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Premise of research. The dioecious palm Mauritia flexuosa plays a critical role in the ecology and economy
of the Amazon. However, little is known about the relationship between habitat variation and the reproductive
dynamics of this species. We quantified variation in fruit and seed production among three habitats in northern
Brazilian Amazonia and identified the abiotic and biotic factors explaining these sources of variation.
Methodology. Fruits and seeds from females in six sites (three habitats) were collected. Total fruit yield
per individual, dry fruit mass, dry seed mass, and seed number per fruit were calculated for each female and
habitat. Multiple linear regressions were conducted on abiotic (soil physical and chemical parameters, soil
moisture, flooding levels, and photosynthetically active radiation) and biotic (height, diameter at breast height,
number of leaves, and crown volume) factors to determine the relationship between these parameters and
reproductive output.
Pivotal results. Fruit mass, seed mass, and seed number were significantly lower in the disturbed savanna
than in the undisturbed savanna ecotone and forest, although total fruit yield was highest in the disturbed
savanna. Soil moisture and flooding during the wet season were the best predictors of fruit and seed output.
Soil organic matter also explained variation in seed mass. The number of leaves, diameter at breast height,
and height were all accurate predictors of reproductive output, but crown volume should not be used to
estimate fruit yields.
Conclusions. Habitat affects the reproductive dynamics of this species, which can be explained by abiotic
factors such as moisture availability and biotic factors such as vegetative attributes. While two years of data
are not sufficient to infer broad patterns, this study provides preliminary results about the factors that explain
variation in fruit and seed formation of M. flexuosa. A long-term study relating seasonality, environmental
factors, and the reproductive dynamics of M. flexuosa is warranted, with profound implications for plant
reproduction and regeneration patterns.
Keywords: Amazonia, Arecaceae, disturbance, ecotone, fruit, habitat, Mauritia flexuosa, seed, reproductive
output, vegetative biometrics.

Introduction

dispersal, and plant-disperser coevolution (Howe and Smallwood 1982; Chama et al. 2013; Perea et al. 2013), with subsequent effects on plant recruitment, genetic structure, demography, and vegetative community structure (Hampe 2008;
Nathan et al. 2008). Despite the important influence habitat
has on consumers, more studies are needed to show how habitat variation and disturbance shape reproductive investment
of plants (Cousens et al. 2010; Rodrı́guez-Pérez et al. 2012a).
Thus, establishing the relationship between habitat and plant
reproductive dynamics, as well as identifying the abiotic and
biotic factors that explain this relationship, should be a high
priority for ecologists and conservationists.
A positive correlation has been established between seed size
and recruitment (Jakobsson and Eriksson 2000). This correlation can be explained by the competitive advantage that large
seeds have over small seeds (larger seeds produce larger seed-

Understanding the factors that influence plant reproductive
output is important from both economic and ecological standpoints. Nontimber forest product (NTFP) species play an increasingly important role in conservation strategies and economic revenue in tropical, rural areas (Ticktin 2004).
Maximizing yields of NTFPs in a sustainable manner requires
knowledge of their reproductive biology in the context of habitat variation and environmental change (Hartshorn 1995).
Variation in plant reproductive output as a function of habitat
variation also has important consequences for frugivores, seed
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lings) and the superior ability of large seeds to cope with carbon deficits during development (Gross 1984; Foster 1986).
In many systems there is interaction among habitat, disturbance, and seed size (Winn 1985; Hammond and Brown 1995;
Leishman et al. 2000). Clarifying the relationship and possible
trade-offs among seed size, seed number, and habitat is important, not only to fill the gap in our ecological knowledge
but also for conservation management.
Investigating factors responsible for fruit production is especially relevant for economically valuable plants such as
palms. In the date palm (Phoenix dactylifera), drought negatively affected fruit development (Gribaa et al. 2013), and environmental stress factors, including salinity, were negatively
correlated with fruit yields (Tripler et al. 2011). In the African
oil palm (Elaeis guineensis), timing and severity of drought
has been shown to jeopardize yields (Carr 2011). However,
few studies have addressed how environmental factors and
habitat variation affect reproductive output in wild palms.
Mauritia flexuosa (Arecaceae) plays a central role in the
ecology, local economies, and culture of the Amazon (Goulding
and Smith 2007; Horn et al. 2012). This keystone palm provides critical food and habitat for wildlife (Henry et al. 2000;
Brightsmith and Bravo 2006; Holm et al. 2008). Mauritia flexuosa fruits contain the highest beta-carotene levels of any food
source (Santos et al. 2005), comprising an important part of
the Amazonian diet (Henderson 1995), and are used in the
production of nutritional supplements, cosmetics, biodiesel,
and plastics (Zanatta et al. 2008; Silva et al. 2009; Andrade
et al. 2012). High demand for the fruits in the western Amazon
has led to overharvesting, including the felling of female trees
(Delgado et al. 2007; Brokamp et al. 2011). Despite this palm’s
broad importance and the threat of overharvesting, little is
known about fruit yields and habitat variation. Therefore, we
investigated the role of habitat in fruit and seed production of
M. flexuosa in three habitats in Roraima, Brazil, and determined which factors influence these reproductive measures.
Our study asked three questions: (1) Do fruit and seed production vary significantly among habitats? (2) Which abiotic
and biotic factors significantly affect fruit and seed production?
and (3) Can vegetative attributes of M. flexuosa accurately
predict fruit and seed production?
We expected that fruit and seed production would be highest
in forest sites and lowest in savanna sites, because savannas
tend to have less living biomass than forests and, consequently,
less fertile soils (Kellman 1979). We also expected that phosphorus, which has been shown to be a major limiting factor
in tropical ecosystems (Elser et al. 2007), would be a key factor
in determining fruit and seed production. Finally, we expected
that the number of leaves would best predict fruit and seed
production. A positive correlation has been found between
number of leaves and reproduction in both tropical trees
(Rockwood 1973) and palms (Mendoza et al. 1987).

Material and Methods
Study Area
Fieldwork was conducted in Roraima, Brazil, northern Amazonia (fig. 1), from March 2009 to March 2011. Roraima is
an expansive mosaic of savanna and forest ecosystems that are

part of the “Rio Branco–Rupununi Complex,” comprising the
largest continuous block of savannas in the Amazon (Ⳳ40,000
km2; Barbosa and Fearnside 2005). The climate of this region
is tropical wet-dry, “Aw” (Köppen 1936). Average annual
rainfall is 1614 mm, with a mean monthly temperature of
27.8⬚ Ⳳ 0.6⬚C (Barbosa et al. 2012). Roraima has two distinct
seasons: a rainy season (May–August) and a dry season (December–March).
Six populations, representing three habitats, were included
in our study: (1) undisturbed lowland savanna-forest ecotone
(hereafter referred to as “ecotone”); (2) undisturbed lowland
semideciduous forest (“forest”); and (3) former lowland savanna converted to plantations (“disturbed savanna”) of the
exotic tree Acacia mangium. The four undisturbed sites (two
ecotone and two forest sites) are located at Maracá Ecological
Reserve (3⬚2121 N, 61⬚2547 W), a 1035-km2 federally protected reserve containing the world’s third-largest riverine island, on the Uraricoera River. The two disturbed-savanna sites
are located at Núcleo Jacitara, (3⬚1253 N, 60⬚4953 W), a
9.16-km2 piece of fragmented native savanna, of which 3.34
km2 are dense monocultures of A. mangium. Mauritia flexuosa
occurs naturally within the disturbed sites, where cattle and
unmanaged Africanized honeybees are also present.

Study Species
Mauritia flexuosa L. f. (Arecaceae, Calamoideae) is the most
widespread palm in South America and one of the most massive, reaching heights of up to 40 m (Goulding and Smith
2007). This dioecious palm tolerates flooding, typically forming monodominant stands along streams and in swamps. Flowering in Roraima is annual and is synchronized between sexes,
occurring between the wet and dry seasons (September–
November). Fruit maturation takes place during the peak wet
season (April–July). Precipitation is negatively associated with
flowering and positively associated with fruiting (Khorsand
Rosa et al. 2013). Pistillate flowers are wind pollinated, and
females can set fruit during consecutive fruiting seasons (Khorsand Rosa and Koptur 2013). Frugivores include tapirs, peccaries, tortoises, macaws, and monkeys (Moskovits and Bjorndal 1990; Bodmer 1991; Brightsmith and Bravo 2006; Bowler
and Bodmer 2011), although more work is needed to confirm
which act as effective seed dispersers. Tapirs have been suggested as potential effective dispersers (Bodmer 1990; Fragoso
1997).
Fruits are globose to ellipsoid and scaly, measuring 4–6 cm
in length and 3–5 cm in diameter, and are usually one-seeded.
The thin, scaly exocarp of fruits is light orange to dark red,
and the fleshy mesocarp is bright yellow-orange. Five morphotypes have been identified on the basis of size, form, and
exocarp color (Barbosa et al. 2010). Cultivation of M. flexuosa
is rare, explaining the lack of horticultural information known
about this species. Small communities in the Amazon have
begun cultivation initiatives (Manzi and Coomes 2009), although many of these projects may not yet be known to science. No studies have examined at what age of the tree fruit
production begins, although anecdotal data suggest a minimum of 10 years (R. Khorsand Rosa, personal observation).
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Fig. 1 Map of study area in Roraima, Brazil. Sites 1 and 2 comprise savanna ecotone habitat, sites 3 and 4 comprise forest habitat, and
sites 5 and 6 comprise disturbed savanna habitat. Sites 1–4 are located at Maracá Ecological Reserve (MER). Sites 5 and 6 are located at Núcleo
Jacitara, within Acacia mangium plantations. Forest vegetation category includes primary and secondary forest. Given the coarse resolution of
vegetation cover (1 km), savanna enclaves on MER appear as forest. Dark clumps represent sampled trees in each site. Source: Global Land
Cover 2000 by the Global Vegetation Monitoring Unit of the Joint Research Center.

Sampling Methods
We tagged all individuals within a 200 # 20-m transect for
sampling in each of the six sites. Sample size varied among
habitats, given natural variability of plant distribution within
sites and habitats (ecotone sites: N p 64 and 80; forest sites:
N p 45 and 57; disturbed-savanna sites: N p 70 and 58).
To climb study individuals, we developed a custom-made system that is an adaptation of the two-cable prusik system,
known as a peia, used by coconut harvesters in northeastern
Brazil (L. Noblick, personal communication).

Fruit and Seed Collection
During the fruiting seasons of 2009 and 2010, we randomly
selected 3–8 females with mature fruit in each site (2009:
N p 35; 2010: N p 24). In 2010, fruits were not collected
in the disturbed-savanna sites because of unsafe field conditions (e.g., Africanized bee attacks). While missing data for
these sites limit our interpretation of the overall results of the
study, we still present these data, as they offer preliminary
insights into reproductive patterns for this species. We climbed
each female and cut one randomly selected infructescence. The
total number of fruits per infructescence was counted, and all
fruits were weighed to determine the total (reproductive)
weight (kilograms) of the infructescence. We also counted the
total number of infructescences on the study individual to estimate the total fruit yield (kilograms) produced by each fe-

male. Fifty fruits were randomly selected for laboratory
analyses.
In the lab, 25 fruits were dried in an oven at 70⬚C until
constant weight was obtained (7–9 d) and then weighed with
an electronic balance (0.01-g accuracy). The other 25 fruits
were soaked in water for 24 h to allow for seed removal and
then dried at 70⬚C until constant weight was obtained. All
fruits and seeds were weighed, although a few seeds were very
small and may have been sterile. We refer to fruit or seed weight
as mass, assessed by an electronic balance, as fruit or seed
mass indicates fruit or seed size.

Soil Parameters
Soil samples were collected at a depth of 20 cm from each
site during September 2009 (N p 102) and March 2010
(N p 180), representing the end of the wet and dry seasons,
respectively. Soil was collected from 17 randomly selected individuals per site during the first year and from 30 randomly
selected individuals per site during the second year. We increased the sample size during the second year to account for
high variability observed within sites during the first year. Soil
was collected from four cardinal points equidistant (1 m) from
the tree at the 20-cm depth and mixed together, yielding one
subsample. All soil samples were air dried before being delivered to the soil laboratory of the Brazilian Enterprise for Agricultural and Husbandry Research (EMBRAPA), Boa Vista,
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Roraima, Brazil. Physical properties (soil texture: percent sand,
silt, and clay) and chemical properties (pH; exchangeable Ca2⫹,
Mg2⫹, K⫹, and Na; available P and Al3⫹; total cation exchange
capacity [CEC]; organic matter; and organic C) were analyzed.
A granulometric analysis was performed to differentiate soil
texture determined by pipette method (Gee and Bauder 1986).
Sand, silt, and clay were dispersed using water and sodium
hexametaphosphate (Calgon).
Soil pH was determined with a suspension of water and
0.01 M CaCl2. The double-acid extraction method (Mehlich
no. 1) was used to determine exchangeable Ca, Mg, K, NaCl,
and available P (H2SO4). The level of Al3⫹, indicating toxic
acidity, was determined with 0.031 M CDTA. Total CEC was
determined with the small-exchange approach (SPAC 1992),
utilizing BaCl2 and MgSO4. Organic C was determined with
the wet-digestion method, using K2Cr2O7 with external heat
and back titration (Hesse 1971). Organic matter was estimated
by dividing organic C values by the constant 1.724 (Mebius
1960). All physical and chemical analyses were carried out
with procedures set by SPAC (1992) and EMBRAPA (1997).

Soil Moisture and Water Level of Inundation
Soil moisture, or soil volumetric water content (VWC), expressed as a percent, was measured adjacent to 24 randomly
selected individuals during the wet and dry seasons of 2009
and 2010. Monthly readings were taken in each site for 4–6
months of each season, and a mean reading was obtained for
each season, habitat, and individual. The VWC readings were
taken at three equidistant (1 m) points from the palm, allowing
us to calculate a mean VWC for that particular individual. We
used a Campbell Scientific 616 Water Content Reflectometer
(Campbell Scientific), following methods of O’Brien and Oberbauer (2001). Probes of the reflectometer sensor penetrated 30
cm of the soil. When sites flooded during the wet season, we
also measured the depth of water at three equidistant (1 m)
points from sample individuals and calculated a mean depth
for that individual. Depth was measured with a meter tape,
which we extended from the soil surface to the top of the
water surface.

Photosynthetically Active Radiation
In each habitat, the amount of photosynthetically active radiation (PAR) was measured at the tops of the crowns of individuals from which we collected fruit (n p 20). We used a
home-built light sensor (Cournac et al. 2002) that provides a
180⬚ integrated measure of the transmitted light in the PAR
region (400–750 nm), read through a digital voltmeter. All
readings were taken during cloudless periods between 11:00
a.m. and 1:00 p.m. Our light sensor was calibrated with a
pyranometer (LI-2005B, LICOR, Lincoln, NE).

Vegetative Biometrics
We calculated the following vegetative biometrics for each
tagged individual in each site: diameter at breast height (dbh),
height, number of leaves, and crown volume. Height was defined as the distance to the top of the crown and was measured
using a clinometer (Suunto Instrument, Vantaa, Finland).
Crown volume was calculated with the appropriate volumetric

formula for a dome, because a dome most accurately describes
the shape of this palm’s crown. We calculated the radius of
the crown by measuring the means of the maximum and minimum diameters and multiplying by one-half ((diametermax ⫹
diametermin) # 1/2).

Statistical Methods
Data for 2009 and data for 2010 were analyzed separately.
The total number of fruits per individual was calculated by
multiplying the total number of infructescences per individual
and the total number of fruits per infructescence. The total
number of seeds per individual was calculated by multiplying
the total number of fruits per infructescence and the number
of seeds per fruit. We used ANOVA to examine the relationships between habitat and fruit/seed variables (number of seeds
per fruit, seed mass per fruit, fruit mass, and fruit yield per
individual), between habitat and vegetative biometrics (height,
dbh, number of leaves, and crown volume), and between habitat and soil physical (percent sand, silt, and clay) or chemical
(pH; exchangeable Ca2⫹, Mg2⫹, K⫹, and Na; available P and
Al3⫹; total CEC; percent base saturation; percent aluminum
saturation; organic matter; and organic C) parameters. In each
ANOVA, we used habitat as the fixed factor, followed by Tukey’s honest significant difference (HSD) and Dunnett’s C pairwise comparisons. Fruit yield (kilograms of fruit per individual) and crown volume were double-square root transformed
because they were not normally distributed, and Dunnett C
post hoc tests were used. The correlation between dbh and
height was also verified.
Mean VWC (percent) was calculated for each individual
during the wet and dry seasons of 2009 and 2010, allowing
us to obtain means for each habitat and particular season. The
effect of habitat on soil moisture was tested with an ANOVA,
followed by Tukey’s HSD pairwise comparisons. The same
procedure was performed for flooding depth during the wet
seasons of 2009 and 2010.
PAR data were nonnormally distributed and unsuccessfully
transformed. A nonparametric Kruskal-Wallis test and MannWhitney pairwise comparisons were performed to determine
whether PAR at the canopy of sample individuals differed significantly among habitats.
To determine which factors explain fruit and seed production, we conducted multiple linear-regression analyses on each
response variable (number of seeds, seed mass, fruit mass, and
fruit yield per individual), using a generalized linear model.
We started each regression with 21 independent variables, including vegetative biometrics, physical and chemical soil parameters, soil moisture (during the wet and dry seasons), and
flooding depth. PAR was excluded from the analysis because
means did not differ significantly among habitats. For fruit
mass and fruit yields, we entered all independent variables into
the model (“Enter” method). For the number of seeds and seed
mass, a backward regression was applied, in which all independent variables were entered into the model, and correlated
variables were subsequently removed to allow for a rational
interpretation of the remaining variables. Correlations were
also conducted between each response variable and the independent variables as well as between independent variables.
Final models of each regression contained no correlated in-
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dependent variables, and the F-statistic was used to compare
models. Analyses were separated by year because year significantly affected the relationship between variables when included in the regression. The final model for each response
variable contained a maximum of four predictors.
All data were checked for normality before parametric analyses were begun, and a Holm’s sequential Bonferroni correction was applied to each pairwise comparison to control for
Type I error. All statistical analyses were performed in IBM
SPSS Statistics, versions 19 and 20 (SPSS, Chicago).

Results
Fruit and Seed Production
Fruit and seed production varied significantly among habitats during each year. We observed a wide range of seed mass
and fruit mass within and among populations; seeds weighed
between 0.2 and 26.6 g (N p 835), and fruits weighed between
4.8 and 45.3 g (N p 870). Seed mass and fruit mass differed
significantly between years (seed mass: F1, 1438 p 439.10, P !
0.001; fruit mass: F1, 1456 p 196.30, P ! 0.001). During the
first study year, the number of seeds per fruit and seed mass
were significantly higher in the undisturbed savanna ecotone
and forest than in the disturbed savanna, but seed number and
seed mass did not differ significantly between the two undisturbed habitats. In contrast, seed number and seed mass were
significantly higher in the forest than in the ecotone habitat
during the second year (fig. 2A, 2B). We found similar results
for fruit mass during the first year; however, fruit mass was
higher in the ecotone than in the forest during the second year
(fig. 2C). We found a different relationship for the total fruit
mass (kilograms) produced by each female. In 2009, females
in the undisturbed habitats did not produce significantly different fruit yields, but fruit yields differed significantly between
each of the undisturbed habitats and the disturbed savanna
(fig. 2D). In 2010, fruit yields in the forest were significantly
higher than those in the ecotone. Seed size and seed number
were positively correlated during both years (year 1: r p 0.45,
P ! 0.001; year 2: r p 0.19, P ! 0.001). The mean number
of fruits (ⳲSE) per female ranged from 575.68 (Ⳳ19.54) to
1324.18 (Ⳳ32.06), and the mean total number of seeds per
female (ⳲSE) ranged from 641.91 (Ⳳ30.91) to 1384.83
(Ⳳ51.11).

Soil Parameters
Physical properties.
Soil texture differed significantly
among habitats, and this distinction remained constant between years (table 1). Clay content was significantly highest
in the disturbed savanna (year 1: F2, 100 p 26.53, P ! 0.001;
year 2: F2, 177 p 35.82, P ! 0.001). Silt content was highest in
the undisturbed savanna ecotone (year 1: F2, 100 p 21.40, P !
0.001; year 2: F2, 177 p 56.38, P ! 0.001). Sand content was
highest in the forest (year 1: F2, 100 p 18.83, P ! 0.001; year
2: F2, 177 p 20.13, P ! 0.001).
Chemical properties. Soil nutrients were highly variable
among habitats and years (table 1). Soils in all habitats were
acidic, and pH ranged from 4.98 to 5.22. We found soil in
the disturbed savanna to be the most acidic and soil in the
forest to be least acidic, although these differences were sig-
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nificant only during the second year (F2, 177 p 10.23, P !
0.001). The total exchangeable bases (Ca, Mg, K, and Na),
or sum of bases, was significantly highest in the forest habitat, and significantly lowest in the disturbed savanna during
both study years (year 1: F2, 100 p 11.18, P ! 0.001; year 2:
F2, 177 p 24.93, P ! 0.001). Available Al3⫹, a measure of toxic
acidity, was significantly highest in the disturbed savanna during both years (year 1: F2, 100 p 40.59, P ! 0.001; year 2:
F2, 177 p 73.46, P ! 0.001). We found a significant difference
in available P among habitats only during the second year:
highest in the disturbed savanna and lowest in the undisturbed
savanna ecotone (F2, 177 p 9.76, P ! 0.001). Total CEC was
significantly highest in the disturbed savanna and lowest in
the forest, although the difference was significant only during
the second year (F2, 177 p 24.74, P ! 0.001). Organic matter
was also significantly highest in the disturbed savanna and
lowest in the forest during the second year (F2, 177 p 27.44,
P ! 0.001). Results were the same for organic C. Base saturation
(V), indicating soil fertility, was significantly highest in the forest
and lowest in the disturbed savanna during both study years
(year 1: F2, 100 p 23.28, P ! 0.001; year 2: F2, 177 p 96.84, P !
0.001).

Soil Moisture and Flooding
Precipitation patterns varied between years; 2010 was an
abnormally wet year. VWC differed significantly among habitats (F 2, 794 p 72.64, P ! 0.001) during the first year but not
during the second year (F2, 334 p 0.18, P p 0.67). We found
a highly significant difference in VWC between the wet and
dry seasons during the first year (F1, 794 p 590.25, P ! 0.001)
and a marginally significant difference during the second year
(F1, 334 p 5.09, P p 0.03).

Photosynthetically Active Radiation
The mean of PAR reaching the tops of the crowns of Mauritia flexuosa in each habitat did not differ significantly among
habitats (x2 p 1.49, P 1 0.05).

Vegetative Biometrics
Palm height differed significantly among habitats (F2, 371 p
220.56, P ! 0.001), and all pairwise comparisons were significant. Individuals in the forest habitat were the tallest, and
those in the disturbed savanna were the shortest (fig. 3A). The
dbh also differed significantly among habitats (F2, 371 p 48.87,
P ! 0.001); all pairwise comparisons were significant. Diameter
was largest in the disturbed savanna and smallest in the undisturbed ecotone (fig. 3B). We found no significant relationship between height and dbh (r p ⫺0.10, P 1 0.05). The
number of leaves did not differ significantly among habitats
(F2, 363 p 2.05, P p 0.13). Crown volume differed significantly
among habitats (F2, 371 p 24.90, P ! 0.001), with individuals
in the forest having the largest crowns and those in the undisturbed savanna ecotone having the smallest. Only pairwise
comparisons between the forest and the ecotone and between
the forest and the disturbed savanna were significant (fig. 3C).
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Factors Determining Fruit and Seed Production
Seed number was significantly explained by the following
predictors in 2009: VWC during the wet season (VWC wet),
dbh, and height. We found no predictors of seed number in
2010. In 2009, VWC wet was the only significant predictor
of seed mass, and in 2010, flooding depth and organic matter
significantly predicted seed mass. In 2009, fruit mass was explained by height and VWC wet. We found no predictors of
fruit mass in 2010. The only predictor that significantly explained total fruit yield (kilograms) per female individual was
number of leaves during 2009. The following year, four predictors significantly explained fruit yield: dbh, height, number
of leaves, and VWC wet (table 2).

Discussion
General Findings
Overall, we found that habitat affects the reproductive dynamics of Mauritia flexuosa. Fruit mass, seed mass, and number of seeds per fruit were significantly lower in the disturbed
savanna than in the undisturbed ecotone and forest, as we
expected. However, fruit yield was highest in the disturbed
savanna during 2009, contrary to expected results. The abiotic
factors that most significantly affected fruit and seed output
were soil moisture and flooding during the wet season. In contrast to our expectations, soil nutrients such as phosphorus
did not significantly explain variation in fruit and seed output.
Finally, the biotic factor that best predicted reproductive output was the number of leaves, corroborating our expectations.
Height and dbh were also good predictors, although crown
volume did not predict fruit and seed production.

Habitat Effects on Fruit and Seed Set
Habitat variation and fragmentation affect the reproductive
success of plants (Aizen et al. 2002; Cranmer et al. 2011). In
other species, there is ample evidence of lower seed and fruit
set in disturbed habitats relative to those in undisturbed habitats (Jennersten 1988; Aizen and Feinsinger 1994; Cunningham 2000; Liu and Koptur 2003), corroborating some of our
findings. Low fruit set and seed set are typically attributed to
inbreeding depression caused by pollen limitation (Burd 1994).
Reduced habitat and resources for pollinators decrease pollinator diversity and pollination effectiveness (Wilcock and Neiland 2002). However, previous research shows that pollen limitation is not evident in any of the three habitats (Khorsand
Rosa and Koptur 2013). Contrary to what we expected, fe-

Fig. 2 Fruit and seed production by Mauritia flexuosa in each
habitat in Roraima, Brazil. A, Mean number of seeds per fruit; 2009:
NUE p 276, NUF p 281, NDS p 275; 2010: NUE p 282, NUF p

326. Different letters indicate significant differences within years
(2009: P ! 0.001, 2010: P ! 0.05). B, Mean seed dry mass per fruit;
2009: NUE p 277, NUF p 281, NDS p 275; 2010: NUE p 282, NUF p
326. Different letters indicate significant differences within years (P !
0.001). C, Mean fruit dry mass; 2009: NUE p 278, NUF p 296,
NDS p 296; 2010: NUE p 266, NUF p 325. Different letters indicate
significant differences within years (P ! 0.001). D, Mean fruit yield
per female; 2009: NUE p 12, NUF p 11, NDS p 12; 2010: NUE p 11,
NUF p 13. Different letters indicate significant differences within years
(P ! 0.05). UE p undisturbed ecotone, UF p undisturbed forest, and
DS p undisturbed savanna.
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Table 1
Mean Physical and Chemical Soil Parameters for Each Habitat and Year
2009
Parameter
Clay (%)
Silt (%)
Sand (%)
pH
SB (cmolc /dm3)
Al3⫹ (cmolc /dm3)
P (cmolc /dm3)
CEC (cmolc /dm3)
OM (%)
OC (%)
V (%)

Undisturbed
ecotone
8.68
29.62
61.71
5.10
.92
.54
4.23
6.07
3.03
1.76
14.76

Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ

1.49
2.47a
3.02
.03
.09
.04
.39
.26
.11
.07
.83

Undisturbed
forest
3.84
13.35
82.81
5.12
2.40
.28
4.56
5.59
3.01
1.75
35.98

Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ

.27
.88
1.00a
.04
.46a
.02
.38
.31
.12
.07
.45a

2010
Disturbed
savanna
17.66
16.44
65.91
4.98
.60
1.08
4.40
6.89
3.33
1.93
9.91

Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ

1.93a
2.06
3.49
.05
.04
.11a
.65
.59
.21
.12
.98

Undisturbed
ecotone
10.17
37.63
52.2
5.07
.53
.63
2.87
4.86
3.34
1.93
10.65

Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ

1.17
1.84a
2.35
.03
.05
.03
.24
.19
.09
.05
.62

Undisturbed
forest
5.42
22.45
70.47
5.22
.72
.31
4.40
3.69
2.26
1.31
19.71

Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ

.34
.97
1.58a
.04
.04a
.01
.27
.15
.13
.08
.96a

Disturbed
savanna
17.48
17.20
65.32
5.01
.35
.94
5.04
6.14
3.56
2.07
6.51

Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ

1.20a
1.29
2.28
.03a
.02
.05a
.50a
.35a
.17a
.10a
.33

Note. Mean Ⳳ SE for each parameter during each study year. SB p sum of bases, Al3⫹ p available aluminum, P p available phosphorus,
CEC p total cation exchange capacity, OM p organic matter, OC p organic carbon, and V p base saturation.
a
Significant among habitats, within years, at P ! 0.001.

males in the disturbed savanna produced significantly higher
fruit yields (kilograms of fruit per individual) than those in
the undisturbed habitats. Wind pollination may explain this
anomaly. Low abundance of native pollinators, as a result of
the presence of the exotic species Acacia mangium in the disturbed sites, did not directly affect fruit production of M. flexuosa (Khorsand Rosa and Koptur 2013). However, disturbance may have profound implications for the pollination of
other biotically pollinated native plants in Roraima.
Interestingly, we did not find evidence of a trade-off between
seed number and seed size, as has been suggested for other
plants (Armstrong and Westoby 1993; Jakobsson and Eriksson
2000). The absence of a trade-off may be explained by the low
seed number typically produced in M. flexuosa fruits. Generally, fruits contain one seed, so the trade-off between seed
quantity and seed size may not be as relevant as in species
with multiseeded fruits. It is also possible that this species
demonstrates a degree of masting behavior, or the synchronous
production of large seed crops among conspecifics (Kelly and
Sork 2002). According to the pollination efficiency hypothesis,
synchronized occasional flowering increases pollination success in wind-pollinated plants (Smith et al. 1990; Kelly et al.
2001). Although we did not specifically test for masting, this
topic warrants further investigation in a multiple-year study.
It is worth noting the wide range in fruit mass and seed mass
observed within and among populations. Variability in seed
mass has profound ecological implications, including seed germination and dispersal as well as seedling establishment and
survival (Wulff 1986). Heavy seeds have larger food reserves
and establish more quickly than light seeds (Salisbury 1942).
Large variation in seed mass has been found in other plants
(McWilliams et al. 1968; Baker 1972; Ågren 1989), and it
highlights the role of both genetic and environmental factors
in determining seed size variability and consequential germination.
Baker (1972) found a positive correlation between seed mass
and moisture stress in California plants. Seedlings that survived
xeric stress were more likely to have originated from heavy
seeds than from light seeds. In our study, seed mass and fruit

mass in the undisturbed savanna ecotone and forest were significantly higher during the first, drier year than during the
second, wetter year. Fruit mass indirectly reflects seed mass,
as larger fruits tend to produce larger seeds. Higher seed mass
may be a response to drier conditions; the female plant may
invest in heavy seeds in dry conditions to increase the probability of seed germination and seedling survival. Females
grown in drought conditions tend to allocate more resources
to offspring than females grown in wet conditions (Sultan et
al. 2009). For example, in the annual grass Avena barbata,
Germain et al. (2013) reported that offspring of droughtstressed parent plants had higher biomass and seed production
than offspring of wet-grown parents. Alternatively, large seed
size in dry years may be a consequence of physiological response such as increased fruit abortion, leaving more resources
spread among fewer fruits (Lee 1988). Given that two years
of data are not sufficient to determine parental effects as a
response to climate variability, a future long-term study should
investigate the relationship between rainfall and seed mass.

Role of Abiotic and Biotic Factors in Fruit and
Seed Production
Soil VWC, or soil moisture, during the wet season was the
most important factor in explaining seed number and mass.
Flooding depth also seems to play a role in seed output, although flooding may be more relevant than soil moisture during abnormally wet seasons, as observed in 2010. Similar to
results for seed set, soil moisture during the wet season appears
to explain variation in fruit mass and yields; soil moisture was
the only abiotic factor responsible for variation observed in
fruit production.
Thus, it appears that rainfall, especially during the wet season, is an important factor in seed production in M. flexuosa.
These results come as no surprise, given that precipitation is
the main cue for phenological patterns in tropical species
(Opler et al. 1976). In Roraima, fruit and seed maturation in
M. flexuosa occurs during the wet season (Khorsand Rosa et
al. 2013), highlighting the crucial role that soil moisture during
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to chemical and biological processes that are directly related
to productivity (Craswell and Lefroy 2001). Amazonian soils
are typically deficient in organic matter, as a result of high
rainfall, leaching, and low nutrient retention (van Wambeke
1992; Lehmann et al. 2003). Very low organic matter (!2%)
has been reported in other studies in Roraima (Benedetti et al.
2011). In contrast, soils in our sites are relatively high (13%)
in organic matter. San José et al. (2010) found that soils dominated by M. flexuosa sequestered significant amounts of
carbon, directly related to organic matter. Thus, dense populations of M. flexuosa produce vegetative matter that accumulates on the soil floor, possibly increasing soil organic matter
and fertility.
Although all three habitats, especially disturbed savanna,
demonstrated high aluminum toxicity, this factor does not
seem to affect reproductive output in M. flexuosa. Aluminum
toxicity typically characterizes acidic, nutrient-deficient soils,
common in the open savanna, or cerrado (Goodland 1971).
Native species of the cerrado tolerate such soils; these species
accumulate, rather than exclude, aluminum, to aid in vegetative and reproductive growth (Haridasan 2008). In the neighboring Gran Sabana of Venezuela, Olivares et al. (2010) found
Melastomataceae species with high accumulations of aluminum growing in a Mauritia swamp. Although the role of aluminum in the metabolism of M. flexuosa has not yet been
established, this palm most likely accumulates aluminum, like
other species growing in the savanna.
Although clearly differing among habitats, soil type does
not seem to significantly influence seed output in M. flexuosa.
Hammond and Brown (1995) also found no significant relationship between soil type and seed size in Neotropical woody
species. Although soil texture may vary slightly temporally as
a result of variation in short-term precipitation and weathering
patterns, soil texture remains stable in comparison with soil
moisture. In our study, slight temporal variation in soil texture
may just be a result of spatial variation in sampling. Thus,
highly variable soil moisture may play a more determinant role
in seed output than soil type.

Vegetative Biometrics as Predictors of
Reproductive Biomass
Fig. 3 Measurements of Mauritia flexuosa individuals in each habitat in Roraima, Brazil: mean height (m; A); mean diameter at breast
height (dbh; m; B); mean crown volume (m3; C); NUE p 102, NUF p
144, NDS p 128. Different letters indicate significant differences among
habitats (P ! 0.05). UE p undisturbed ecotone, UF p undisturbed
forest, and DS p disturbed savanna.

the rainy season plays in fruit and seed development. In the
southern Amazon, rainfall explained a significant amount of
variation in seed production of Carapa guianensis, although
the effect was more significant during the dry season than the
wet season (Klimas et al. 2012).
In contrast to soil moisture and flooding, soil nutrients do
not appear to play a determinant role in seed production of
M. flexuosa. Only organic matter explained a significant
amount of variation in seed mass during the second year. Organic matter is one of the most important components of tropical soils, functioning as a reserve of nitrogen and contributing

Vegetative and reproductive allocation are closely related,
especially in dioecious plants where females must invest in both
flower and fruit production (Gross and Soule 1981). Access
to resources and to optimal environmental conditions increases
growth, allowing for greater reproductive investment. Plant
size is a good estimator of reproductive investment (Horvitz
and Schemske 2002). In woody plants, dbh is an indicator of
plant size, and both dbh and size are indicators of fruit crop
(Peters et al. 1988; Chapman et al. 1992). The relationship
between plant size and fecundity in palms remains less clear,
however. Palms, containing one apical meristem, do not consistently follow the same dbh-height correlation observed in
plants with multiple apical meristems. An invariant relationship was determined between fecundity and size in Cocos nucifera (Watkinson and White 1986), while a positive correlation between the two factors was found in Astrocaryum
mexicanum and Rhopalostylis sapida (Piñero and Sarukhán
1982; Enright 1992). Furthermore, palm dbh is established
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Table 2
Regression Equations Showing Predictors for Each Response Variable for Female Individuals of Mauritia flexuosa
during 2009 and 2010 in Roraima, Brazil
Variable, year
Seeds per fruit:
2009
Seed dry mass per fruit (g):
2009
2010
Fruit dry mass (g):
2009
Fruit yield per female (kg):
2009
2010

R2

F

P

.55

10.86

!.001**

1.11 ⫺ .01(dbh)* ⫹ .01(ht)* ⫹ .01(VWC wet)*

.35
.70

5.07
9.28

.006**
.002**

2.35 ⫹ .08(ht) ⫹ .14(VWC wet)* ⫹ .002(depth)
2.83 ⫺ .15(ht) ⫹ 1.64(OM)* ⫹ .42(depth)*

.37

5.32

.005

4.54 ⫹ .33(ht)* ⫹ .35(no lvs) ⫹ .20(VWC wet)*

.37
.78

5.10
8.93

.006
.002

⫺103.48 ⫹ 3.28(dbh) ⫺ 1.81(ht) ⫹ 8.72(no lvs)*
⫺595.85 ⫹ 8.49(dbh)* ⫺ 4.23(ht)* ⫹ 14.45(no lvs)* ⫹ 6.18(VWC wet)*

Regression equation (y p)

Note. dbh p diameter at breast height, ht p total height of the palm (including crown), no lvs p number of leaves in the crown, OM p
organic matter, VWC wet p volumetric water content during the wet season, and depth p flooding depth during the wet season. Equations
for seed number and fruit mass in 2010 are not included because no significant predictors were detected.
* Predictor is significant at P ! 0.05.
** Significant at P ! 0.01.

during the seedling phase, before the palm grows in height,
referred to as “primary thickening” (Henderson 2002). Our
results suggest a positive relationship between fruit yield and
dbh and a negative relationship between fruit yield and height.
Thus, abiotic conditions early during seedling establishment
and growth may explain fruit yield later, when the seedling
becomes an adult. However, testing this hypothesis is beyond
the scope of this article, requiring a long-term study initiated
at seedling stage and lasting through fruiting maturity.
The most important vegetative biometric determining fruit
yield in this species appears to be the number of leaves. Photosynthate produced by leaves is directed toward development
of fruits (Murren and Ellison 1996). Contrary to leaf number,
dbh, and height, crown volume was not a good predictor of
fruit crop in M. flexuosa. Our results corroborate those found
by Chapman et al. (1992) in woody, Neotropical trees.
Abiotic conditions and vegetative biometrics in the disturbed
savanna may partly explain why fruit yield was unexpectedly
higher there than in the undisturbed ecotone or forest. Acacia
mangium may strongly influence the soil fertility in this habitat
by fixing nitrogen (Galiana et al. 2002). Although we did not
measure nitrogen, it is possible that increased levels of this
nutrient promote an increase in fruit yield in M. flexuosa.
Addition of nitrogen has been shown to significantly increase
fruit yields in the date palm (Bacha and Abo-Hassan 1983).
Nitrogen may also be directly linked to the number of leaves,
explaining variation in fruit yield. Nitrogen levels and number
of leaves were positively correlated in the coconut palm (Ferreira Neto et al. 2011). A follow-up study is needed to test
the levels of nitrogen in our sites and its effects on vegetative
and reproductive growth. High levels of organic matter found
in the disturbed-savanna habitat may also play a role in fruit
yields. However, our results suggest that vegetative attributes
strongly affect fruit production more than do soil parameters.

Influence of Climatic Variation on Reproductive Output
Although environmental and vegetative factors clearly determine reproductive output of M. flexuosa, short-term climatic variation may also have a strong influence. Plant com-

munities respond to seasonal climatic variation (Clark and
Clark 1994). Ecotonal habitats may be especially sensitive to
interannual changes in climate patterns (Mayle et al. 2007;
Goulart et al. 2011). The year 2009 was an El Niño–Southern
Oscillation year, characterized by a temperature increase and
decreased rainfall in the northern Amazon (Yoon and Zeng
2010; Li et al. 2011). The following year was an atypically
cold, wet year (NOAA 2013). Given that rainfall and soil
moisture play such an important role in fruit and seed production of M. flexuosa, the increase in fruit yields during 2010
may be a response to the observed abnormal climate conditions. Interannual variation in precipitation has been linked to
variation in fruit production in other studies. Giraldo (1987)
reported significant year-to-year variation in fruit production
of M. flexuosa in Colombia. Wheelwright (1986) also found
that the same populations of many Lauraceae species in Costa
Rica produced significantly different fruit yields from year to
year. Local climatic seasonality was a major factor in fruit and
seed development of Chamaecrista spp. (Madeira and Fernandes 1999). However, more data are necessary to conclude
with certainty about the effect of climatic variation on reproductive output of M. flexuosa.

Ecological Implications
Not only does spatiotemporal variation in fruit supply influence the movement of frugivores across a landscape (Caillaud et al. 2010), but frugivores also exert directional selective
pressures on plants, thereby influencing species composition
(Herrera 1985). Predicting movement of frugivores and providing appropriate habitat and corridors require an understanding of the interaction among habitat, seasonality, and
fruit supply (Loiselle and Blake 1991; Greenberg et al. 2012;
Menke et al. 2012). It is particularly important to describe the
relationship between seed production and habitat in plant species with broad geographic distributions such as M. flexuosa,
as their regeneration patterns strongly interact with animal
movement, seed dispersal, and community structure (Lenz et
al. 2011; Rodrı́guez-Pérez et al. 2012b; Pansonato et al. 2013).
Results from this study elucidate how spatial-temporal vari-
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ation influences reproductive output of M. flexuosa. These results can be applied to the management and conservation of
this species as well as to its habitat and codependent species.

role in fruit and seed production, although long-term studies
are needed to confirm this hypothesis with certainty.
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