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(78  %) than it was beneath the parent (44  %), whereas 
ants carried seeds to their nests, where seedling survival 
was higher (83 %) than in controls away from their nests 
(63 %). Diplochory allowed a 42 % increase in SDE com-
pared to dispersal in phase 1 alone. High lipid content in 
the fruit pulp of E. ambiguum may facilitate the inclusion 
of ants in a second step of dispersal after diaspores reach 
the floor. Ants can also buffer the dispersal of diplochorous 
plants against decreases in phase 1 dispersers.

Keywords  Atlantic forest · Diplochory · Myrmecochory · 
Primary dispersal · Secondary dispersal

Introduction

Seed dispersal is important for its influence on seed sur-
vival and seedling establishment and therefore for plant 
population and community dynamics (Howe and Small-
wood 1982; Wang and Smith 2002; Nathan 2006; Clark 
et  al. 2007; González-Castro et  al. 2015). Seed dispersal 
can reduce the mortality of seeds and seedlings due to den-
sity-dependent effects such as sibling competition and her-
bivore damage that are often greater near the parent plant 
(Janzen 1970; Connell 1971). Seed dispersers may also 
consistently take seeds to specific sites (directed dispersal), 
where the chances of recruitment are much greater than in 
random sites (Howe and Smallwood 1982; Wenny 2001). 
Dispersal can also favor the colonization of new sites 
(Howe and Smallwood 1982; Calviño-Cancela and Martín-
Herrero 2009), thereby playing a role in metapopulation 
dynamics and gene flow (e.g., Nathan 2006).

Animals are often important seed dispersal agents, and 
plants attract them by providing an edible reward (e.g., 
fleshy fruit pulp) with seeds. Dispersers have shaped fruit 
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and seed traits in unrelated plant clades (Lengyel et  al. 
2009; Lomáscolo et al. 2010). Nevertheless, different dis-
persers (a variety of bird, mammal, reptile, or invertebrate 
species) may participate in the dispersal of any given plant 
species and thus together contribute to seed dispersal (Jor-
dano 2000; Gove et al. 2007; González-Castro et al. 2015). 
In such diffuse mutualisms, a plant benefits from the ser-
vice of multiple seed disperser species that may vary in 
their dispersal effectiveness (Gove et  al. 2007; Calviño-
Cancela and Martín-Herrero 2009; Leal et  al. 2014; 
González-Castro et al. 2015).

Seed dispersal effectiveness (SDE) can be estimated by 
combining measures of quantitative and qualitative pro-
cesses that influence plant recruitment likelihood, such as 
the number of seeds dispersed and the quality of seed dis-
persal (Schupp 1993; Schupp et  al. 2010). Ideally, meas-
uring SDE should include both the quantity and quality 
components of dispersal that influence seed germination, 
survival and growth (Schupp 1993; Schupp et  al. 2010). 
Quantifying seed dispersal and its delayed consequences 
for post-dispersal seed predation, germination and seedling 
survival in the same system is quite difficult but essential to 
expand our knowledge on the complex dispersal systems of 
tropical plants (Culot et al. 2015).

Until recently, studies of the seed dispersal loop usually 
encompassed just one stage of the seed dispersal sequence 
(phase 1 or primary seed dispersal). Phase 1 is the part in 
which seeds are removed from the plant canopy (e.g., by an 
avian disperser) and dropped at some distance (Wang and 
Smith 2002). Following primary dispersal, post-dispersal 
factors (e.g., secondary seed dispersal and predation) influ-
ence seed fate and plant recruitment (Forget et  al. 2004). 
Rodents (Vander Wall et al. 2005), beetles (Andersen and 
Feer 2005; Pérez-Ramos et  al. 2013), ants (Passos and 
Oliveira 2002) and water (Hampe 2004) may rearrange 
seed shadows generated in phase 1 by secondarily dispers-
ing seeds (phase 2), thereby changing recruitment prob-
abilities. Such multi-phased seed dispersal systems involv-
ing subsequent steps of dispersal in which different vectors 
participate are known as diplochory (Vander Wall and 
Longland 2004). Careful measures of seed fate after each 
step of dispersal are required to estimate independent con-
tributions to SDE by phase 1 or phase 2 dispersers (Culot 
et  al. 2015). Empirical data for this type of approach are 
rare, and those few data suggest context dependency (e.g., 
Böhning-Gaese et  al. 1999; Culot et  al. 2015). Dispersers 
that are relatively unimportant numerically may become 
important qualitatively and thus determine plant recruit-
ment (Pérez-Ramos et al. 2013).

Myrmecochory (seed dispersal by ants) is common 
among herbs of temperate forests of North America, 
Europe and Japan and in shrubs growing in nutrient-poor 
soils and fire-prone habitats in South Africa and Australia 

(reviewed in Rico-Gray and Oliveira 2007; Lengyel et  al. 
2009). Myrmecochorous plants produce seeds attached to 
a lipid-rich appendage called an elaiosome that elicits seed 
removal by ants. The ants consume the elaiosome and dis-
card the unharmed seed in the nest midden, where the seed 
can germinate (Giladi 2006). Although ants usually remove 
seeds short distances, they often provide seed escape from 
predators or fire and directed dispersal to nutrient-rich soils 
of ant nests (Giladi 2006). Indeed, the repeated evolution 
of myrmecochory in unrelated plant lineages suggests 
that seed dispersal mutualisms between plants and ants 
were a powerful evolutionary source of plant diversifica-
tion (Lengyel et  al. 2009). Nevertheless, the near absence 
of myrmecochorous plants in Neotropical rainforests 
(Lengyel et  al. 2009) contrasts with the abundance of lit-
ter-foraging ants (Hölldobler and Wilson 1990), the organ-
isms most likely to encounter fallen plant diaspores (i.e., 
fruits and seeds). Most Neotropical shrubs and trees are 
clearly associated with vertebrate seed dispersers (Howe 
and Smallwood 1982; Jordano 2000). However, remains of 
fruit pulp left on seeds previously handled by vertebrates 
may attract foraging ants, so the possibility exists for post-
dispersal interactions between ants and fallen diaspores 
(Passos and Oliveira 2002). Although the occurrence and 
potential benefits of ant-seed interactions to non-myrme-
cochorous plants have been increasingly recognized (e.g., 
Pizo and Oliveira 2001; Passos and Oliveira 2002, 2004; 
Vander Wall and Longland 2004; Christianini and Oliveira 
2009, 2010) it is not yet clear which are the costs of the 
inclusion of ants in a phase 2 of dispersal, as well as the 
consequences for overall SDE. For instance, ants may 
be quantitatively important seed dispersers but seedling 
recruitment may still be largely driven by vertebrates acting 
in phase 1, possibly due to benefits related to dispersal dis-
tance (Böhning-Gaese et al. 1999). On the other hand, ants 
may rescue seeds dropped by birds beneath parent plant 
canopies and provide seeds with additional chances of dis-
persal and recruitment (Christianini and Oliveira 2009). 
Without careful evaluations of phases 1 and 2 of dispersal 
and their delayed consequences for seed predation, germi-
nation and seedling survival we have to rely only on partial 
and possible misleading conclusions about the role of each 
stage of dispersal in plant regeneration.

Here we investigate bird and ant contributions to SDE 
in the bird-dispersed shrub Erythroxylum ambiguum Peyr., 
during both phase 1 and phase 2 of dispersal. We specifi-
cally attempt to answer: (1) what is the quantitative and 
qualitative contribution of birds and ants to seed dispersal 
in our multi-phased system? And (2) how do phase 1 and 
phase 2 contribute to total SDE? To our knowledge this is 
the first study that partitions in detail the relative contribu-
tion of phase 1 and phase 2 of dispersal provided by birds 
and ants, respectively, to a non-myrmecochorous plant.
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Materials and methods

Study site

We examined bird and ant contributions to overall SDE in 
Carlos Botelho State Park (CBSP) in southeastern Brazil 
(24º08′S, 47º55′W). CBSP is part of the largest remain-
ing parcel of the Atlantic forest (Fundação Florestal 2008; 
Lima et al. 2011) and comprises 37,644 ha, most contain-
ing old-growth evergreen subtropical rainforest (Lima et al. 
2011). CBSP has at least 1143 vascular plant species (Lima 
et  al. 2011), 342 bird and 35 mammal species (Fundação 
Florestal 2008). The study plot (ca. 30  ha) was at ca. 
700 m a.s.l. Mean annual rainfall varies from 1700 mm to 
2400  mm and temperatures from 17 to 22  °C (Fundação 
Florestal 2008).

Plant species

Erythroxylum ambiguum Peyr. (Erythroxylaceae) is a shrub 
that fruits from September to March (P. H. S. A. Camargo, 
unpublished data). The fruit is a spherical red drupe (1 cm) 
with a single seed surrounded by a fleshy red pulp rich in 
lipids (88 % dry weight), 4 % carbohydrates, <1 % protein, 
5 % fiber and 2 % ash (P. H. S. A. Camargo and A. V. Chris-
tianini, unpublished data), a set of traits indicative of bird-
dispersal syndrome (Jordano 2000). E. ambiguum fruits 
have alkaloids that are toxic to mammals (Colodel et  al. 
2004). The plants only reproduce by seeds that can remain 
viable up to 40 days after dispersal (P. H. S. A. Camargo, 
personal observation).

Fruit crop size and seed fate

To estimate fruit production, in August 2012 we haphazardly 
selected 11 fruiting plants (3.2 ± 1.1 m high; mean ± SD), 
each of which was a minimum of 10 m from any other con-
specific plant. We counted the entire fruit crop in each plant 
canopy. We placed fruit/seed traps beneath plants to esti-
mate fruit fall. Traps were 1500-cm2 plastic trays lined with 
0.2-mm nylon mesh, supported 20  cm above the ground 
by wooden stakes. The stakes were smeared with Tangle-
foot to prevent ant access, and trays were covered with a 
wire screen to prevent vertebrates from removing seeds 
and fruits. Two to five traps were used per plant, sampling 
42 ± 23 % of the canopy area. Trap contents were collected 
weekly. Diaspores were classified as: (1) ripe fruit (bright 
red and intact), (2) unripe fruit (green or yellowish pulp), 
(3) preyed on before dispersal (broken seeds or seeds with 
emergence holes of insects), (4) seeds with part of fruit pulp 
still attached to them but with signs of being manipulated by 
birds (bill marks), and (5) seeds in feces.

We estimated the number of undispersed seeds by the 
ratio between the number of diaspores in the trays and the 
proportion of the canopy area sampled (Christianini and 
Oliveira 2010). Although we considered the above-men-
tioned categories 4 and 5 as encompassing diaspores from 
the plant growing above the traps, they may include an 
unknown fraction of diaspores brought by birds from other 
plants and dropped on the spot. Therefore, it is possible 
that the estimate of undispersed seeds is slightly overesti-
mated. We obtained for each plant the amount of diaspores 
removed by primary seed dispersers by calculating the dif-
ference between the crop size and the estimate of undis-
persed diaspores.

Plant‑frugivore interactions in the plant: dispersal 
phase 1

To gather data on frugivores at the plants, we monitored 
19 shrubs during two fruiting seasons: 2012/2013 and 
2013/2014. We observed frugivores with the aid of binocu-
lars from 0600–1100 to 1530–1830 hours, totaling 148.5 h 
of direct observations. We noted the time of the visit, the 
visiting species and the number of diaspores consumed or 
dropped. Seeds swallowed by the visitors were considered 
dispersed. For birds that swallowed fruits, we noted the dis-
tance from the focal tree to the first place where they sub-
sequently perched or to the spot we lost them from sight 
(post-feeding flight distance) as a proxy for minimum seed 
dispersal distance (Jordano and Schupp 2000). We recog-
nize that this protocol is limited in that gut retention time 
is longer than the elapsed time between perches, but this 
enabled us to produce minimum estimates of seed dispersal 
distances in phase 1 that could be compared with phase 2. 
We complemented data on bird frugivory (but not poten-
tial distances of dispersal) from video recordings of visitors 
to the shrubs obtained with seven camera traps (Bushnell 
Natureview Cam HD—119438; Bushnell, Overland Park, 
KS; S. M. Rodrigues and A. J. Piratelli, unpublished data). 
Each camera set on separate plants recorded 30-s videos 
after being triggered by a movement sensor. The cameras 
operated 24 h/day from December 2013 to February 2014 
for a total of 4015 h (S. M. Rodrigues and A.  J. Piratelli, 
unpublished data).

On‑ground, ant‑diaspore interactions: dispersal phase 2

Ant-diaspore interactions were measured in 31 transects, 
each 90  m long and with nine on-ground sampling sta-
tions separated by 10 m from one another, for a total of 279 
stations. This distance was enough to ensure independent 
diaspore discovery by different ant colonies (see distances 
of diaspore removal in results). Each station had five indi-
vidually marked (Testors enamel paint; Testors, Rockford) 
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fruits placed on a 4 × 4-cm white filter paper (Passos and 
Oliveira 2002). The stations were checked at 15-min inter-
vals over 2 h between 0800 and 1800 hours. When an ant 
was seen at and touching a diaspore, we noted the species 
and behavior. Ants removing diaspores were followed to 
their colony or were lost in the leaf litter, at which point 
the displacement distance was measured. Ant voucher 
specimens were deposited in the Entomological Collection 
Padre Jesus Santiago Moure (DZUP) of the Universidade 
Federal do Paraná, Brazil.

To determine the fate of fallen diaspores (e.g., second-
ary dispersal and predation), we measured removal rates 
with exclosure experiments in two paired treatments. 
The first treatment was a vertebrate-exclusion treatment, 
in which diaspores were covered by a 1.5-cm wire mesh 
cage (15 × 15 × 10 cm) on the top and sides and staked to 
the ground. Adjacent to the first treatment was the control 
treatment, accessible to all organisms (free access). Each 
treatment received a pair of diaspores, one of which was an 
entire ripe fruit and the other a seed whose pulp we manu-
ally removed. Five paired treatments were placed equidis-
tant under each of 26 fruiting E. ambiguum, for a total of 
130 replicates. Diaspores were marked with a small dot 
of enamel paint (Testors) to distinguish them from natu-
rally fallen diaspores. We counted the number of diaspores 
removed after 24 h. To test whether removal rates differed 
for diaspores beneath or away from parents (simulating dia-
spores that had dispersed), a second set of five paired treat-
ments (as above) was established at least 20 m away from 
any conspecific fruiting plant under other shrub species.

We compared removal rates in treatments using factorial 
ANOVA in the R program version 3.0.0 (R Development 
Core Team 2013). Residuals from the analysis met the nor-
mality and homocedasticity assumptions of ANOVA. Each 
reproductive E. ambiguum and its non-conspecific pair 
were considered as a block, and the exclusion treatment 
(exclosure, free access), location treatment (beneath, away 
from fruiting conspecifics) and diaspore type (whole fruit, 
clean seed) were the independent variables. The pooled 
number of diaspores removed in each treatment per plant 
was the dependent variable.

We tested in January 2014 whether ants reshape the 
bird-generated seed shadow by following the fate of seeds 
in bird feces. Four captive Turdus albicollis and five Tur-
dus leucomelas that were maintained with a regular diet 
of fruits, seeds, and insect larvae were also fed on the 
fruits of E. ambiguum. On average, birds defecated seeds 
11.3 ±  5.9  min (n =  27) after consumption. Fresh fecal 
samples (<24 h after defecation) with a single seed embed-
ded (n =  21) were placed on the forest floor early in the 
morning and covered with a wire cage. We recorded the ant 
species and their behavior toward the seeds in feces every 

15 min for 2 h. After 24 h, we recorded the number of seeds 
remaining.

Effects of birds and ants on seed germination

We examined how bird gut passage or manipulation 
by ants influenced germination using germination tri-
als. Seeds were tested in controls, both with 32 dia-
spores—(1) whole fruits, and (2) cleaned seeds in which 
we manually removed pulp; and two treatments—(1) 
seeds that were defecated by birds, and (2) handled by 
ants (32 seeds in each treatment). The captive T. albicol-
lis and T. leucomelas provided the defecated seeds. The 
ant refuse pile of a Pachycondyla striata colony raised 
in the laboratory (see Pizo and Oliveira 2001) provided 
the ant-manipulated seeds. All seeds were rinsed in a 
0.5 % sodium hypochlorite solution and sown in vermic-
ulite, moistened regularly with sterilized water and kept 
at room temperature and natural light. Treatments were 
checked daily for 45 days for germination, identified as 
emergence of the radicle.

We compared the percentage of germination between 
treatments with G-tests. Germination speed (i.e., the cumu-
lative proportion of germinated seeds) was compared 
among treatments by Kolmogorov–Smirnov tests, with 
adjustments in critical level using Dunn–Sidak’s method 
due to multiple comparisons (Gotelli and Ellison 2011).

Seedling distribution and survival

We followed ant workers to their nests after attracting them 
to tuna baits on the ground. We sampled 23 ant nests: Pach-
ycondyla striata (n = 21), Ectatomma edentatum (n = 1), 
and Atta sexdens (n = 1). We compared seedling distribu-
tion and survival near ant nests and far from ant nests (ran-
dom direction, 1–5 m from a nest) in 0.5 × 0.5-m plots. We 
also sampled three 100 × 2-m quadrats haphazardly estab-
lished in the study plot, tagged all seedlings and noted the 
seedling distance from an ant nest, and if farther than 1 m, 
we considered them as distant. The distance of seedlings to 
the nearest adult shrub was also measured.

We compared the number of seedlings near and far 
from ant nests by the Wilcoxon paired sample test. Seed-
lings were visited monthly for 1 year to note survival. We 
compared survival near and far from ant nests by Peto 
and Peto’s generalized Wilcoxon test (Pyke and Thomp-
son 1986). We also compared the proportion of seedlings 
surviving beneath or away from conspecific E. ambiguum 
using Peto and Peto’s logrank test (Pyke and Thompson 
1986). The relationship between 1-year seedling survival 
and its distance to the nearest conspecific was modeled 
using logistic regression.
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Contribution of dispersal phase 1 and phase 2 to SDE

We calculated the proportion of fruits removed from plant 
canopy by primary dispersers as described above (“Fruit 
crop size and seed fate”). The contribution of ants to dis-
persal was calculated as the sum of: (1) the product of the 
proportion of fruits removed by ants in removal experi-
ments by the proportion of crop size that falls as viable 
diaspores under the parent plant, and (2) the product of the 
proportion of seeds removed from the bird feces in removal 
experiments by ants times the proportion of diaspores dis-
persed by birds.

We constructed a path diagram (see Culot et  al. 2015) 
that incorporated the transition probabilities from seeds to 
1-year-old seedlings, with respect to the combined effects 
of dispersal (birds, phase 1; ants, phase 2), seed deposi-
tion location, probability of seed predation by granivores, 
effect of seed treatment on germination and 1-year seed-
ling survival (Fig.  4). We estimated the number of seeds 
dispersed in phase 1 or phase 2 and at the deposition loca-
tion (beneath or away from the parental plant) as described 
above (fruit crop size and seed fate). We calculated sepa-
rate probabilities of seed loss to granivores by taking the 
mean difference between control and cage-paired treat-
ments in removal experiments performed beneath and 
away from parental plants. We assumed that all diaspores 
removed on the ground by vertebrates were preyed on 
because seeds as small as those of E. ambiguum are likely 
to be eaten rather than dispersed by rodents (Vieira et al. 
2003). We also considered all diaspores removed by the 
leaf-cutter ant A. sexdens as preyed on because of the low 
likelihood of survival of seeds removed by this ant species 
(see Christianini and Oliveira 2009). The mean seed loss to 
rodents found in diaspore-removal experiments away from 
the parental plant was used as a measure of seed predation 
of those seeds embedded in bird droppings. Estimates for 
the appropriate part are indicated above and in Table 1 and 
Fig. 4.

We compared the proportion of fruits removed by birds 
(phase 1) and the relative contribution of ants (phase 2) at 
the same plant by the Mann–Whitney U-test. The poten-
tial contribution of phase 1 to SDE was calculated as the 
number of 1-year seedlings that would have been produced 
without phase 2 dispersers (i.e., probability of occurrence 
of phase 2 = 0), following Culot et al. (2015). The contri-
bution of phase 2 was obtained by the difference between 
the number of seedlings produced in the field (i.e., after 
phase 1 and phase 2) and the contribution of phase 1 alone 
(Culot et al. 2015).

Our approach has two shortcomings. First, we broadly 
evaluated the role of two types of vectors (birds and ants) 
but disregarded possible differences among species within 
each type. For instance, we assume that the effect of seed 

passage through bird gut is similar among species, which 
may not be true (see Traveset et  al. 2001). However, all 
bird species observed visiting E. ambiguum are typical 
frugivores that behave as seed dispersers. Second, removal 
experiments were run for 24  h, a time span adequate for 
capturing most diaspore removal by ants (Christianini and 
Oliveira 2010) but which likely underestimates long-term 
rodent seed predation. Thus, our results should be inter-
preted with caution.

Results

Fruit crop and seed fate

Erythroxylum ambiguum produced 381  ±  329 fruits 
(mean ± SD; n = 11) in a fruiting season. Despite a low 
visitation rate (see below), birds removed 25.9 ± 12.3 % 
of the total fruit crop (Table  1). Most of the fruit crop 
(57.4 ± 16.1 %) fell under the parent plant as ripe intact 
fruits. They were followed by ripe fruits dropped by birds 
evidenced by bill marks in the fleshy pulp (Table 1). On 
average, 5.0 ±  11.2  % of the fruit crop was wasted as 
unripe fruit, and 2.2  ±  2.7  % had seeds preyed upon. 
Approximately 67  % of the fruits reached the ground 
ripe and undamaged (sum of fallen ripe diaspores and 
dropped by birds) and could germinate or be rescued 
from beneath the parental plant by secondary dispersal 
agents (Table 1).

Table 1   Production and fate of diaspores from individual plants 
(n  =  11) of Erythroxylum ambiguum in an Atlantic rainforest in 
southeastern Brazil

Diaspore fate categories show the proportion of each fate in relation 
to crop size per plant
a  Sum of categories “ripe diaspore” and “dropped by primary dis-
persers”
b  Expressed as the proportion of total crop size influenced by dia-
spore-rescuing ants and of diaspores removed by ants from bird feces 
(see “Materials and methods”)

Stage of dispersal Mean ± SD

Crop size 381 ± 329

Fate of diaspores

 Removed away from crown by birds 0.259 ± 0.123

Dropped under crown

  Ripe 0.574 ± 0.161

  Unripe 0.050 ± 0.112

  Preyed on before dispersal 0.022 ± 0.027

  Dropped by primary dispersers 0.095 ± 0.057

Proportion of crop size as viable diaspores under 
parent planta

0.669 ± 0.175

Relative contribution of ant dispersalb 0.232 ± 0.054
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Plant‑frugivore interactions in the crown: dispersal 
phase 1

Only birds (12 species) fed on E. ambiguum fruits, com-
prising a low visitation rate of 0.06 visits/10 h along both 
seasons (data for all species pooled). Birds of variable body 
sizes ate the fruits, from Ilicura militaris (13  g), Turdus 
albicollis (67  g), Celeus flavescens (166  g) to Ramphas-
tos dicolorus (500 g) (Fig. 1). Each visitor remained in the 
fruiting plant an average of 36 ± 42 s (n = 25). A bird fed 
on 3.6 ± 2.3 fruits per visit (range 2–10; n = 25). Although 
some fruit was dropped beneath the parental plant by birds 
that only consumed the fruit’s fleshy portion, 90 % of the 
fruits were swallowed whole and the seeds thereafter were 
moved away. Estimates of seed displacement from the 
fruiting plants by birds were 11.4 ± 6.8 m (n = 18) based 
on the first landing perch.

Ant‑diaspore interaction on the ground: dispersal 
phase 2

We recorded a total of 20 ant species attending E. 
ambiguum fruits on the forest floor (Fig. 1). Ant attendance 
followed three patterns: displacement of the diaspore to the 
nest by a single large ant or with the aid of recruited nest-
mates; recruitment of nestmates and local consumption of 
the pulp without removal of the diaspore by small ants; and 
inspection and handling of the diaspore without displac-
ing it, irrespective of ant body size. Only ants performing 
diaspore removal (the poneromorphs Pachycondyla striata, 
Ectatomma edentatum, Odontomachus meinerti, Gnamp-
togenys striatula and the leaf-cutter ant Atta sexdens) 
may rescue seeds fallen beneath parent plants. These ants 

accounted for a total of 22.7 % of the records and displaced 
diaspores to 0.91  ±  0.93  m (n  =  24). No ant nest was 
located beneath a parental plant. A. sexdens may behave as 
a seed predator, but they were responsible for only 8.3 % 
of diaspore removal by ants. Ants removed 62 % of seeds 
embedded in bird feces within 24 h. Thus, ants were able 
to quickly reshape a substantial amount of the seed shadow 
generated during phase 1.

Exclosure experiments revealed that diaspores outside 
the cages (control treatments) had higher removal rates than 
diaspores in exclosures, indicating that vertebrates (possi-
bly rodents) played a role in the removal of fallen diaspores 
(Table  2; Fig.  2). There was an effect of location (higher 
removal away than beneath a conspecific) and no effect 
of type of diaspore (whole fruit or cleaned seed) on the 
removal rates (Table 2). All two-way interactions were sig-
nificant (Table 2). The difference in removal rates between 
control and exclosure treatments increased from beneath to 
away from conspecifics (Fig. 2). This difference was driven 
mainly by higher removal of cleaned seeds compared to 
whole fruits (Fig. 2). The three-way interaction was not sig-
nificant. The overall mean difference between the amount 
of diaspores removed from cage treatments and controls, 
irrespective of place of deposition, suggests that rodents 
removed ca. 26.9 % of the diaspores. Overall, post-dispersal 
seed losses to granivores were estimated as 35.2 %, the sum 
of losses to rodents (26.9 %) and to A. sexdens (8.3 %). 

Effects of birds and ants on seed germination

Seed passage through a bird’s gut and handling by ants 
increased the germination percentage of seeds (both treat-
ments with 100 % of germinated seeds) compared to whole 

Fig. 1   Interactions of frugivorous birds (a) and ants (b) with dia-
spores of Erythroxylum ambiguum in the plant crown and on the for-
est floor, respectively, in an Atlantic rainforest in southeastern Bra-

zil. Birds act as primary dispersers by removing seeds from the plant 
canopy, and ants interact with fallen fruits/seeds dropped to the forest 
floor by birds or after fruit fall
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fruits (control 1, 50  %) and hand-cleaned seeds (control 
2, 43.8 %) (G = 59.97; df = 3; P < 0.001; Fig. 3). Like-
wise, bird-swallowed and ant-handled seeds germinated 

faster than whole fruits or cleaned seeds (Kolmogorov–
Smirnov test, both D = 0.87; P < 0.001). The germination 
speed of bird-dispersed and ant-dispersed seeds did not 
differ (D = 0.02; P = 0.98). Neither germination percent-
age (G = 0.25; df = 1; P = 0.62) nor germination speed 
(D =  0.22; P =  0.23) differed between whole fruits and 
cleaned seeds (Fig. 3).

Seedling distribution and survival

In the experiment comparing seedling distribution in 
0.5 × 0.5-m plots near ant nests and in paired controls we 
recorded E. ambiguum seedlings growing only on plots set 
on ant nest mounds (0.57 ± 0.87 seedlings/0.25 m2, n = 23; 
W = 28; P = 0.020). The survival of these seedlings grow-
ing in ant nests was compared to those seedlings found 
away from nests in the 100 × 2-m quadrats. The 1-year sur-
vival rate of seedlings growing on nest mounds (83 %) was 
higher than that of seedlings growing away from ant nests 
(63  %) (Peto and Peto’s generalized Wilcoxon, χ2  =  4; 
P = 0.046). Among the 105 seedlings sampled away from 
ant nests, 50 grew beneath the canopy of a conspecific E. 
ambiguum and had lower survival (44 %) than the 55 seed-
lings established away from a conspecific canopy (78  %) 
(Peto and Peto’s logrank test, χ2 = 14.8, df = 1, P < 0.001). 
The greater the distance from the parent plant, the larger 
the probability of seedling survival (logistic regression, 
χ2 = 6; df = 1; P = 0.02) as given by the model: Probabil-
ity of survival = [exp(0.1554 + 0.3442 × x)]/{1 + [exp(0.

Table 2   Results from the factorial analysis of variance of the dia-
spore removal experiments of Erythroxylum ambiguum in Atlantic 
rainforest in southeastern Brazil

The analysis considered each fruiting plant and a non-conspecific pair 
nearby as a block. Independent variables were location (beneath a 
fruiting plant ×  away), treatment (exclosure ×  control) and type of 
diaspore (whole fruit × cleaned seed)

Factor SS df MS F P

Block 102.58 25 4.10 3.42 <0.001

Treatment 94.23 1 94.23 78.54 <0.001

Location 4.92 1 4.92 4.10 0.044

Diaspore 1.56 1 1.56 1.30 0.256

Treatment × diaspore 24.92 1 24.92 20.77 <0.001

Location × treatment 12.02 1 12.02 10.02 0.002

Location × diaspore 9.31 1 9.31 7.76 0.006

Location × treatment 
× diaspore

4.33 1 4.33 3.61 0.059

Error 209.96 175 1.20

Total sum of squares 463.83 207

Fig. 2   Removal of diaspores of E. ambiguum by ants and vertebrates 
on the floor of an Atlantic rainforest in southeastern Brazil. Exclo-
sure treatments were accessible to ants only, whereas the paired open 
controls were accessible to ants and vertebrates. Two types of dia-
spores were used: whole fruits (black bars), and cleaned seeds with-
out the fleshy portion (white bars). Data are the number of diaspores 
removed out of five placed in paired treatments beneath the canopy 
(a) and outside the canopy (b) in the 2012–2013 fruiting season 
(n = 26; mean ± SE)

Fig. 3   Seed germination after treatment by different vectors of dis-
persal. Data display the cumulative frequency of germination (germi-
nation speed) of seeds from E. ambiguum: removed from bird drop-
pings of captive Turdus albicollis and Turdus leucomelas (birds); 
from refuse dumps of a captive colony of Pachycondyla striata (ants); 
from whole fruits coated by fruit pulp (control 1); from seeds with the 
fleshy portion removed manually by us (control 2). Each treatment 
has n = 32 seeds
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1554 + 0.3442 × x)]}, where x is the distance from nearest 
reproductive plant in m.

Contribution of dispersal phase 1 and phase 2 to SDE

We found no difference between the relative importance of 
birds (phase 1) and ants (phase 2) in the number of seeds 
dispersed per E. ambiguum tree (Mann–Whitney U test, 
Z =  0.689; n =  11; P =  0.49), the quantitative compo-
nent of SDE (Table 1). A summary of the contribution of 
birds and ants to plant regeneration up to 1-year-old seed-
lings is shown in Fig. 4. Considering 100 seeds produced 
by an E. ambiguum and excluding the effect of phase 2, 
birds (phase 1) could potentially contribute to the produc-
tion of up to 12.8 one-year-old seedlings (considering only 
seeds dispersed away). This figure increases to 14.3 seed-
lings if seeds dropped by birds beneath parental plants are 
included. Ants (phase 2) would add 12.2 one-year-old seed-
lings produced from seeds dispersed away in phase 1. This 

number increases to 18.7 seedlings when considering the 
effect of the rescuing of fallen/bird-dropped seeds under 
parental fruiting plants. Overall, the joint contribution of 
birds and ants to SDE enabled the production of ca. 20.3 
one-year-old seedlings per 100 seeds produced (Fig.  4). 
Therefore, diplochory enabled an increase of six seed-
lings to each 100 seeds produced, corresponding to a 42 % 
increment in the number of seedlings produced in relation 
to what could be attained if seed dispersal was performed 
only by phase 1.

Discussion

This study provides quantitative evidence that diplochory 
substantially increases the SDE of Erythroxylum ambiguum 
by covering several consecutive stages of dispersal in the 
same system. Considering broadly each vector of disper-
sal, birds (phase 1) seem to be more consistent in their 

Fig. 4   The contribution of phase 1 and phase 2 of dispersal per-
formed by birds and ants, respectively, to 1-year-old seedling recruit-
ment of E. ambiguum in an Atlantic rainforest site in southeastern 
Brazil. The starting point is 100  % of the crop size in the canopy, 
from which on average 25.9 % is removed by birds, 9.5 % is dropped 
by birds beneath the plant crown and 57.4  % fall to the ground as 
ripe fruit. The numbers of seeds and seedlings that reach each sub-

sequent stage are depicted inside boxes based on a hypothetical crop 
size of 100 seeds. Numbers outside boxes indicate transition prob-
abilities between subsequent stages based on observations in the field 
and experiments. Plant regeneration stages more directly influenced 
by birds and ants are in blue and pink boxes, respectively. There may 
be small differences in the sum of values due to rounding up. See 
Table 1 and text for details
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effects on SDE than ants (phase 2). For instance, most bird-
diaspore interactions in a plant crown provide a reliable 
chance of primary seed dispersal away from plant canopy: 
11 (92 %) out of 12 bird species consistently carried away 
most fruit they interacted with (Fig.  1). In contrast, only 
five (25  %) out of 20 ant species carried fallen diaspores 
to ant nests, a behavior that provides the best set of benefits 
to plant regeneration (Giladi 2006; Rico-Gray and Oliveira 
2007; Warren and Giladi 2014). Most ant-diaspore interac-
tions resulted in the collection of liquids and removal of the 
fleshy portion, with the seed remaining at the spot (Fig. 1). 
These types of interactions are common between ants and 
fallen non-myrmecochorous diaspores, in which there are 
few opportunities for resource monopolization by dominant 
ants and a small subset of the ant community provides most 
benefits to the plants (Christianini et  al. 2012 and refer-
ences therein).

The costs of phase 1 dispersal seem to be small because 
birds do not prey on seeds, and most bird visitors are effec-
tive dispersers by removing seeds. Moreover, seeds that 
naturally fall or are dropped by birds under parents are 
not wasted and may be rescued by ants (Christianini and 
Oliveira 2009). Partially eaten fruits are more attractive to 
seed-rescuing ants than are intact fruits (Bieber et al. 2013), 
which enhances the chance of subsequent removal by ants 
and decreases the potential costs of phase 1. Although seed 
removal by granivorous ants (such as Atta sexdens) was 
quite low, the costs of phase 2 are likely higher than the 
costs of phase 1 because not all ants provide displacement 
of seeds, and seeds cleaned at the spot attracted more ver-
tebrate seed predators than did fruits. Higher predation of 
cleaned seeds of E. ambiguum by rodents may be favored 
by the release of toxic compounds in fruit pulp that deter 
the consumption of pulp-embedded seeds by mammals 
(Colodel et  al. 2004). The presence of toxic compounds 
in fruit pulp may explain the absence of fruit removal by 
frugivorous mammals during phase 1 dispersal. Fruit 
pulp often plays more roles than attraction and reward for 
frugivorous animals that perform seed dispersal, such as 
serving as physical and chemical barriers against predators 
and pathogens (Fedriani and Delibes 2013 and references 
therein). Nevertheless, the participation of ants in a further 
step of dispersal clearly surpasses the costs of increased 
granivory of cleaned seeds, as indicated by the higher num-
ber of seedlings produced after two subsequent phases of 
dispersal.

It is uncommon to find plant species producing fleshy 
fruits with high lipid content in the pulp (Jordano 2000), but 
high lipid content is correlated with higher seed removal by 
birds (Stiles 1993). The chemical composition of lipid-rich 
bird-dispersed diaspores resembles that of the elaiosomes 
from true myrmecochores (Pizo and Oliveira 2001). Fallen 
diaspores of non-myrmecochorous plants producing 

lipid-rich fruits, similar to that found in E. ambiguum, often 
benefit from an enhanced chance of subsequent interactions 
with a high-quality seed-dispersing ant guild represented 
by carnivore/scavenger poneromorphs that track lipid-rich 
food (Pizo and Oliveira 2001; Passos and Oliveira 2002; 
Christianini and Oliveira 2010; Christianini et  al. 2012; 
Leal et  al. 2014; Warren and Giladi 2014). These large 
ants forage individually, quickly discovering and retriev-
ing seeds to their nests, traits that qualify them as effective 
dispersers (Warren and Giladi 2014). Four of the five ants 
that removed the fallen diaspores of E. ambiguum at CBSP 
were poneromorphs. Secondary seed dispersal by these 
ants often increases the likelihood of seed survival and ger-
mination (Christianini et  al. 2012 and references therein). 
From the ant’s perspective, the development of ant larvae 
is enhanced when ant colonies are fed with lipid-rich bird-
dispersed diaspores (Bottcher and Oliveira 2014). Thus, 
high lipid content in fruit pulp may facilitate the inclusion 
of ants in a second step of dispersal because it prompts sub-
sequent interactions between certain plant and ant taxa fol-
lowing bird-plant interactions. In a scenario like CBSP, a 
plant lineage that acquires traits that encourage dispersal by 
ants in phase 2 would present a selective advantage over 
lineages relying only on phase 1 (Fig. 4). The presentation 
of lipid-rich diaspores may thus be an evolutionary adapta-
tion to both primary and secondary dispersers.

Contrary to expectations based on the morphological 
traits of the diaspore, birds and ants had the same quan-
titative importance in the seed dispersal of E. ambiguum. 
Detailed studies have found similar results for other plant 
species producing lipid-rich diaspores in the Atlantic Forest 
(Clusia criuva) and cerrado (Xylopia aromatica) in Brazil 
(Passos and Oliveira 2002; Christianini and Oliveira 2010) 
and in deciduous forests in Madagascar (Commiphora guil-
laumini) (Böhning-Gaese et al. 1999). Taken together these 
results highlight an overlooked quantitative role of ants in 
the seed dispersal of lipid-rich non-myrmecochorous plants 
in these tropical biomes. The participation of birds and ants 
in subsequent steps of dispersal enables an increase of vir-
tually 100 % in the number of E. ambiguum seeds dispersed 
away compared to the amount attained if only birds partici-
pated. This should decrease dispersal limitation, a common 
constraint for plant recruitment (Clark et  al. 2007). Large 
animals often have more important roles in long-distance 
dispersal than small animals (Jordano et  al. 2007). In our 
system birds are able to deliver seeds at much larger spa-
tial scales than ants. Seed dispersal away from conspecifics 
clearly enhances E. ambiguum seedling survival. The ben-
efits of phase 1 seem to be concentrated in providing seeds 
with a higher chance of escaping from mortality near the 
parental plant and the ability to colonize new sites, as pre-
dicted by Vander Wall and Longland (2004). Ants may be 
more important in short-scale processes that operate within 



516	 Oecologia (2016) 181:507–518

1 3

habitats and populations after seeds reach the ground, such 
as directed dispersal (Wenny 2001).

Although birds and ants provide different treatments to 
the seed, the effect on seed germination was remarkably 
similar because birds and ants truly enhanced the germi-
nation of E. ambiguum compared to controls. The results 
of the experiments could not be explained by the release 
from inhibitors of germination and high osmotic pressure 
in the fruit pulp that would prevent germination (Samuels 
and Levey 2005). Passage through the bird gut may trig-
ger germination after physical or chemical abrasion of the 
seed coat (Traveset et al. 2001), whereas seeds manipulated 
by ants may benefit from a lower risk of pathogen attack 
due to the antibiotic properties of the ant’s cuticular glands 
(Ohkawara and Akino 2005). We do not know if ants are 
able to scarify the seeds of E. ambiguum while removing 
fruit pulp. Anyway, higher and faster germination is likely 
advantageous in that it decreases seed exposure to preda-
tors and pathogens.

The benefits to seedling establishment provided by ants 
are probably not derived from the higher nutrient content 
of the soils in ant nests because there was no difference 
in the macro- and micronutrient content in the soils from 
the ant nests and controls in CBSP (P. H. S. A. Camargo, 
unpublished data). However, large poneromorph ants are 
known to decrease the insect herbivory of seedlings grow-
ing around their nests (Passos and Oliveira 2004), which 
may explain the higher survival of seedlings near ant nests. 
Herbivory is one of the main factors that drives seedling 
mortality worldwide (Moles and Westoby 2004). Nests of 
large-sized poneromorphs last longer than those of smaller 
ants (A. V. Christianini, personal observation), which may 
allow for the long-term protection of seedlings against 
insect herbivores. Beneficial effects on seedling emergence 
and establishment seem to be the usual contribution of 
phase 2 dispersal, as seen in studies in which beetles (Culot 
et al. 2015; Pérez-Ramos et al. 2013), rodents (Vander Wall 
et al. 2005; Vander Wall 2008; Briggs et al. 2009) and ants 
(Passos and Oliveira 2002; Christianini and Oliveira 2010; 
but see Böhning-Gaese et al. 1999) participate in phase 2. 
Therefore, phase 2 would provide a fine-tuned dispersal 
mechanism after the coarse long-distance dispersal in phase 
1, targeting seeds to specific microsites where recruitment 
is more likely to be successful, i.e., directed dispersal (Van-
der Wall and Longland 2004; Briggs et al. 2009; Christian-
ini and Oliveira 2010; Leal et al. 2014).

Birds and ants clearly play complementary roles in the 
successive stages of seed dispersal and plant regeneration 
of E. ambiguum (see also Christianini and Oliveira 2010). 
However, the massive defaunation of vertebrate frugivores 
around the world (Dirzo et al. 2014) suggests that the rela-
tive importance of ants is likely to increase for the regenera-
tion of many plants that share vertebrates and ants as seed 

dispersal vectors (Christianini et  al. 2014). Although ants 
undoubtedly improve the SDE of E. ambiguum, if the plant 
relies only on ants for regeneration, one should expect severe 
decreases in SDE and truncation in seedling regeneration 
toward short distances from parental plants. This would be a 
clear disadvantage compared to a double-step dispersal pro-
cess (diplochory) with birds. However, the role of ants in res-
cuing fallen seeds below parental plants may buffer to some 
extent those diplochorous plants against the negative conse-
quences of decreases of phase 1 seed dispersers.
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