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1 | INTRODUCTION

A landscape mosaic promotes a high beta biodiversity as different
ecological communities occur in different patches (Watt, 1947).

Species within and between patches interact with each other and
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Abstract

Attalea princeps is an important palm species that shapes the forest-savanna mosaic
in Beni, Bolivia, as it dominates the two principal forest landscape elements (forest
islands and gallery forest), and provides a vital microhabitat, food, and nesting
source for numerous plant and animal species. The forest-savanna mosaic is used
for extensive grazing, and the palm population is declining on the forest islands due
to a low regeneration rate, which threatens the maintenance of this landscape. We
therefore examined the (a)biotic factors that influence the population structure of
Attalea in the centers and edges of forest islands and gallery forests. Ninety-one
0.1-ha plots were established, and 500 palm adults and 3,700 juveniles were meas-
ured for their size, health condition, and fire damage. For each plot, habitat charac-
teristics, such as landscape position, grazing pressure, and soil conditions, were
measured. Attalea population density was significantly lower on the forest islands
than in the gallery forests, especially in the juvenile life stage. A structural equation
model showed that juvenile density is positively related to the health condition of
juveniles and amount of fruits present, where the amount of fruits is positively af-
fected by the condition of adults. Juvenile density is negatively influenced by graz-
ing, affecting the health condition of the juvenile, as well as organic matter and
phosphate availability in the soil. Therefore, it is recommended to decrease the
grazing pressure by decreasing livestock densities, fencing off vulnerable forest
islands, or by rotating cattle.

Abstract in Spanish is available with online material.
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are influenced by abiotic factors (Loreau, 2010; Naeem, Duffy,
& Zavaleta, 2012). Landscapes and species are also influenced by
human activity and with the high human population pressure in
the Anthropocene these alterations become more visible than ever
(Brook, Bradshaw, Koh, & Sodhi, 2006; Hansen et al., 2005).
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The Beni savanna in Bolivia is a forest-savanna mosaic and has
been identified as a center of plant diversity and endemism (Mayle,
Langstroth, Fisher, & Meir, 2007). This dynamic ecoregion is a com-
plex mosaic of rivers and lakes, seasonally flooded treeless grass-
lands, savanna, herbaceous wetlands, riverine gallery forest, and
forest islands (Ibisch, Beck, Gerkmann, & Carretero, 2003). Riverine
gallery forest borders rivers on raised fluvial deposits (Lombardo,
2014) and forest islands are small (<50 m width), round-shaped
patches of trees on elevated areas in a treeless savanna landscape,
formed by anthropogenic influences or termite mounds (Denevan,
1966; Erickson, 1995; Lombardo et al., 2013). These patches are
modified by environmental drivers such as human-induced and
natural fires in the dry season, and inundation in the wet season
(Berkunsky et al., 2016).

The Beni savanna ecoregion is a threatened Amazonian savanna
due to a rapid decline in biodiversity caused by large-scale cattle
ranching, habitat degradation, and conversion of natural grass-
land (de Carvalho & Mustin, 2017; Mayle et al., 2007). For the past
12,000 years, the Beni savanna has been influenced by human ac-
tivity (Erickson, 2000; Haase & Beck, 1989; Lombardo et al., 2013;
Navarro & Maldonado, 2002) as the savanna was inhabited by a
dense population of pre-Columbian Paleo-Indians who constructed
earth mounds for agriculture and habitation, and dug canals and
fishing ponds (Denevan, 1966; Erickson, 2000). Nowadays, the main
human impacts are protracted and uncontrolled cattle grazing, burn-
ing of savanna by farmers to ensure fresh grass sprout for cattle, nat-
ural grassland conversion, and forest destruction for cattle ranching
infrastructure (Berkunsky et al., 2016; Killeen, 1991; Killeen et al.,
2003; Mayle et al., 2007).

The two principal forest landscape elements in the Beni savanna,
forest islands and gallery forest, are dominated and maintained by
the palm species Attalea princeps, hereafter referred to as Attalea

(Yamashita & de Barros, 1997). Attalea is an important species in the

TROPICAL BIOLOGY
AND CONSERVATION

biIOTROPICA . WILEY 2

Beni savanna, as it provides and shapes a specific microhabitat and
a food source for numerous plant, mammal, and bird species (Alvez-
Valles et al., 2018; Corréa, Fischer, & dos Santos, 2012; Rios & Pacheco,
2006). For example, Attalea has been identified as the most import-
ant factor for the survival of the critically endangered endemic Blue-
throated Macaw (Ara glaucogularis) (BirdLife International 2015; Hesse
& Duffield, 2000). In the Beni savanna, three factors are likely to have
strong impacts on the life cycle and regeneration of Attalea: landscape
mosaic, disturbance, and environmental factors (see the conceptual

diagram in Figure 1).

1.1 | Landscape mosaic

Island theory predicts that small and isolated forest islands have
smaller and less viable species populations because of higher ex-
tinction risks and lower immigration rates (MacArthur & Wilson,
2015). At the edge of a forest patch there is a different microcli-
mate and a higher disturbance frequency compared to the forest
center; light availability and wind intensity are higher and trees
are more exposed to inundation, fire, and cattle grazing (Camargo
& Kapos, 1995; Cochrane & Laurance, 2002; Williams-Linera,
1990).

1.2 | Disturbance

Palm regeneration is affected by cattle ranching, and naturally oc-
curring and human-induced fires (Yamashita & de Barros, 1997).
Cattle ranching leads to browsing and trampling of juveniles, and
increased soil compaction reduces soil aeration and root penetra-
tion (Langstroth, 1996; Yamashita & de Barros, 1997). Adult Attalea
palms are fire resistant, because the apical meristem is well above the
ground fire, and insulated by leaf bases that protect the palm against
high temperatures (McPherson & Williams, 1998; Souza, Martins, &
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FIGURE 1 Conceptual model showing the hypothesized effects of landscape mosaic, disturbance, and environmental factors (boxes,
left side) on the condition and life cycle of Attalea (boxes, right side). These factors operate at broad to small spatial scales, as indicated by
the vertical arrow. Each of the factors affects a different phase and process in the life cycle. Arrows indicate the expected positive (solid
line) and negative (broken line) effects on the condition and density of individuals at the different life cycle stages, and the effects on the

regeneration processes (italics)
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Matos, 2000). In contrast, juveniles are fire intolerant because of their
superficial meristem position (McPherson & Williams, 1998; Souza
& Martins, 2004) and intense fires can strongly reduce germination
by damaging the fruits (Anderson, May, & Balick, 1991). Additionally,
large-seeded palms such as Attalea suffer from density-dependent
seed predation by bruchid beetles (Pachymerus cardo) (Salm, 2006),

and parasites and diseases may also increase Attalea mortality (Gilbert
& Webb, 2007).

1.3 | Environmental factors

Environmental factors such as soil characteristics, inundation, and
light availability have a direct influence on the survival and regen-
eration of Attalea. The Attalea genus is known to be present at a
nutrient, alkalinity, soil texture, and inundation gradient (Grégoire,
2010; Salm, Prates, Simoes, & Feder, 2015). Attalea occurs on dry
to seasonally flooded soils; therefore, this species can be expected
close to seasonally inundated areas (Moraes & Zenteno-Ruiz, 2017).
As most palm species, Attalea is a light-demanding pioneer spe-
cies associated with medium shade tolerance (Fredericksen, 1999),
although shaded, moist environments stimulate seed germination
(Anderson et al., 1991).

1.4 | Aims and hypotheses

Currently, the population density of Attalea on the forest islands is
decreasing and the population structure is changing due to a low
regeneration rate (T. Boorsma, pers.obs.). If in the next 100 years
the regeneration rate does not recover, the majority of the palms
may disappear with large consequences for the landscape mosaic as
whole, and for the numerous plant and animal species that depend
on this palm species. This study aims to describe the current popula-
tion structure of Attalea and analyze how the landscape mosaic, dis-
turbance, and environmental factors affect its population structure
and abundance (cf. Figure 1).

We hypothesize a positive relationship between palm popu-
lation density and forest island size, soil nutrient concentration of
the soil and proximity to the river, because we expect that larger
islands have a lower extinction rate (MacArthur & Wilson, 2015),
soil nutrient concentration positively affects this species (Grégoire,
2010), and this palm is adapted to a seasonally flooded environment
(Moraes & Zenteno-Ruiz, 2017). We hypothesize a negative relation-
ship between population density and edge effect, seed predation
rate, diseases, grazing pressure, and fire intensity, as we expect that
disturbances are more severe at the edge (Camargo & Kapos, 1995;
Cochrane & Laurance, 2002; Williams-Linera, 1990), seed preda-
tion lowers viable seed availability (Salm, 2006), and disturbances
affect the viability and density of the individuals (Gilbert & Webb,
2007; Yamashita & de Barros, 1997). Light-demanding adult palms
are expected to be more abundant with increased light availability
(Fredericksen, 1999), and juvenile density is expected to be higher in
a more shaded environment, as shade stimulates seed germination
(Anderson et al., 1991).

2 | METHODS

2.1 | Study area

The Beni savanna is located in the Amazon Basin of northern
Bolivia and covers an area of 16 million ha (Mayle et al., 2007). The
study was executed in the Barba Azul Nature Reserve (11,000 ha),
situated in the center of the Beni savanna (coordinates field sta-
tion: 13°45'45"S 66°5'54"W). Mean annual temperature is 26°C,
mean annual precipitation is 1,800 mm/year (Herrera-MacBryde,
Dallmeier, MacBryde, Comiskey, & Miranda, 2000), and the wet
season lasts from October to May (Haase & Beck, 1989). The for-
est islands and center of the gallery forests are not flooded during
the wet season, as they are elevated (Mayle et al., 2007). The Beni
savanna is classified as a hydromorphic climatic savanna, mean-
ing that the savanna is mainly flooded by rainwater and receives
limited sediment from the catchment, resulting in a nutrient-poor
soil (Junk et al., 2011).

2.2 | Study species

Recently, a species revision was performed on Attalea phalerata
in the Beni savanna, resulting in correcting the species to Attalea
princeps throughout most of the ecosystem (Moraes & Zenteno-
Ruiz, 2017; Pintaud, del Castillo, Ferreira, Moraes, & Mejia, 2016).
The habitat of Attalea princeps spreads from 150 up to 1,000
meter in the Amazon and Subandean forest in Bolivia, Peru, and
West-Brazil (Pintaud et al., 2016). It occurs in high flood-free for-
ests, seasonally flooded forests, and river edges with fluctuating
water levels (Moraes & Zenteno-Ruiz, 2017). Attalea princeps is a
single stemmed palm, has a maximum stem height of 15 m, and
the crown is formed of 15-20 arching leaves (Pintaud et al., 2016).
The staminate flowers are spirally inserted on rachillae, and both
staminate and pistillate inflorescences are placed in between the
leaves, unisexual, and occur on the same plant. The palm may
flower throughout the year, and the most important pollinators
are nitidulid beetles of the genus Mystrops. The infructescences
are pendulous along the stem with 350-500 fruits, each contain-
ing 2-5 seeds (Pintaud et al., 2016). The removal of the mesocarp,
shaded and moist environment stimulates germination, which gen-

erally takes 3 months (Anderson et al., 1991).

2.3 | Research design

At the Barba Azul Nature Reserve, Attalea occurs on 25 forest
islands ranging from 0.02 to 0.8 ha in size (5.7 ha in total) and 8
patches of riverine gallery forest ranging from 8 to 60 ha in size
(245 ha in total). To study the different habitat types of Attalea,
91 plots of 10 x 20 m were established at least 60 m apart in the
center and edge of forest islands and gallery forest: 16 random
plots in the forest island center, 25 plots in the forest island edge,
25 plots in the gallery forest center, and 25 plots in the gallery
forest edge. From the forest edge to 10 m into the forest islands
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or gallery forest was considered edge habitat, as Attalea is one of
the dominant canopy species and it has an average adult height of
10 m. The edge plots in the forest island and gallery forest were
randomly placed at the North or South edge to avoid an illumina-
tion bias. In case the diameter of the forest island was <40 m, only
an edge plot was established. To quantify the landscape charac-
teristics of forest islands, the diameter of the forest islands was

measured with a Nikon Forestry 550 clinometer.

2.4 | Plot measurements

Grazing pressure was inferred by counting the number of dung piles in
each plot. To have a measure for competition, the number of all trees
(including palms) with a stem diameter (dbh) >5 cm was recorded. Also,
the overall ground cover was scored in percentages measuring bare soil,
grass, and shrubs. To have a measure for water availability, the distance
from every plot to the river was measured in Google Earth (Google Inc.
2016). To evaluate soil fertility, a soil sample at 30 cm depth in the center
of the plot was taken with a closed hand auger. The soil samples were
analyzed for organic matter, available phosphate, available nitrogen, and
pH at the laboratory of the Plant ecology and nature conservation group,
Wageningen University. Percentage organic matter was examined by
heating the soil samples for 2 hr at 105°C, followed by heating for 12 hr
at 550°C. The samples were measured before and after placement in the
oven to determine soil organic matter. The available phosphate and nitro-
gen were analyzed with a 0.01 M CaCl, extraction method. The pH was
measured with a WTW inoLab pH/cond level 1 measurement device.

2.5 | Palm measurements

Attalea with stem were defined as adults. The following measure-
ments were taken from the 498 adult palms; height (measured with
a Nikon Forestry 550 clinometer), dbh, number of leaves, number of
inflorescences, and number of infructescences. Fire intensity was es-
timated by measuring fire scar height and width on adult palms, from
which the percentage of scarred stem was calculated. Light availabil-
ity for each adult was estimated with the Dawkins crown illumination
classes: (a) no direct light, (b) lateral light, (c) some overhead light,
(d) full overhead light, and (e) crown fully exposed (Jennings, Brown,
& Sheil, 1999). The health condition of adults was scored as good,
medium, or bad based on the condition of the stem and the color and
degree of damage (intactness) of the leaves. Under each adult palm, a
1-m? subplot was randomly established to examine the total amount
of fallen fruits and the amount of fruits infected by bruchid beetles.
Attalea without stem were defined as juveniles. Four juvenile sub-
plots of 5 by 5 m were established in the forest island plots, and two
subplots were established in the gallery forest plots. Two subplots
were representative for juvenile density in the gallery forest, but due
to larger variation in juvenile abundance in forest islands, four sub-
plots were established. For each of the 3,699 juveniles, the length
of the longest leaf and the form of the leaves were noted as closed,
open, or both (Supporting Information Figure S1). The health condi-
tion of the juveniles was scored as good, medium, or bad based on the
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color and degree of damage (intactness) of the leaves. As a measure

for light availability, we used canopy openness which was examined

with a spherical densiometer, Forestry Suppliers, Inc. model A.

2.6 | Data analysis

To analyze how habitats differ in population density and (a)biotic vari-
ables, a two-way ANOVA with interaction term was performed with
forest type (i.e., forest island or gallery forest) and position (i.e., forest
center or forest edge) as independent variables, using a Tukey HSD as
post hoc test (R package stats). The residuals were tested for normal-
ity with a Shapiro-Wilk test, and the homogeneity of variances was
evaluated with a Levene's test. To normalize the data, the variables
juvenile density, adult density, amount of fruits, dung piles, and per-
centage organic matter were log10-transformed. The amount of fruits
produced by each palm was calculated by extrapolating the fallen
fruits on 1-6.6 m?. Fruits disperse on average up to 1.5 m from the
stem, and the surface of the dispersal area minus the average DBH
results in a surface of 6.6 m? around the stem covered with fruits.

To explore how population characteristics, (a)biotic variables
of forest islands and gallery forest were associated, a Principal
Component Analysis was performed (Oksanen etal., 2016). The
twelve variables with the highest components loadings on the first
two axes are visualized in the PCA graph (Figure 3). These variables
are habitat, juvenile density, condition juvenile, adult density, condi-
tion adult, amount of fruits, infected fruits, fire damage, dung piles,
available phosphate, percentage organic matter, and bare soil cover.

Based on the conceptual model (Figure 1) and field observations,
a path model was developed to analyze the mechanism behind the
differences in population density between the forest islands and gal-
lery forest. Three different models were developed, (a) a model at
the plot level, (b) a model at the individual level of the adult, and (c)
a model at the individual level of the juvenile. Models on individual
adult and juvenile level were developed as it became clear from the
path models that the condition of the individual and results of mea-
surements on individual level were important to explain the juvenile
density. In the models on individual level, the plot number is used as
a nesting factor. The variables were analyzed with a generalized lin-
ear model from the Gaussian family. The regression coefficient was
used to quantify the direction of the relationship in the model (Im.
beta function from the R package QuantPsyc; Fletcher, 2012).

To test the overall correctness of the resulting path models,
structural equation models were developed. With structural equa-
tion modeling, it is not only possible to test the hierarchical relations
between variables, but also test the correctness of the whole model
(SEM, as implemented in the R package Lavaan; Rosseel, 2012). A
SEM on plot level and a SEM on the individual level of the adults
were developed. It was not possible to develop a correct SEM on
individual level of the juveniles with the restricted number of vari-
ables on individual juvenile level present. As the final path models
on plot and individual adult level consisted of many variables, the
SEM's were constructed starting with the significant relationships to
juvenile density. Juvenile density is the most important dependent
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FIGURE 2 The effect of four habitat types (forest island [fi] vs. gallery forest [gf], and forest edge vs. forest center) on Attalea princeps
population density, disturbances, and environmental factors. The boxes indicate the data range of the second and third quartile, with the
horizontal line as median, and the whiskers indicate the entire data range. Boxes accompanied by a different letter are significantly different
(Tukey post hoc test, p < 0.05). The data are analyzed on plot level (N = 91)

variable in this study explaining the difference in regeneration rate.
The resulting SEM's were selected on a chi-square p-value >0.05,
lowest Akaike's Information Criterion (AIC), Tucker-Lewis index
(TLI) >0.95, and Root Mean Square Error of Approximation (RMSEA)
<0.01 indicating an excellent model fit. See for an overview of the
correlation values between the variables Supporting Information
Table S2. All statistical analyses were carried out using R Studio
v. 3.3.2 (Development Core Team 2011).

3 | RESULTS

3.1 | Habitats differ in population density and (a)
biotic factors

Significantly more juveniles (ANOVA, p < 0.0001) and fruits (ANOVA,
p =0.0002) are present in gallery forest compared to forest islands
(Figure 2). Also, juvenile condition is better in gallery forest (ANOVA,
p <0.0001), compared to forest islands (ANOVA, p=0.001). In
the forest island edge and gallery forest center, the adult density is
higher compared to the forest island center (Tukey, p = 0.018). Fire
damage of adults is higher in the forest island edge compared to the
gallery forest edge (Tukey, p = 0.0468), and adults have a better con-

dition in the gallery forest center compared to the forest island edge

(Tukey = 0.0078). Crown illumination is higher in the forest islands
compared to the gallery forest (ANOVA, p < 0.001). Cattle pressure
(ANOVA, p < 0.0001), bare soil surface (ANOVA, p = 0.0287), phos-
phate availability (ANOVA, p < 0.0001), nitrogen availability (ANOVA,
p =0.0021), and percentage organic matter (ANOVA, p < 0.0001) are
significantly higher in the forest islands. The pH value of the soil does
not show a significant difference between the habitats.

The diameter of the forest island did not have a significant
effect on juvenile, adult, or fruit abundance (Pearson correlation
coefficient, p > 0.05). The distance of the gallery forest plots to
the river is on average almost 250 m larger than the forest island
plots (ANOVA, p < 0.001), as also gallery forests are found in old,
dried up river arms, indicating that they currently occur in a drier
environment.

3.2 | (a)Biotic factors influencing the
Attalea population

It became clear that the four habitat types show significant dif-
ferences in population density and (a)biotic factors, the underly-
ing mechanisms influencing the Attalea population are tested with
a continuous data approach, because within each habitat a large
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variation as found. Associations between palm characteristics and
environmental variables were analyzed with a Principal Component
Analysis (PCA) (Figure 3). The first two axes explain together 44 per-
cent of the variation. The first axis is mostly associated with habitat,
health condition of the juvenile, organic matter, and available phos-
phate. The second axis is explained by adult density, fire damage,
amount of infected fruits, and bare soil cover. The first axis sepa-
rates the gallery forest to the left side and forest islands to right side,
while center and edge plots are not clearly separated.

The relationship between (a)biotic factors and the population
structure of Attalea was analyzed using a structural equation model
(Figure 4). The health condition of the adults had a positive influence
on the fruit production (Figure 5A) and therefore a positive effect on
juvenile density (Figure 5B). The model shows that more fruit pro-
duction resulted in more fruits being infected by bruchid beetles.
The juvenile density was positively affected by the health condition
of the juvenile (Figure 5C), but negatively affected by the organic
matter content and phosphate availability of the soil. Cattle pressure
had a negative effect on health condition of the juveniles (Figure 5D)
and therefore indirectly on the juvenile density. The density of the
adults had a positive effect on juvenile density, but this relationship
was not significant, resulted in a 10% higher AIC value, and this re-
lationship is therefore not included in the final model. In the best
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FIGURE 3 Principal component analysis (PCA) of eleven
variables related to Attalea princeps density and condition,
disturbance (fire, cattle), and soil conditions (P and Soil Organic
Matter-SOM). The first axis explains 29% of the variation, the
second axis 15% of the variation between the plots (N = 91).
Symbols indicate the four habitat types: forest island plots (circles),
gallery forest plots (squares), center plots (filled symbols), and edge
plots (open symbols)
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fitting model on plot level, without a nested design, this relationship

was significant (Supporting Information Figure S3).

4 | DISCUSSION

The aim of this study was to describe the current population struc-
ture of Attalea and analyze how the landscape mosaic, disturbances,
and environmental factors affect its population structure and abun-
dance. First, we will discuss the lifecycle of Attalea, followed by a
discussion of all components presented in the conceptual model
(Figure 1), explaining the effect of (a)biotic factors on the population
abundance.

4.1 | Life cycle of Attalea

We hypothesized that high adult density increases fruit production,
which positively affects juvenile density and therefore adult den-
sity. Adult density has indeed a positive, but non-significant, effect
on the fruit production (Supporting Information Figure S3), but fruit
production is most strongly influenced by the health condition of
the adults (Figure 3). As expected, the amount of fruits has a positive
effect on juvenile density, but contrary to the hypothesis, juvenile
density does not influence adult density (Figure 3).

4.2 | Landscape mosaic

In line with the island theory, we hypothesized that smaller is-
lands and forest fragments have a lower adult palm density, due to
stronger edge effects and a higher probability of palm extinction due
to a smaller population size (Souza & Martins, 2004; Williams-Linera,
1990). However, we found that the size of the forest island was not
related to the number of fruits, juveniles, or adults present on the
forest island. The variation in the landscape mosaic is expected to
be large enough to detect differences, as the diameter of forest is-
lands varied fivefold (from 20 to 100 m). One reason for the lack of
landscape effects could be explained by edge effect and/or environ-
mental disturbances like grazing to be more important than the size
or position of the habitat fragment (Laurance, 2008).

We hypothesized that forest edges contain lower densities of
juveniles and adults compared to the center, due to an increased
disturbance intensity. However, we found no difference in juvenile
density between the center and edge (Figure 2), which is proba-
bly caused by a stronger competition at the edge due to a higher
grass, shrub and tree cover, resulting in a stronger competition
for nutrient and water resources at the edge (Svenning, 2001;
Williams-Linera, 1990), which compensates for the decrease in ju-
venile density in the center due to grazing pressure. Also, as the
edge of the raised forest descends toward the savanna, the seeds
or juveniles could become inundated for a long period during the
wet season resulting in mortal anaerobic conditions (Gurnell,
Goodson, Thompson, Mountford, & Clifford, 2007; Veneklaas,
Fajardo, & Lozano, 2005).



34 1 ASSOCIATION FOR
_I_Wl LEY blOTRopch af)(m TROPICAL BIOLOGY

HORDIJK ET AL.

AND CONSERVATION

Scale Drivers
+

Condition Stages

Condition adult

0.22

Disturbance

Grazing pressure: dung piles

-0.83
\ Condition seed ---—-
y | seeds |

0.25

0.36 Enywonmental factors

Soil fertility: available I, P
—| SOM

\
\\
\ 0.59
\
\

|Condition juvenile HBO Juveniles |
-

- -
011 _mmm2Z="
-

—""’ -
-
~=="70.24

FIGURE 4 Structural equation model at the individual adult level, with adults (N = 498) nested within plots (N = 91). Results of the best
fitting structural equation model (N = 91) indicate the (a)biotic factors affecting the abundance of juvenile Attalea. The arrows indicate
significant positive (solid line) and negative (broken line) relationships (p < 0.05) on the condition, density of individuals at the different
stages or regeneration processes (italics), the numbers next to the arrows indicate the standardized path coefficients. This model explains

29% of the variation in the amount of juveniles present

A
(o]
(=
©
o o
o 0
§ - o o
E F A g
5 o
T 8
Ke] L o o o
£ o @~ o
S 8 4 o o o
Z2 o o %
o o o ©o° 5 o
- ] o
o &
o - [} co @ 8 ocooo °
T T T T T T T T
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Condition adult
Cc
° o
8 = o
o
2> o
= o - o
g ©
o
® 3 "
= g
g
5
S o
S -
34
o -

1.0 1.5 2.0 25 3.0

Condition juvenile

Juvenile density

Number of fruits

3.0

Juvenile condition

<
=

T T T T \ T T
0 20 40 60 80 100 120

Dung piles per plot

FIGURE 5 Scatterplots with a fitted linear regression line of relationships between variables influencing juvenile density according to the
structural equation model on individual adult palm level. (a) shows the effect of adult condition on fruit production. The health condition is
scaled from 1 (bad) to 3 (good). (b and c) visualize the influence of fruit abundance and health condition on juvenile density per plot. (d) shows

the effect of grazing pressure on the juvenile health condition



HORDIJK ET AL.

ASSOCIATION FOR

We found that within the forest islands, adult density is higher in
the edge than the center, whereas in the gallery forest, adult density
does not differ between the edge and the center (Figure 2). A higher
adult density in the edge of the forest island can be explained by
higher cattle pressure in the center. Cattle use mainly the center of
the forest island to find shelter and rest, where they browse and
trample Attalea regeneration (Yamashita & de Barros, 1997) result-
ing in less juveniles and therefore adult individuals over time. The
lower vigor of adults in the forest island edge can be explained by
the fact that the lower situated edge is inundated for a longer period,
resulting in anaerobic conditions that may increase palm mortality
(Junk et al., 2011).

To summarize, the size of the forest fragment does not affect the
population density. However, the landscape context is important,
as in the gallery forest edge the juvenile density is slightly lower
than in the center, because of higher competition and flooding at
the edge. In contrast, adult density is higher in the forest island edge
compared to the center, probably because of lower cattle pressure
in the edge.

4.3 | Disturbance

We hypothesized that grazing pressure would have a negative ef-
fect on the regeneration of Attalea through trampling, grazing, and
soil compaction by cattle (Yamashita & de Barros, 1997) (Figure 1).
Grazing has indeed a negative influence on juvenile density by dimin-
ishing their health condition (Figure 4C) (Eaton, Keuroghlian, Maria
do Carmo, Desbiez, & Sada, 2017; Endress, Gorchov, & Noble, 2004;
Langstroth, 1996; Mandle & Ticktin, 2012; Shepherd & Ditgen,
2005). Although grazing pressure is higher in forest island compared
to gallery forest, it does not have a significant effect on adult density
(Figure 2), probably because adult leaves are out of reach for cattle,
or because adults are more robust and resilient, which allows them
to recover quickly from browsing.

We hypothesized that fire intensity would have a negative effect
on juvenile density and adult health condition. Instead, we found
that fire does not affect adult health condition nor juvenile density.
There is a weak negative correlation (Pearson correlation coefficient
-0.21, p =0.08) between fire and juvenile health condition (see
Supporting Information Table S2), which indicates a possible indi-
rect effect of fire on juvenile density. However, this fire effect was
not included in the final structural equation model as it resulted in a
lower model fit. Attalea is a fire-adapted species, because the apical
meristem is covered and well insulated by leaf bases that protect the
palm against high temperatures (Feil, 1996; McPherson & Williams,
1998; Souza et al., 2000).

We hypothesized that seed predation rate and diseases have a
negative effect on the viability of seeds, juvenile, and adult density
of Attalea (Figure 1). Seed viability is indeed negatively affected by
density-dependent predation, as we found that the number of fruits
increased the number of fruits infected by bruchid beetles, resulting
in a lower juvenile density (Figure 3) (Jansen, Visser, Joseph Wright,
Rutten, & Muller-Landau, 2014; Salm, 2006).
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We hypothesized that high juvenile density would lead to an
increase in diseases and decreased health, but found instead that
juvenile density led to an increase in juvenile health (Figure 4D). A
possible explanation for this positive relationship is that healthy ju-
veniles may lead to a better survival and higher juvenile abundance,
or, that both vitality and density are positively affected by the same
beneficial environmental conditions (Alvarez-Clare & Kitajima,
2009). In contrast, adult health condition is not related to adult den-
sity, probably due to an observed high resilience of the adult indi-
viduals. The health condition of the adult has a positive effect on
fruit production, therefore indirectly increasing the juvenile density
(Figure 4B), and the health condition of the adult is only better in the
gallery forest center compared to the forest island edge.

To summarize, grazing pressure negatively affects the juvenile
density through biomass removal, while fire disturbance does not
have a significant effect on population density or the condition of
individuals. Bruchid beetles do affect seed viability, but overall, we
assume that diseases do not influence the population density.

4.4 | Environmental factors

We hypothesized that reduced stress (less competition) and a high re-
source availability (nutrients, water, light) would increase the density
of juveniles and adults, as the Attalea genus is thought to have high nu-
trient requirements (Grégoire, 2010). The amount of bare soil surface
had, contrary to the expectations, a negative effect on juvenile den-
sity, probably because the seeds germinate in a shaded environment
(circumstances which are more likely with vegetation cover) (Anderson
et al., 1991), and growing in bare soil could increase the chance at des-
iccation (Padilla & Pugnaire, 2007). Alternatively, bare soil surface is
an indicator of cattle pressure, as grazing and trampling by cattle lead
to a reduced vegetation cover (see Supporting Information Table S2,
Figure S3). In contrast to the expectation, an increase in soil organic
matter and soil phosphate content resulted in a decreased juvenile
density, while nitrogen did not have a significant effect. This result is
probably an indirect effect of cattle pressure, as defecation by cattle
pressure increases soil organic matter, and nitrogen and phosphate
availability in the forest islands (Haynes & Naidu, 1998; Parham, Deng,
Raun, & Johnson, 2002; Whalen, Chang, & Olson, 2001). No differ-
ences in soil pH were found between the four habitat types, indicat-
ing that cattle pressure is not influencing the alkalinity of the soil,
although a higher soil organic matter would be expected to result in
a higher pH (Walker, Clemente, & Bernal, 2004). Neither competition
nor resource availability had an effect on adult density.

We hypothesized that the proximity to the nearest river has a
positive effect on palm abundance, as the adult is adapted to a sea-
sonally flooded environment and requires sufficient water. We found,
however, that distance to river is not related to the density or health
condition of juveniles or adults. Distance to river alone is probably
not a good proxy for water availability, due to the height differences
caused by the landscape relief in the Beni savanna (Erickson, 2000;
Mayle et al., 2007) and inundated of the savanna is caused by rainfall
and not solely river overflooding (Junk et al., 2011).
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We hypothesized that sufficient light enhances adult density
(Fredericksen, 1999), while a more shaded environment enhances
juvenile density, as the seeds germinate in a shaded environment
(Anderson et al., 1991). We found that light availability is not related
to adult health condition or adult density. Light is probably not a lim-
iting factor for adults in this ecosystem, as the adult crowns form
the forest canopy. Canopy openness did not affect the density or
health condition of juveniles according to the results of the SEM
(Figure 4), but a significant negative correlation was detected be-
tween the condition of the juvenile and canopy openness, probably
because a higher canopy openness increases the risk of desiccation
(Supporting Information Table S2). Mean canopy openness above
the juveniles is 30 percent (standard deviation = 20%) indicating that
the majority of the seedlings occurred in fairly light conditions.

To summarize, only juvenile Attalea density is negatively affected
by soil fertility, which is probably not a direct causal effect, but re-
flects increased cattle pressure and defecation. Neither juvenile
density nor adult density is affected by light availability, insufficient

water availability, or inundation by flooding rivers.

4.5 | Management implications

Our results suggest that a decreased grazing pressure will improve
the condition of the juveniles which will lead to an increased juve-
nile density. Fencing of individual islands with a low juvenile density
would be desirable to protect the most vulnerable islands and give
the time to the population to recover. Reducing cattle density or ro-
tation of cattle to diminish the overall grazing pressure in the long
term is recommended as well (Giroldo & Scariot, 2015), where the
rotation regime will depend on the observed recovery time of the

population and the goals of the farmers.

5 | CONCLUSIONS

This study shows that Attalea princeps, a robust species adapted to
a dynamic ecosystem of fire and flooding, is negatively affected by
human-induced disturbances like cattle ranching. Currently, palm den-
sity is almost 8 times higher in the gallery forest in comparison with
forest islands, caused by a higher juvenile density. Juvenile density is
positively related to health condition of the juveniles and the amount
of fruits. In contrast, juvenile density is negatively influenced by graz-
ing, affecting the health condition of the juvenile, as well as organic
matter and phosphate availability in the soil. Management practices
that decrease the grazing pressure on forest islands, such as fencing
off vulnerable forest islands and the implementation of a cattle rota-
tion system, could result in Attalea population recovery, and the long-
term maintenance of the landscape mosaic of the Beni savanna.
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