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living plants of stage i at each annual interval), (2) growth
rate (Gij; the number of plants of class 7 that moved to the
next stage (j), divided by the number of living plants of
class i during the annual interval), (3) retrogression rate
(Rji; the number of plants of class j that returned to the
previous stage (i), divided by the number of living plants of
stage j in the annual interval), (4) sexual reproduction rate
[Si; the number of new seedlings divided by the number of
surviving adults in the annual interval (Fg)], and (5)
vegetative growth rate (Vi; the number of new ramets,
young (Y,) or immature (/;), produced by all adult indi-
viduals in the annual interval).

The annual population growth rate (1) quantifies chan-
ges in the number of individuals over time within the tested
groups of plants. This rate was calculated as the dominant
eigenvalue of the matrix, based on all vital rates. A boot-
strap analysis (with 5000 permutations) was conducted to
calculate the variability and 95 % confidence intervals of
the vital rates; these values were used to evaluate whether /4
and the vital rates differed between YL and PP, given the
same stage and annual rainfall level. Confidence intervals
were not calculated for the sexual reproduction or vegeta-
tive growth rates because the numbers of seedlings and
ramets produced by each adult individual could not be
determined. Therefore, the same sexual reproduction rate
and vegetative growth rates were used for all adult indi-
viduals. We also used a permutation test (with 5000 per-
mutations) to compare the vital rates and 4 between the two
groups of plants (Manly 2007).

Elasticity analysis was conducted to evaluate the pro-
portional change in growth rate of the studied group in
response to a proportional change of matrix elements (De
Kroon et al. 2000). A life table response experiment
(LTRE) analysis was used to quantify the contributions of
soil type (YL and PP), rainfall (average and low), and their
interaction to observe differences in the growth rates of the
studied groups. The results of this analysis identify the
importance of each factor on the population growth rate
(Caswell 2001).

All analyses were performed in R (Popbio package, R
Development Core Team 2012).

Results

High values of density were recorded for adults (A), im-
mature seedlings (/;), young seedlings (Y;), and young
ramets (Y;). The lowest density value was recorded for
immature ramets (I;) (Table 2). At both rainfall levels,
adult density was higher in more fertile soil (PP). The
densities of I and of I did not appear to be affected by
rainfall condition or soil type.
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(’Ii‘scll)il:iiua?l/iel?;lj()m;flt}éurmella Year  Rainfall Soil - Stages
americana originating from S Y, I Ramet production Y, I, A Total
sexual reproduction and clonal
growth (ramets) 2010  1476.61* PP - 227* 80 - 200 16 599*  1123*
YL - 154 80 - 154 25 459 873
2011  1188.81* PP 27*%  104* 114 186* 103* 41  599*  1175%
YL 6 66 99 121 70 42 462 873
2012 733.22° PP 6 70%* 93  134% 61 35 588* 988
YL 2 41 82 86 84 35 453 868

Year: sampling year; Rainfall: rainfall in mm; Soil: soil type, PP (Petric Plintosol) and YL (Yellow
Latosol); Stages: densities of seedlings (S), young seedlings (Y;), immature seedlings (/;), young ramets
(Y;), immature ramets (/;), and adults (A). Ramet production: density of young and immature ramets

produced each year; Total: total number of individuals in each soil type

An asterisk (*) indicates a significant difference in the mean density of individuals of the same stage
between soil types (p < 0.05). The density of seedlings and the production of ramets were not recorded in

2010

* Average rainfall, ° Low rainfall

Fig. 1 a Sexual reproduction rate, shown as the number of seedlings
produced annually per adult, b vegetative growth rate, shown as the
number of new young ramets produced annually per adult, and
¢ vegetative growth rate, shown as the number of new immature
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ramets produced annually per adult of C. americana on Petric
Plinthosol (PP) and Yellow Latosol (YL). An asterisk (*) indicates
significant differences (p < 0.05) between the soil classes for average
and low rainfall levels
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Fig. 2 Survival rates, shown as the annual number of plants that
survived and persisted in the same stage divided by the number of
living plants, for a young seedlings, b young ramets, ¢ immature
seedlings, d immature ramets and e adults of C. americana on Petric

The density of Y was directly related to soil type. At this
stage, density was higher in PP at both average and low
rainfall levels (Table 2). Y; density varied with both envi-
ronmental factors and exhibited its highest value at average
rainfall in PP. Of the environmental conditions tested, av-
erage rainfall and PP soil were the most suitable for the
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Plinthosol (PP) and Yellow Latosol (YL). Values are means + 95 %
confidence interval. An asterisk (*) indicates significant differences
(p < 0.05) between the soil classes for average and low rainfall levels

production of seedlings (S), Y, and I,. The annual density of
ramet production was higher than that of seedlings.

The vital rates, the rate of sexual reproduction and the
annual vegetative growth rate were higher in PP soil at
average rainfall (i.e., higher-nutrient soil with a lower
permanent wilting point) than in YL soil at low rainfall
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Fig. 3 Growth rates, shown as the proportion of plants that moved
from one class to the next in an annual interval, for a seedlings,
b young seedlings, ¢ young ramets, d immature seedlings and
e immature ramets of C. americana on Petric Plinthosol (PP) and

(Fig. 1). At low rainfall, adult survival rate was higher in
PP than in YL soil (Fig. 2). The growth rates of seedlings
were recorded only at average rainfall in more fertile soil
(PP) (Fig. 3). The annual regression rates of I and I, were
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Yellow Latosol (YL). Values are means + 95 % confidence interval.
An asterisk (*) indicates significant differences (p < 0.05) between
the soil classes for average and low rainfall levels. In a, only one
seedling moved to the next class

recorded only under low rainfall (Fig. 4). There was an
increase in adult regression at low rainfall, and there was
a difference in adult regression between soil types. For
the remaining ontogenetic stages, there were no
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Fig. 4 Retrogression rates, shown as the number of plants from stage
Jj that returned to stage i divided by the number of living plants in an
annual interval, for a immature seedlings, b immature ramets and ¢
adults of C. americana on Petric Plinthosol (PP) and Yellow Latosol

statistically significant differences among rainfall levels
and soil types.

At average rainfall, 1 was similar between soil types,
reaching approximately 100 % of growth per year and
indicating stabile population growth (Table 3). Low rain-
fall negatively affected 4, which was significantly lower in
YL than in PP soil.

According to the elasticity analysis, adult survival rate
mostly affected /; this effect was greatest at low rainfall
levels (Table 3). At average rainfall, 4 was next most af-
fected by I, survival rate, with values of 12.6 % in PP and
10.3 % in YL soil. Although the values of sexual repro-
duction and vegetative growth were relatively low, it is
possible that vegetative growth had a greater effect on A
than did sexual reproduction.

Of the factors evaluated, low rainfall most limited A
(Fig. 5). Average rainfall most favored A, followed by
more fertile soil (PP). The interaction of soil and rainfall
had little effect on A.

@ Springer

(YL). Values are means = 95 % confidence interval. An asterisk (*)
indicates significant differences (p < 0.05) between the soil classes
for average and low rainfall levels

Discussion

Differences in density and vital rates confirmed that rainfall
and soil fertility affect genets and ramets of several onto-
genetic stages in C. americana. This result is consistent
with the recent studies that describe weak associations
between environmental factors; for example, soil fertility
and soil water content can have substantial long-term ef-
fects on growth rate (Dahlgren and Ehrlén 2009).
Seedling establishment represents a demographic bot-
tleneck, not only because of the limitations in seed dis-
persal and production but also because of the
environmental importance of this vulnerable stage
(McCarthy-Neumann and Ibafiez 2012). This seedling-
establishment bottleneck emphasizes the importance of
local environmental conditions on the population perfor-
mance of a widespread plant species (Villlellas et al. 2013).
Therefore, investing very little into sexual reproduction (as
evidenced by low density and low rates of reproduction and
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Table 3 Elasticity matrix for Curatella americana at different rainfall levels and soil types
Time interval and environmental condition A and CI Stages

Stages S Y, I Y I A
2010-2011 A=1.03 S 0 0 0 0 0 0
Average rainfall CI: 0.99-1.04 Y, 0 0.009 0 0 0 0.01
Yellow Latosol I 0 0.011 0.104* 0 0 0.00

Ys 0 0 0 0 0 0

I 0 0 0 0 0.011 0.002

A 0 0 0.014 0 0.002 0.834*
2010-2011 A=1.02 M 0 0 0 0 0 0.003
Average rainfall CI: 0.99-1.06 Y, 0 0.016 0 0 0 0.016
Petric Plintosol I 0 0.016 0.127* 0 0 0.008

Y 0.003 0 0 0.002 0 0

I 0 0 0 0.003 0.038 0.001

A 0 0 0.023 0 0.004 0.743*
2011-2012 A=0.95 S 0 0 0 0 0 0.000
Low rainfall CI: 0.93-0.96 Y, 0 0.003 0 0 0 0.004
Yellow Latosol I, 0 0.004 0.005 0 0 0.001

Ys 0 0 0 0.001 0.001 0

I 0 0 0 0.001 0.035 0.016

A 0 0 0.005 0 0.016 0.908*
2011-2012 A =097 M 0 0 0 0 0 0.000
Low rainfall CI: 0.96-0.98 Y, 0 0 0 0 0 0.003
Petric Plintosol I, 0 0 0.009 0 0 0.001

Y 0 0 0 0.001 0.001 0

I 0 0 0 0.000 0.018 0.009

A 0 0.001 0.004 0.000 0.009 0.936*

Stages ontogenetic stages, A annual population growth rate, CI confidence interval for A, S; seedlings, ¥, young ramets, /, immature ramets, Y

young seedlings, /; immature seedlings, A adult

An asterisk (*) indicates the rates that most influenced 1

seedling growth) can be indicative of vegetative regen-
eration via sprouting in C. americana. This result cor-
roborates a suggestion by Hewitt (2004), which proposed
that regions colonized after glacial periods have reduced
the levels of genetic variation. In contrast, in the Cerrado of
central Brazil and in the Amazon, seed dispersal efficiency
and the favorable climatic conditions actually enhance the
genetic diversity of C. americana (Canuto 2011).

When ramets have higher densities and higher survival
rates than those of seedlings, a population’s dependence on
seeds may decrease (Bond and Midgley 2001). In this
context, sprouting not only promotes species persistence
(Bond and Midgley 2001; Witte and Stocklin 2010) but
also produces offspring that will make greater contribu-
tions to population growth than those originating from
sexual reproduction.

As noted for forest trees (Bond and Midgley 2001), C.
americana produces ramets continuously, even in the ab-
sence of severe disturbances, such as prolonged drought or

fire. This continuous production of ramets suggests that
sprouting is the ancestral state of woody angiosperms
(Wells 1969).

Although more ramets were produced than seedlings,
basal sprouting was nevertheless constrained by decreased
soil fertility and low rainfall. Despite favorable environ-
mental conditions (i.e., average rainfall and PP soil, in this
study), ramets were still produced at higher numbers than
seedlings. Although this finding contradicts the theory that
sprouting plants are more common at low resource sites
(Hoffmann et al. 2012), it supports an alternative idea that
ramets are produced in better environmental conditions
(Oborny and Englert 2012).

Previous studies on C. americana indicate that there is
flexibility in this species’ resource use efficiency. C.
americana is tolerant to droughts in the Cerrado and
floodings in the Pantanal, surviving in habitats with widely
contrasting hydrology (Dalmagro et al. 2014). However,
this species’ CO, assimilation and photosynthetic capacity
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Fig. 5 Results of the life table 0.04 0.04 b
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decrease with flooding (Dalmagro et al. 2013). Addition-
ally, as shown in this study, adult survival rate decreases
and the regression rates of I, I, and adults increase during
periods of low rainfall.

Although water availability was similar in PP and YL
soils, sandier soils are the first to experience reductions in
water availability (Baruch 2011); this was our original
prediction for YL soils. Our results suggest that there is a
range of rainfall levels that may limit the survival, growth
and the spatial and temporal distributions of this species. In
addition to soil water availability, the physiological per-
formance of C. americana is affected by the soil phos-
phorus concentration (Dalmagro et al. 2013). For example,
C. americana leaf physiology is influenced by only small
amounts of this macronutrient (Baruch 2011). In this study,
YL soil contained less phosphorus than PP soil, which may
have also contributed to the lower densities and vital rates
exhibited by A and I individuals.

For the remaining life stages, survival, growth and re-
gression rates were similar. These similarities may be due
to the morphological plasticity of C. americana in response
to variation in nutrient and water availability. C. americana
displays a horizontally and vertically extensive root sys-
tem, which can be 4 times larger than its aerial system
under certain environmental conditions (Foldats and Rutkis
1975). Consequently, greater resource allocation to the root
system contributes to the survival of young and immature

@ Springer

Average.YL Low. YL Average.PP Low. PP

individuals in a similar manner. Our findings agree with
optimal resource partitioning theory, in which plants re-
spond to environmental variability by differentially allo-
cating resources between aerial and subterranean biomass
(Chapin et al. 1987). The population growth rate (1) was
limited by low rainfall in sandy and YL soils. Plants are
considered to be more sensitive to environmental variations
when 4 < 1.5 (Menges 1998). In savannas, where envi-
ronmental conditions tend to be more stressful in terms of
nutrient and water availability and fire occurrence, 1 is
close to 1 (Curth et al. 2012).

When rainfall levels were low, adult survival rate ex-
plained approximately 90 % of A. For perennial plants with
long life cycles (Franco and Silvertown 2004), including
tropical species (Guedje et al. 2003; Portela et al. 2010),
the vital rates of the adult stage are the most crucial. Adult
C. americana have water-storing leaves (Medina and
Francisco 1994) and a deep root system (Foldats and
Rutkis 1975), which promote adult survival during the dry
season. When rainfall levels were average, adult survival
rate became less important to 4, and /; survival rate (which
formerly accounted for approximately 10 % of 1) became
more important. This finding confirms the positive influ-
ence of ramets on C. americana population dynamics in
favorable environmental conditions.

Vegetative growth contributed more than sexual repro-
duction to 4, especially in PP soil when rainfall levels were
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average. This result corroborates a study conducted by
Madujano et al. (2001), in which the relative contribution
of genets and ramets varied as a function of environmental
conditions. The abundance and wide geographic distribu-
tion of C. americana may, therefore, be explained in part
by the high survival rates of A and [ and the higher con-
tribution of ramets than of seedlings. This result contrasts
with reports from the Amazon, in which sexual reproduc-
tion was found to have greater importance (Canuto 2011).

Flexible investment into seedling production according
to environmental conditions may have important effects on
population dynamics and growth (Mandujano et al. 2001;
Clark-Tapia et al. 2005; Marcante et al. 2009). For exam-
ple, this study demonstrated that C. americana populations
experienced a decrease in sexual reproduction that corre-
sponds to low-rainfall and nutrient-poor soil conditions.
Variations in C. americana population dynamics are
strongly linked to rainfall level and soil type, as also noted
for this species in the Venezuelan savannah (Baruch 2011).

Conclusion

Low rainfall and low soil fertility limited seedling and
ramet densities, seedling growth, ramet survival rate, ramet
regression rate, and adult survival rate in an abundant and
widely distributed woody species, C. americana. Under
favorable conditions (i.e., average rainfall and fertile soil),
ramet production increased. Regeneration via basal
sprouting permitted this species to persist, despite a lack of
seedling recruitment at annual intervals. /. survival rate
also affected population growth. The results of this study
contradict the hypothesis that sprouting plants are more
common in low resource environments. Basal sprouting not
only ensures persistence of this species but also promotes
population growth in heterogeneous environments. There-
fore, basal sprouting plays an important role in the estab-
lishment of woody species in heterogeneous environments.
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