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Abstract

Key message The Neotropical tree Parkia panurensis
shows a spatial genetic structure from the seed to the
adult stage that is most likely the outcome of the seed
dispersal provided by primates.

Abstract Seed dispersal and pollination determine the
gene flow within plant populations. In addition, seed dis-
persal creates the template for subsequent stages of plant
recruitment. Therefore, the question arises whether and
how seed dispersal affects the spatial genetic structure
(SGS) of plant populations. In this study, we used micro-
satellites to analyse the SGS of the Neotropical tree Parkia
panurensis (Fabaceae). This plant species is a major food
resource for primates and its seeds are mainly dispersed by
primates. Seeds were collected during behavioural
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observations of a tamarin mixed-species troop in north-
eastern Peru. Additionally, leaf samples of juveniles and of
adults trees of this species were collected throughout the
home range of the tamarin troop. A significant SGS for
embryos (located within the dispersed seeds) and for non-
reproductive plants are found up to a distance of 300 m.
This matches the distance within which most seeds are
dispersed. In the adult stage, the scale of a significant SGS
is reduced to 100 m. While we cannot explain this scale
reduction, our study provides the first evidence that primate
seed dispersal does influence the SGS of a tropical tree
species.

Keywords Fabaceae - Amazonia - Saguinus - Seed
dispersal - Spatial genetic structure

Introduction

The seed shadow created through primary seed dispersal
provides the spatial template for subsequent processes like
secondary seed dispersal, seedling establishment, etc., that
take place during the “seed dispersal loop” (Wang and
Smith 2002) and thus may influence the population
dynamics of a plant species (Nathan and Muller-Landau
2000; Jordano and Godoy 2002). For zoochorously dis-
persed seeds, the behaviour and particularly the movement
patterns of frugivores influence the shape and dimensions
of the seed shadow (Jordano et al. 2007; Karubian et al.
2012; Russo et al. 2006). This template “defines what is
possible for the seedling recruitment in a given area”
(Howe and Miriti 2004, p. 654), but the question arises
whether and how this initial template also contributes to the
recruitment of new reproductive adults into the population
(Schupp and Jordano 2011). Differential survival of
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seedlings and growing trees can stabilise, weaken or erase
the initial spatial pattern, depending on the selective pres-
sures acting during the different phases of regeneration
(Jordano and Herrera 1995). On the genetic level, this turns
into the question of whether and how the spatial genetic
structure (SGS) of the seed shadow transfers into an SGS in
subsequent life stages.

Some studies have provided evidence that seed dis-
persal by frugivores may affect the SGS of plants. A
small-scale SGS in adults of the bird-dispersed Psycho-
tria officinalis and seedlings of the ant-dispersed Globba
lancangensis has been related to the short dispersal dis-
tances created by the respective dispersal agents (Loiselle
et al. 1995; Zhou et al. 2007). “Destination-based” dis-
persal by umbrellabirds of seeds of Oenocarpus bataua
into lek arenas results in a lower SGS amongst seedlings
compared to areas where seeds are dispersed by other
agents (Karubian et al. 2010). A multi-stage comparison
of the SGS of Attalea phalerata showed a strong SGS
amongst seedlings, but a much lower SGS at two juvenile
stages and at the adult stage (Choo et al. 2012), sug-
gesting that the initially strong effect of seed dispersal
does not continue into later stages.

Ideally, analyses of SGS should also include the
embryo stage, since the seed shadow provides the initial
template. However, quantification of the seed shadow is
an inherently difficult task. It is usually impossible or
very difficult to observationally follow the fate of indi-
vidual seeds between removal from the source tree by a
frugivore till deposition via defecation or regurgitation.
Molecular genetic methods allow overcoming these dif-
ficulties by assigning seeds to source trees through
comparing the DNA from potential mother trees and from
seed coats of dispersed seeds (Godoy and Jordano 2001;
Ziegenhagen et al. 2003). In a previous study, we quan-
tified the seed shadow of the Neotropical legume Parkia
panurensis created by two sympatrically living small
New World primates, black-fronted saddle-back tamarins,
Saguinus nigrifrons (previously Saguinus fuscicollis nig-
rifrons), and moustached tamarins, Saguinus mystax,
through DNA fingerprinting and observational data
(Heymann et al. 2012). We focussed on P. panurensis as
the pod gum of this species a major food resource of
these primates (Knogge and Heymann 2003; see also
Peres 2000 for Parkia pod gums as a key resource for
mammals and birds in Amazonian forests), and because
the tamarins are the only known seed dispersers of P.
panurensis at our study site in Peruvian Amazonia. This
provides the opportunity to study the effect of seed dis-
persal on the SGS in a simplified system. Therefore, in
this study we analysed the SGS of P. panurensis at three
life stages (embryos, juveniles, adults) and ask whether
this is affected by tamarin seed dispersal.

@ Springer

Methods
Study site and study species

The study was carried out at the Estacion Bioldgica
Quebrada Blanco (EBQB), located at 4°21'S 73°09'W in
the Amazon lowlands of north-eastern Peru. The site is
characterized by rainforest of the bosque de altura (terra
firme) type. For further details of the site see Heymann
(1995).

Parkia panurensis is member of a pantropical tree genus
of the family Fabaceae. Distributed in central and western
Amazonia, it is mainly growing in terra firme forests to
heights of up to 35 m (Hopkins 1986). Wood maybe used
for lumber (Duke and Vasquez 1994) and the bark exudate
has medical uses (Corréa 1909 quoted in Hopkins 1986). At
our study site, fruiting has been recorded variably between
May and October. Fruits are falcate pods (length up to
35 cm) with 16-23 seeds (Hopkins 1986; E.W. Heymann,
personal observation). These seeds (13-18.5 mm long,
6—12 mm wide, 5-8.5 mm high; Hopkins 1986) are sur-
rounded by an edible gum. Seeds of Neotropical Parkia are
mainly dispersed by primates (Ateles sp., Lagothrix sp.,
Saguinus sp.) and terrestrial rodents (Culot 2009; Dew
2008; Hopkins and Hopkins 1983; Knogge and Heymann
2003; Peres 2000; van Roosmalen 1985). Bruchid beetles,
ants, large parrots, primates (Cebus apella, Pithecia albi-
cans, Cacajao calvus ucayalii), terrestrial ungulates and
rodents are known predators of Parkia seeds (Bowler and
Bodmer 2011; Feldmann et al. 2000; Hopkins and Hopkins
1983; E.W. Heymann, personal observation). At our study
site, S. nigrifrons and S. mystax are the only frugivores that
have been observed to disperse Parkia seeds during focal
tree observations. These two primate species live in groups
of 3-9 individuals and form stable mixed-species troops
(Heymann and Buchanan-Smith 2000). They spent most of
their time together (Heymann 1990) and jointly move
through home ranges that vary in size between ca.
30-60 ha. Their diet is mainly composed of fruit pulp,
insects and exudates, complemented with nectar and small
vertebrates (Garber 1988; Knogge and Heymann 2003;
Peres 1993). Tamarins disperse the seeds of a large diversity
of plant species (Culot 2009; Garber 1986; Knogge and
Heymann 2003) to distances of up to 700 m (Heymann et al.
unpubl. data). The two species neither vary in the spectrum
of dispersed plant species (Culot 2009; Knogge and Hey-
mann 2003) nor in seed dispersal curves nor mean dispersal
distances (Heymann et al. unpubl. data). While the number
of seeds in tamarin defecations ranges from 1 to >4,800 (in
the case of very small seeds like, e.g. from Cecropia, Ficus
and Marcgravia), the mean is 1.2 seeds per defecation
(Knogge and Heymann 2003). Dispersed seeds remain
viable after passage through the tamarins’ guts (Knogge
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et al. 2003). Tamarins disperse seeds from primary for-
est into anthropogenic caused secondary forest and
thus contribute to natural regeneration (Culot et al.
2010).

At EBQB, tamarin mixed-species troops are routinely
monitored on a monthly base or observed in more detail for
5-10 days per month during specific research projects.
Therefore, information on home-range location and size
(generated through GPS recordings and calculated as
minimum convex polygons) is constantly updated.

Sample collection

For genetic analyses, we collected samples from three
different life stages of P. panurensis. These stages are
embryos (embedded in the seeds), juveniles, and adult.
Juveniles were defined as individuals with a height >1.3 m
and a dbh <20 cm, adults as individuals with a dbh
>20 cm. This criterion is based on the long-term obser-
vation that tamarins never feed in smaller P. panurensis
trees, suggesting these do not produce fruits. Seeds were
collected immediately after dispersal and stored in a satu-
rated NaCl solution until DNA extraction. Intact P. pa-
nurensis seeds are generally defecated singly with little or
no faecal matter adhering.

To sample juveniles, we randomly overlaid a
50 m x 50 m grid over a map of the home range of our
tamarin troop. Intersections of this grid were taken as the
points of origin for the point quarter method (Krebs 1999);
from these points we searched for juveniles within each
quarter at a maximum distance of 25 m. For the adult stage,
we completed a full inventory within the home range of the
tamarin troop. We collected leave samples from juveniles and
adults. These were dried and stored in plastic bags on silica
gel until DNA extraction.

Finally, the geographical position of all sampled P.
panurensis individuals and all sites of seed collection from
tamarin defecations were recorded with a Garmin GPS-
Map® 76CSx.

Molecular genetic methods and analyses of genetic
variation

We used nine highly polymorphic nuclear microsatellite
loci for genotyping (Luettmann et al. 2010). PCR and
genotyping methods are reported in detail in Heymann
et al. (2012).

Standard genetic diversity parameters were assessed such
as A, A,, H,, H,, Fs. The calculations were performed with
the computer programs GenAlEx 6.4 (Peakall and Smouse
2006) and FSTAT (Goudet 2001). In addition, the average
number of private alleles was measured. To correct for var-
iation of sample size, the average allelic richness (Ag;3;) over

Table 1 Diversity parameters of the different Parkia panurensis age
classes measured over all loci

Age class (sample A A, AR31 H, H, Fis
size)

Embryos (n = 90) 9.000 3.962 7.506 0.707 0.722 0.026
Juveniles (n = 90) 13.857 5.606 11.299 0.756 0.792 0.049
Adults (n = 31) 11.571 5225 11.571 0.751 0.777 0.034

A absolute number of alleles A, average number of effective alleles
measured over all loci, Agz; allelic richness after rarefaction H,
observed heterozygosity, H, expected heterozygosity, F;s inbreeding
coefficient

all loci was calculated, using the rarefaction method
described by El Mousadik and Petit (1996).

In order to detect genetic differentiation among the
different stages of P. panurensis, global and pairwise Dy
(Chao et al. 2008) were measured using SMOGD (Craw-
ford 2010). For calculating confidence limits we used the
R-package “diveRsity” (Keenan et al. 2013).

Parentage and paternity analysis were conducted using
the software CERVUS version 3.03 (Kalinowski et al.
2007). In all analyses the proportion of fathers sampled was
set to 0.35.

Spatial genetic analyses

Our analyses are based on 90 embryos taken from dis-
persed seeds, 90 juveniles, and 31 adults. To test for sig-
nificant autocorrelation, we calculated the multivariate
Mantel correlogram for each stage using the method
described by Oden and Sokal (1986). This procedure was
first applied to spatial genetic structures by Matesanz et al.
(2011). We determined genetic distances using the inter-
individual distance from the R-package “gstudio” and the
function ‘mpmcorrelogram’ from the package “mpmcor-
relogram”. For identifying statistical significance we
employed a progressive Bonferroni correction. Correlation
between matrices was calculated using the Spearman rank
correlation coefficient. Since the genetic distance matrix
increases its value with genetic distance, negative values in
the Mantel correlogram correspond to a positive autocor-
relation (Legendre and Legendre 2012).

Results

Genetic variation of Parkia panurensis and parentage
analyses

Genetic diversity as measured by the absolute number of
alleles measured over all loci (A), the average number of
effective alleles measured over all loci (A,) and allelic
richness (Ag;z;) is similarly high for juveniles as well as for
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Table 2 Pair-wise values of

. Juveniles Adults
genetic differentiation (D)
between the three life stages Embryos  0.0477 0.0419
Juveniles —-0.0129

adults, but much lower in embryos (Table 1).With regard
to the average and absolute number of private alleles,
embryos and adults were similar, but non-reproductive
trees had much higher numbers.

Global D,y among the different P. panurensis age
classes was not significant (D.s, = 0.0278). Embryos dif-
fered slightly from juveniles and adults (0.047 and 0.042),
but the latter two were not different from each other
(—0.013; Table 2).

The 90 embryos originate from five different mothers.
60 out of 90 embryos could be assigned to eight different
putative fathers. Because P. panurensis has bisexual
flowers and is monoecious, five trees are assigned both as
fathers and as mothers. From the possible combinations of
parents only 14 different male—female pairs have been
found. There was no case of selfing.

Both parents could be identified for 19 out of 90 juve-
niles. They descend from 13 different reproductive adults
and 12 male—female pairs. In only one case selfing is the
most probable combination.

Spatial genetic structure in Parkia panurensis

In all three stages, a significant positive SGS was detected.
For embryos and juveniles, the SGS extends up to 300 m,
for adults up to 100 m (Fig. 1). Additionally, there is a
significant negative SGS in embryos at 400 and 500 m.

Discussion

Our study differs from most other studies that examined the
SGS of tropical trees by including the embryo stage. The

rationale for including the embryo stage is obvious: their
spatial distribution, created through seed dispersal, is the
template on which all steps of the “seed dispersal loop”
build upon. Starting with the seedling stage ignores this
initial template and requires inference about the seed dis-
persal process and its influence on SGS (Choo et al. 2012;
Hardesty et al. 2005). The fact that we could follow the
seed dispersal vectors—the two tamarin species—at close
range and collect their defecation with dispersed seeds
allowed for the inclusion of the embryo stage.

We lumped juveniles of different size and trees with
height >130 cm and dbh <20 cm into a single stage. This
leads to the inclusion of individuals of different ages who
emerged from seeds dispersed in different reproductive
seasons. Depending on inter-individual variation in fertility
(i.e. whether or not the same adults dominate seed input
over subsequent seasons), this may or may not influence
the strength of the SGS. This argument would also hold
true for the adult stage which includes individuals of dif-
ferent ages (and thus of different reproductive seasons).
However, we are not aware that any study on the SGS of
tropical trees has controlled for the age of adults (which is
unlikely to be known in most cases).

Our analyses revealed a significant SGS at the three
different life stages, but the spatial scale of the SGS as
measured by the significance of the Mantel correlation
coefficients is much smaller in adults (100 m) than in
embryos and juveniles (300 m). Tamarins disperse Parkia
seeds up to 700 m (Heymann et al. 2012), which corre-
sponds to the diameter of a typical home range. However,
the majority of seeds are dispersed within a distance of
300 m from the source tree (85 % of observationally
determined and 88 % of genetically determined dispersal
events within 300 m; see Fig. 1 in Heymann et al. 2012).
This is a consistent pattern: in independent studies at
EBQB in 1994/1995 and 2006, 89 and 85 %, respectively,
of dispersal events were within 300 m (Heymann et al.
unpubl. data).

0.10 0.10 0.10
() (b) ()
0.05 0.05 0.05
Z 0.00 = 0.00 = 0.00
-0.05 -0.05 -0.05
-0.10

100 200 300 400 500 600
Distance class [m]

Fig. 1 Multivariate Mantel correlogram of the three different Parkia

panurensis life stages. a embryos, b juveniles, ¢ adults. Significant
values are indicated by filled squares. Values of the x-axis correspond
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to the upper limit of the respective distance class. Note that negative
values correspond to a positive spatial genetic structure (Legendre
and Legendre 2012)
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Due to density-dependent mortality which is likely to be
highest in the embryo stage, one could expect a demo-
graphic thinning from the embryo to the juvenile stage.
Consequently, one could also expect a reduction of the
scale of SGS from embryos to juveniles. However, we do
not find such a reduction and envision the following sce-
nario to account for this: Our juvenile stage includes
individuals of a wide range of sizes. Thus, they are most
likely the result of dispersal events in different years.
Tamarins use the same feeding trees over decades (a
Parkia tree first seen to be used in 1985 was still in use in
2011; E.W. Heymann, personal observation). They also use
the same resting and sleeping trees over prolonged periods.
Resting and sleeping trees are places of increased defeca-
tion, and consequently, areas around these trees become
foci of seed dispersal and seedling recruitment (Muifioz
Lazo et al. 2011; Heymann et al. unpubl. data). However,
tamarins rarely disperse more than two Parkia seeds in a
single defecation, and tamarin groups are small (5-6
individuals on average). Thus, even the repeated use of the
same resting and sleeping sites within a short period is
unlikely to produce seed and seedling densities that could
result in high density-dependent mortality. Over prolonged
periods, repeated seed dispersal to areas around the same
resting and sleeping sites would lead to the accumulation of
juveniles of different ages that stem from a limited pool of
source trees. However, this scenario does not explain why
the scale of the significant SGS is reduced from the juve-
nile stage to the adult stage. Demographic thinning
(Hardesty et al. 2005) is likely to continue throughout the
juvenile stage into the adult stage. Fitted distributions
(Weibull, Gamma) of dispersal distances—both genetically
and observationally determined—-indicate maximum seed
dispersal in a radius of around 100 m around source trees
(Heymann et al. 2012). Therefore, even after demographic
thinning throughout different stages, enough individuals
may survive into the adult stage to create a significant SGS
at this scale.

The reduction in scale of the SGS is in line with
findings from other studies. The scale, but not the strength
of the SGS declines from the smallest to the largest size
class in the zoochorously dispersed Simarouba amara
(Simaroubaceae) (Hardesty et al. 2005). Similarly, in the
autochorous Alseis blackiana (Rubiaceae) and the anem-
ochorous Platypodium elegans (Fabaceae), a positive SGS
exists in juveniles up to 30 and 100 m, respectively, but is
lost in adults, presumably due to random mortality during
recruitment, respectively (Hamrick et al. 1993). Both the
scale and the strength of SGS decline from seedlings to
the adult stage in Attalea phalerata (Arecaceae) (Choo
et al. 2012). However, it is also obvious from other
studies that long-term variation and stochastic effects may

influence the findings on SGS. While Degen et al. (2001)
reported a significant SGS up to 300 m in adult Carapa
procera (Meliaceae), an earlier study at the same site did
find an SGS neither in adults nor in seeds of this species
(Doligez and Joly 1997). Loiselle et al. (1995, p. 1424)
attributed the “anomalous finding” of a significant posi-
tive SGS at 90 m distance and a significant negative at
105 m to chance.

Despite a significant SGS, values of A, A, and Fjgindicate
that there is no inbreeding. Therefore, gene flow from outside
the sampled population takes place, most likely through
pollen dispersal. The fact that most fathers seem to stand
outside the sampled population supports this contention.
Most Neotropical Parkia species are pollinated by bats,
mainly phyllostomids (Hopkins 1984). Species of this bat
family may range over distances that are larger than the
diameter of our tamarin study troop’s home range (Meyer
et al. 2005) and can therefore transfer pollen between indi-
viduals from a larger population than our sample.

The majority of primates are highly or partially frugiv-
orous and contribute substantially to seed dispersal in
tropical habitats (Chapman and Russo 2007; Lambert and
Garber 1998; Peres and van Roosmalen 2002). Despite a
large number of studies on primate seed dispersal, the
question of whether and how this affects the SGS of dis-
persed plant species has hardly been addressed. Only de
Moraes et al. (2004) attributed a significant SGS for adult
Cryptocarya moschata (Lauraceae) up to 150 m to seed
dispersal by muriquis, Brachyteles arachnoides. However,
they did not provide information on the patterns and dis-
tances of seed dispersal by these primates. Our study is
therefore the first to provide evidence that seed dispersal by
two primate species actually does influence the SGS of one
of their major food resources.
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