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Abstract Primary seed dispersal by primates (phase I) followed by secondary seed
dispersal by dung beetles (phase II) is a common diplochorous system in tropical
forests. In such systems, phase I affects the occurrence/outcome of phase II, triggering
cascading effects along the chain of plant recruitment with direct consequences on seed
dispersal effectiveness. However, we know very little regarding whether seed dispersal
effectiveness is increased or decreased by phase II and whether this effect is consistent
among habitats. Using a primate–dung beetle diplochorous system, we determined 1)
the characteristics of phase I that may affect phase II; 2) the pathways relating biotic/
abiotic factors to seed/seedling survival; and 3) if the direction and/or magnitude of
phase II effects on seed dispersal effectiveness depend on phase I characteristics. We
marked and characterized the dispersal characteristics of 981 seeds dispersed by two
tamarin species (Saguinus mystax, Leontocebus nigrifrons) and checked the fate of 503
of them for ≥1 year. Seeds dispersed by L. nigrifrons and seeds surrounded by larger
amounts of dung were more likely to be buried by dung beetles. Burial increased seed
survival in secondary forest while low seed density increased germination in both
habitats. Seed burial increased seed dispersal effectiveness more strongly in secondary
(+52.2%) vs. in primary forest (+5.0%), in L. nigrifrons (+12.9%) vs. in S. mystax
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(+7.9%) feces, and in larger fecal portions (+22.1%) vs. in small–medium ones (+7.3–
7.4%). In conclusion, two seed dispersers are more effective than one only in secondary
forest, and the magnitude of increase of seed dispersal effectiveness with phase II
depends on how the seeds are primarily dispersed.

Keywords Context dependence . Primary and secondary dispersal . Seed burial . Seed
survival . Seedling recruitment

Introduction

Natural regeneration of forests is a complex multistaged process that often starts
with primary seed dispersal, which is the initial movement of seeds away from
the parent plant. This first step is followed by a chain of postdispersal events and
processes, such as secondary seed dispersal (subsequent movement of the seeds,
usually to safer sites), seed predation, seed germination, and seedling recruitment
(Balcomb and Chapman 2003; Wang and Smith 2002). Primary seed dispersal
provides the template for these events and processes (Nathan and Muller-Landau
2000). The type of dispersal vector, dispersal distance, habitat of seed deposition,
and seed treatment by the vector are likely to influence the steps following
primary dispersal (Beckman and Rogers 2013; Nathan and Muller-Landau
2000; Traveset et al. 2007). Consequently, seed dispersal effectiveness (SDE,
Schupp 1993; Schupp et al. 2010) can be viewed as the result of a process in
which the primary seed dispersal will determine, directly or indirectly, the final
fate of the seeds in the plant regeneration process, through a series of cascading
effects in which the outcome of one event defines the context for subsequent
events.

Diplochory is defined as the dispersal of seeds by at least two different vectors in
two successive steps (or more) called phase I (primary seed dispersal) and phase II
(secondary seed dispersal by a mechanism different from that of phase I; Chambers and
MacMahon 1994; Vander Wall and Longland 2004). One widespread diplochorous
system in the tropics is phase I through primate defecations followed by phase II by
dung beetles (Shepherd and Chapman 1998; Vander Wall and Longland 2004; Vulinec
2000). Primates disperse large quantities of seeds, from small to large ones (Chapman
1995), and their defecations attract dung beetles likely to move the seeds horizontally
and/or vertically by burying the seeds while building their nests (Andresen and Feer
2005; Culot et al. 2011). In such systems, some characteristics of the defecation pattern,
such as habitat of seed deposition, quantity of fecal matter, time of defecation, or seed
density, likely influence the probability and the outcome of phase II (Andresen 2001;
Andresen and Levey 2004; Beaune et al. 2012; Culot et al. 2009; Santos-Heredia et al.
2010). For instance, seeds dispersed in larger amounts of howler (Alouatta seniculus)
dung are more likely to be buried because they attract a higher abundance and diversity
of dung beetles (Andresen 2001). Seeds dispersed by tamarins (Saguinus mystax and
Leontocebus nigrifrons) in the afternoon are more likely to attract the larger dung
beetles of the nocturnal community, consequently increasing their burial probability
(Culot et al. 2011). The horizontal movement of seeds during phase II dispersal may
reduce the clustering of seedlings (Lawson et al. 2012). Through vertical movement,
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buried seeds may be better protected from predation and in a more suitable environment
for germination, but burial may also hinder germination and seedling emergence if
seeds are buried too deep (Andresen and Levey 2004; Beaune et al. 2012; Shepherd
and Chapman 1998). Although this suggests that phase II dispersal can positively or
negatively affect seed germination, seedling recruitment, and survival, the question of
whether two dispersers are better than one, i.e., whether overall SDE is increased or
decreased with phase II, and whether this is context dependent, has been little examined
so far (Culot et al. 2015).

Given that phase II dispersal can change plant fitness, we need to understand
better which characteristics of phase I dispersal correlate with the occurrence of
phase II dispersal and its specific outcomes. In addition, the outcomes of phase II
may vary with habitat because of differences in secondary seed disperser and seed
predator communities (Culot et al. 2011; Gallegos et al. 2014) and in abiotic factors
(Kupsch et al. 2014). For instance, secondary seed dispersal by ants increased
seedling recruitment in secondary forest, but not in primary forest of the Bolivian
Andes (Gallegos et al. 2014).

Seed dispersal effectiveness is defined by the product of a quantitative and a
qualitative component. The quantitative component is the number of seeds dispersed
while the qualitative component is the probability that a dispersed seed will grow into
an adult plant (or a seedling, depending on the proxy used; Schupp et al. 2010). Several
studies have assessed various aspects of primate seed dispersal effectiveness, but few
have considered phase II events when evaluating the qualitative component (e.g.,
Andresen and Levey 2004; Culot et al. 2015; Lugon et al. 2017). Indeed, the estimation
of the qualitative component of dispersal effectiveness has often been restricted to the
determination of seed dispersal distances and germination success, while other
postdispersal events (secondary dispersal, predation) and seedling recruitment have
received less attention (cf., e.g., Andresen 2001; McConkey and Brockelman 2011;
Razafindratsima and Dunham 2014).

Recently, we proposed a method to quantify the effect of phase II dispersal on SDE
(Culot et al. 2015). This method is an extension of the SDE concept that enables the
formal integration of phase II dispersal when calculating SDE. The extension enables
the determination of how much SDE is increased or decreased by phase II dispersal
based on the quality components of one-phase (Qu1) and two-phase (Qu2) dispersal
and the probability of occurrence of phase II dispersal (Pb2; Culot et al. 2015). The
magnitude and direction of the effect of a phase II dispersal on SDE (SDEchange)
depend on the phase II dispersal probability (Pb2) and the proportional change of
dispersal quality from a one-phase dispersal to a two-phase dispersal ((Qu2 – Qu1)/
Qu1) (Eq. 1; Culot et al. 2015).

SDEchange ¼ Pb2* Qu2−Qu1ð Þ
Qu1

ð1Þ

Using model selection and the foregoing method with a system involving phase I
dispersal by two primate species living in a mixed-species group and phase II by dung
beetles, we aim to understand the causal relationship of the different steps of plant
recruitment and how these steps affect the final SDE at a plant community level. More
specifically, we aim to 1) determine the characteristics of phase I dispersal that affect
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the probability of phase II dispersal (specifically seed burial); 2) determine direct and
indirect effects on seed/seedling survival during the plant recruitment process; and 3)
assess if the direction and/or magnitude of phase II dispersal effects on SDE depend on
the characteristics of phase I and on forest type.

Methods

Study Area

The study took place between 2004 and 2008 at the Estación Biológica Quebrada
Blanco (EBQB) located in northeastern Peru (04°21′S, 73°09′W) on the right bank of
the Quebrada Blanco, an affluent of the Río Tahuayo. The 100-ha study area is
dominated by primary terra firme rain forest on a slightly undulating terrain inter-
spersed with small swampy areas (Encarnación 1985; Heymann 1995). The study area
included the home range of one mixed-species group of tamarins comprising ca. 36 ha
of primary forest and ca. 4 ha of successional forest regenerating from a pasture
abandoned in 2000. More details about the study area can be found in Culot et al.
(2010).

Study System

We studied two primate species living in a mixed-species group: 7–15 tamarins
(Callitrichidae), including 4–10 mustached tamarins (Saguinus mystax), and 3–6
saddleback tamarins (Leontocebus nigrifrons). Both species exploit a high diversity
of fruits (307 species; Culot et al. 2010), but also feed on gums, nectar, invertebrates,
and small vertebrates (Heymann et al. 2000; Nickle and Heymann 1996; Smith 2000).
Since they spend most of their active time in close interspecific association (Heymann
1990; Heymann and Buchanan-Smith 2000), their role in primary seed dispersal can be
evaluated simultaneously. Despite their small size [S. mystax: 380–650 g (Soini and
Soini 1982); L. nigrifrons: 240–440 g (Soini and Coppula 1981)], S. mystax and
L. nigrifrons handle and disperse through defecation the seeds of 166 plant species,
some of which are as large as 2.35 cm in length, in primary and secondary forests
(Culot et al. 2010). They produce small feces with a small amount of fecal matter but
almost always (ca. 95% of fecal samples) containing intact seeds in generally low
density (Knogge and Heymann 2003). Tamarins, being frugivore-insectivores, do not
significantly affect germination success and time (Fuzessy et al. 2016). Dung beetles
are the main secondary seed dispersers in our system: tamarin feces attract a community
of 25 dung beetle species able to bury seeds at a depth ranging from 0.5 to 11 cm (Culot
et al. 2011).

Data Collection

We collected field data during a total of 28 mo (two 2-mo periods and four 6-mo
periods), with each month represented at least twice: June–July 2004, January–Febru-
ary 2005, September 2005–February 2006, June–November 2006, March–August
2007, and December 2007–May 2008 (296 days, 2393 h).
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To record primary seed dispersal events and the location of feeding plants, we
followed one mixed-species group of tamarins for 4 days per week, 3–4 weeks per
month, from early morning (when they left their sleeping sites) until late afternoon
(when they entered a sleeping site). One day per week, we recorded the following
information for each defecation: 1) seed disperser species (Leontocebus nigrifrons or
Saguinus mystax); 2) seed species; 3) time of defecation (divided into five 2-h periods);
4) number of seeds per defecation (categories: 1, 2, 3, >3); 5) amount of fecal matter
(small: fecal matter almost not visible, medium: clear presence of fecal matter and
outlines of the seeds visible, and large: seeds hidden by the quantity of fecal matter); 6)
habitat of seed deposition (primary or secondary forest); and 7) distance to the nearest
conspecific adult plant (<30 m, 30–50 m, 51–100 m, >100 m). We estimated the
distance to the nearest conspecific adult plant by mapping the location of all seed
dispersal events and of all feeding trees used by the tamarins during the 28-mo study
period, which we consider to be a good estimate of the spatial distribution of these adult
plant species in the study area. We marked all intact seeds ≥0.4 cm in length found in
fresh tamarin defecations by attaching a 25-cm white nylon thread ending with a 5-cm
piece of colored and numbered raffia.

To follow seed fate, we checked marked seeds once a week during the first
month, on days 4, 11, 18, and 25 after deposition, then 1 mo after deposition, then
once a month until the end of the study. We used GPS coordinates and a detailed
map of the study site to find the exact location of the initial seed deposition. When
checking marked seeds, we took note of their state (alive or dead—eaten or husk
softened, for example), position in the soil (buried or not), and life stage (seed,
germinated seed [defined by the emergence of radicles], or seedling). We did not
consider the possible effect of horizontal movements of seeds by dung beetles
because its magnitude is negligible in our system (Culot et al. 2009, 2015). We
acknowledge the possible effect of burial depth on seed survival. However, varia-
tion in burial depth is very low in our system (71% of seeds were buried at <3.5 cm;
L. Culot unpubl. data). Therefore, we chose not to include this variable in our
analysis for simplicity.

If seeds were alive and had germinated, we cut the thread to avoid interference with
seedling emergence. If seeds had been buried, we partly dug them up very carefully to
check for germination or predation, and then reburied them at the same depth in the
same position. If a buried seed had germinated, we followed the same procedure as for
the unburied seeds but did not dig it up again in the following check; instead we waited
for seedling emergence. We defined an established seedling as showing leaf-like
cotyledons or first leaves (as the distinction was not always possible) (Andresen
2001). More details on the methodology used to mark the seeds in situ and to follow
their fate can be found in Electronic Supplementary Material (ESM) Appendix S1
(previously published in Culot et al. 2015 and its Appendix 1).

In total, we marked and followed the fate of 981 seeds belonging to ≥105 plant
species (more information on species dispersed can be found in ESM Appendix 2,
previously published in Culot et al. 2010, a study carried out on the same group and at
the same time as the present study) from 606 defecations. As we marked seeds
throughout each study period, the onset and duration of sampling varied between seeds
(a minimum of 11 days and a maximum of 3 yr. and 10 mo). We used different subsets
of these seeds for each analysis.
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Data Analyses

We performed all statistical analyses using R 3.1.1 ( R Development Core Team 2014)
with α level set at 0.05.

Which Characteristics of Phase I Dispersal Affect the Probability of Phase II
Dispersal?

To determine the characteristics of phase I that affect phase II, we examined

1) Effect of the primary disperser on the outcome of phase I: We tested whether
tamarin species differ in their phase I pattern (habitat of seed deposition, distance to
nearest conspecific plant, time of defecation, number of seeds per feces, and
quantity of fecal matter) using χ2 tests with randomization on our almost
complete dataset (N = 797 unambiguously identified seeds for the test on
distance to nearest conspecific, and N = 590 feces for which tamarin species is
known for the test of the other variables) using the coin package (Hothorn et al.
2008).

2) Effect of the outcome of phase I on phase II probability: We tested the effect of
phase I on seed burial probability using our complete dataset and a generalized
linear model (binomial distribution), with the tamarin species, habitat, number of
seeds per feces, quantity of fecal matter, and the time of defecation as predictors.
We tested possible multicollinearity between predictor variables using the HH
package (Heiberger 2017) and considered a threshold of VIF < 5 as recommended
by McNair et al. (2012). As all predictors had VIF < 5, we included all variables in
the model. We used the Akaike information criterion (AIC) to determine the best fit
models (Akaike 1973; Johnson and Omland 2004). We did not consider the
distance from the nearest conspecific adult plant because there is no reason to
predict that it influences dung beetle activity.

Determining Direct and Indirect Effects on Seed/Seedling Survival
During the Plant Recruitment Process

To determine the variables affecting the plant recruitment process, we considered
the steps from the primary dispersal phase to 1-yr seed/seedling survival. We used
time-to-event analyses (also called survival analyses) in which the response
variable is the number of days elapsed until the event occurs (germination,
seedling emergence, death). Time-to-event analyses allow for the use of exact
and censored data. Exact data are those for which we know exactly when the event
occurred (germination, seedling emergence, or death in our case). When we could
not continuouosly checked the seeds (between two field sessions) and the event
occurred during this interval, we estimated the time of the event as the mean
number of days elapsed since the last check before the start of the interval and
considered these data as exact data. Right-censored data are data for which we
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know that the event did not occur within the observation time. We tested the effect
of phase I and phase II (seed burial) on seed germination, seedling emergence, and
seed/seedling survival on a subset of unambiguously identified seeds for which
seed fate was followed for ≥1 yr. (N = 503). We ran Cox proportional hazard
models with feces as frailty factor (i.e., random factor) as suggested by McNair
et al. (2012), using the survival package (Therneau 2014). We used AIC to
determine the best fit models (Akaike 1973; Johnson and Omland 2004). We
considered tamarin species, dispersal habitat, number of seeds per feces, quantity
of fecal matter, time of defecation, distance to the nearest conspecific, seed burial,
and the interaction between habitat and seed burial as fixed factors with germi-
nation as response variable. When our response variable was seedling emergence
or seed/seedling survival, we added germination as a fixed effect; when our
response variable was seed/seedling survival, we added germination and seedling
survival as fixed effects. We considered only the interaction of factors that we
judged to have biological relevance. We tested possible multicollinearity between
predictor variables using the HH package (Heiberger 2017) and considered a
threshold of VIF < 5 as McNair et al. (2012) recommended. As all predictors
had VIF < 5, we included all variables in the model.

Assessing How Strongly Phase II Dispersal Affects SDE in Different Primary
Dispersal Contexts

We used the phase II effect landscape to visualize the changes of SDE with seed
burial according to different primary dispersal contexts (for more details about this
method see Culot et al. 2015). The magnitude and direction of the effect of phase II
dispersal on SDE depends on the phase II probability (Pb2) and the proportional
change of dispersal quality from one-phase dispersal to two-phase dispersal ((Qu2 –
Qu1)/Qu1; Culot et al. 2015). Our measure of phase II is the occurrence of seed
burial (Pb2), while Pb1 is the proportion of seeds not buried after 4 days (Culot et al.
2015). We defined the quality component when the seeds are not buried (Qu1) or
buried (Qu2) as the seed/seedling survival probabilities. To compare seed/seedling
survival of all species at the same life stage, we considered the survival of seeds and
seedlings within 1 mo after the last observed seedling emergence of each species.
How much SDE of one-phase dispersal changes compared to dispersal in two phases
is given by multiplying the two components of the phase II effect landscape and
multiplying this result by 100 to obtain the percentage of increase or decrease of
SDE, the quantity of seeds primarily dispersed remaining constant (Culot et al.
2015). Using this approach, we built the phase II effect landscape for the plant
community in different primary dispersal contexts shown to significantly influence
seed burial probability. We visualized which phase I characteristics increased SDE
through enhancing seed burial probability, as well as the magnitude of the increase.
We used the same subset of seeds as for the time-to-event analysis (N = 503).

Data Availability The datasets during and/or analyzed during the current study are
available from the corresponding author on reasonable request.
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Ethical Note

We conducted this research under permit from the Instituto Nacional de Recursos
Naturales (INRENA, Peru; authorizations 011–2005-INRENA-IFFS-DCB, 071–
2005- INRENA-IFFS-DCB, 059–2006-INRENA-IFFS-DCB, and 114–2007-
INRENA-IFFS-DCB). We declare no conflict of interest.

Results

Which Characteristics of Phase I Dispersal Affect the Probability of Phase II
Dispersal?

Effect of the Primary Disperser on the Outcome of Phase I The comparison of the
defecation pattern of Leontocebus nigrifrons and Saguinus mystax showed that the two
tamarin species differed in the number of seeds per feces (N = 590, χ2 = 15.39, df = 3,
P = 0.001) and in the quantity of fecal matter produced (N = 590, χ2 = 25.69, df = 2,
P = 0.000003). S. mystax produced more feces with one seed and more than three seeds
and produced a higher proportion of feces with a small quantity of fecal matter than
L. nigrifrons. The habitat of seed deposition and the time of defecation did not
significantly differ between species (habitat: N = 590, χ2 = 2.64, df = 1, P = 0.104;
time of defecation: N = 590, χ2 = 7.77, df = 4, P = 0.100) (Fig. 1).

Fig. 1 Characteristics of phase I dispersal by tamarins, Saguinus mystax and Leontocebus nigrifrons, in the
Estación Biológica Quebrada Blanco (Peru) in 2004–2008. Percentage of feces (N = 590) a with one, two,
three, and more than three seeds; b with small, medium, and large quantity of fecal matter; c defecated in
primary and secondary forests; and d defecated between 06:00 and 08:00 h, 08:00 and 10:00 h, 10:00 and
12:00 h, 12:00 and 14:00 h, and 14:00 and 16:00 h. Asterisks show significant differences (P < 0.05) between
L. nigrifrons and S. mystax (see Data Analyses).
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Effect of the Outcome of Phase I on Phase II Probability Two equally plausible best
fitted models explained seed burial probability. The first and simplest one contained
tamarin species, quantity of fecal matter, and number of seeds per feces as explanatory
(and significant) variables (Table I). Seeds dispersed by Leontocebus nigrifrons were
more likely to be buried by dung beetles than seeds dispersed by Saguinus mystax.
Seeds dispersed in a large quantity of fecal matter were more likely to be buried than
seeds dispersed in medium or small quantities of fecal matter. When only two seeds
were dispersed in one feces, they were significantly more likely to be buried than seeds
dispersed singly, or with more seeds (Fig. 2).

Determining Direct and Indirect Effects on Seed/Seedling Survival
During the Plant Recruitment Process

Overall, 22% (112/503) of seeds survived for ≥1 yr., either as seed (12%) or as seedling
(88%). Of the 391 seeds/seedlings that did not survive, 81% (317/391) died in the seed
stage, 8% (32/391) shortly after germination and 11% (42/391) at the seedling stage.
Most mortality (52%) occurred within the first month after dispersal. Causes of seed
mortality were predation by vertebrates or invertebrates in 80% of cases (278/349),
followed by fungus or parasites (13%, 44/349) and destruction by tree and branch fall
(8%, 27/349). Causes of seedling mortality were desiccation or herbivory in 93% of
cases (39/42) followed by destruction by tree fall (7%, 3/42).

Seed germination was best explained by the model without tamarins (Table II). Only
habitat and number of seeds per feces exerted a significant effect on seed germination
(ESM Appendix 3): seeds dispersed in primary forest and in feces with more than three
seeds were less likely to germinate than seeds dispersed in secondary forest (P =
0.0001) and in feces with a lower density of seeds (feces with one vs. more than three
seeds: P = 0.01, feces with two seeds vs. more than three seeds, P = 0.04, and feces with
three seeds vs. more than three seeds: P < 0.049) (Fig. 3a, b).

Table I AIC-based model selection based on generalized linear model analyses with a set of candidate
models for predicting seed burial probability considering tamarin species (Saguinus mystax and Leontocebus
nigrifrons), quantity of fecal matter, number of seeds per feces, habitat of seed deposition, and time of
defecation (td) as explanatory variables (N = 956) in the Estación Biológica Quebrada Blanco (Peru) in 2004–
2008

Model rank Model AIC ΔAIC AICw

1 Tamarin + number of seeds + quantity of fecal matter 1020.6 0 0.61

2 Tamarin + number of seeds + quantity of fecal matter + habitat 1022.2 1.6 0.26

3 Tamarin + number of seeds 1024.0 3.4 0.11

4 Tamarin + number of seeds + quantity of fecal matter + time of
defecation

1028.0 7.4 0.01

5 Tamarin + number of seeds + quantity of fecal matter + habitat +
time of defecation

1029.7 9.1 0.01

The models are ranked from best to worst fit according to the ΔAIC and AIC weights (AICw) are shown.
Only the five best models are shown. Models with ΔAIC <2 are equally plausible. Variables with significant
effect (P < 0.05) in the models are in bold type
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Seedling emergence was best explained by the model without the number of seeds
(Table II). Tamarin species, habitat, and time of defecation had significant effects on
seedling emergence (ESM Appendix 3): seeds dispersed by Leontocebus nigrifrons
(P = 0.003), in secondary forest (P = 0.01), very early in the morning (before 08:00 h)
(P = 0.017), or in the afternoon (P = 0.02 and P = 0.0009) were more likely to emerge
as seedlings than seeds dispersed by Saguinus mystax (Fig. 3c), in the primary forest
(Fig. 3d) or later in the morning.

Seed/seedling survival was best explained by the model containing all the explan-
atory variables (Table II). However, only seed burial and the interaction between habitat
and seed burial had a significant effect on seed/seedling survival (ESM Appendix 3).
Seeds that had been buried by dung beetles were more likely to survive than seeds not
buried (Fig. 3e) but the interaction term showed that this effect was significant only in
secondary forest (P = 0.001) (Fig. 3f).

Assessing How Strongly Phase II Dispersal Affects SDE in Different
Primary Dispersal Contexts

Given our previous results we built the phase II effect landscape according to 1)
the tamarin species, 2) the quantity of fecal matter, and 3) the habitat. SDE
increased by 12.9% with phase II when seeds were dispersed primarily by
Leontocebus nigrifrons and by 7.9% when dispersed primarily by Saguinus
mystax. Most of the difference was explained by differences in seed burial
probability (0.25 vs. 0.19; Fig. 4a). Seeds dispersed in small amounts of fecal

�Fig. 2 Seed burial probability according to the characteristics of phase I dispersal in the Estación Biológica
Quebrada Blanco (Peru) in 2004–2008. Percentage of seeds buried (N = 956) according to a the tamarin
species (Leontocebus nigrifrons and Saguinus mystax), b the quantity of fecal matter, and c the number of
seeds per feces. Asterisks show significant differences (*P < 0.05, **P < 0.01, ***P < 0.001)

Table II Best fit models of the effects of the characteristics of phase I dispersal by Saguinus mystax and
Leontocebus nigrifrons and seed burial by dung beetles on seed germination, seedling emergence, and
seed/seedling survival in the Estación Biológica Quebrada Blanco (Peru) in 2004–2008

Response variable Model AIC

Seed germination Quantity of fecal matter + habitat + number of seeds + time of defecation
+ distance + seed burial + habitat:seed burial

1690.1

Seedling emergence Tamarin + quantity of fecal matter + habitat + time of defecation
+ distance + seed burial + habitat:seed burial

1354.3

Seed/seedling survival Tamarin + quantity of fecal matter + habitat + number of seeds
+ time of defecation + distance + seed burial + habitat:seed burial

4235.1

The models are based on the Cox proportional hazard models analyses with feces as a frailty factor (N = 503).
Explanatory variables in our models were tamarin species, quantity of fecal matter, number of seeds per feces,
habitat of seed deposition, time of defecation, distance to the nearest conspecific adult plant, seed burial, and
the interaction between habitat and seed burial. Only the most plausible models are presented here. Variables
with significant effect in the models are in bold type

R
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matter were less likely to be buried than seeds in medium or large quantity of
fecal matter. In addition, the proportional change of dispersal quality with phase
II dispersal was stronger for seeds dispersed in large quantity of fecal matter than
in medium and small quantities. This difference explained the larger increase of
SDE with phase II for seeds in large (+22.1%) than in medium (+7.4%) or small
(+7.3%) quantities of fecal matter (Fig. 4b). Seed burial increased SDE in
primary and secondary forests but the effect was much stronger in secondary
forest (+52.2%) than in primary forest (+5.0%) owing to the higher proportional
change of seed dispersal quality. The probability of seed burial was very similar
in both habitats (primary forest: 0.21, secondary forest: 0.23; Fig. 4c).

Fig. 3 Kaplan–Meier curves showing the effects of the characteristics of phase I dispersal by Saguinus mystax
and Leontocebus nigrifrons and seed burial by dung beetles on seed germination, seedling emergence, and
seed/seedling survival in the Estación Biológica Quebrada Blanco (Peru) in 2004–2008. The Kaplan–Meier
estimates of survivor functions show the probability of 1) not germinating according to a the habitat of seed
deposition (primary forest: N = 456, secondary forest: N = 47) and b the number of seeds per feces (1 seed:
N = 200, 2 seeds: N = 129, 3 seeds: N = 77, >3 seeds: N = 97); 2) not emerging as a seedling according to c the
tamarin species (L. nigrifrons: N = 202, S. mystax: N = 301) and d habitat (primary forest: N = 456, secondary
forest: N = 47); and 3) seed/seedling survival according to e seed burial (seeds buried: N = 108, seeds not
buried: N = 395) and f seed burial in primary and secondary forest (seeds not buried vs. buried in primary
forest: N = 359 vs. N = 97 and in secondary forest: N = 36 vs. N = 11) for an observation time of 1 yr. Censored
data are denoted by crosses. Asterisks indicate which curve is significantly different from all others (see Data
Analyses).
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Discussion

We found that the characteristics of primate defecation affect seed fate both directly, by
affecting seed germination, seedling emergence, and seed/seedling survival, and indi-
rectly, by affecting seed burial probability by dung beetles. Our study showed that, at a
community level, two dispersers were better than one in secondary forest, but not in
primary forest, matching results for secondary seed dispersal by ants in the Bolivian
Andes (Gallegos et al. 2014). Seed burial by dung beetles directly enhanced
seed/seedling survival in secondary forest, increasing SDE much more markedly than
in primary forest.

We compared two primary disperser species of similar size and diet (Culot et al.
2010; Peres 1993), which enables the comparison of the seed fate of the same plant
community when dispersed by two frugivore species. The significant direct effect of
tamarin species on seed burial reflects their differences in defecation pattern:
Leontocebus nigrifrons dispersed seeds in large amounts of fecal matter more often
than Saguinus mystax, consequently increasing seed burial probability and allowing a
gretear increase in SDE with seed burial compared to seeds dispersed by S. mystax
(12.9 vs. 7.9%). Unmeasured characteristics of phase I dispersal linked to the tamarin
species, such as the stronger odor of L. nigrifrons’ feces, for example (L. Culot pers.
obs.), could also have influenced attractiveness to dung beetles and thus seed burial
probability. Many studies have shown that increasing the amount of dung increases
seed burial probability by dung beetles (Andresen 2001; Andresen and Levey 2004;
Culot et al. 2009, 2011; Errouissi et al. 2004; Santos-Heredia et al. 2010). Here, we
show that even small differences in defecation patterns, such as a small variation in the
amount of fecal matter, can increase seed burial probability and therefore modify seed
fate. The increase in SDE of seeds dispersed in large amounts of fecal matter was
caused by the higher proportional change of dispersal quality compared to seeds
dispersed in smaller amounts of fecal matter. This might be due to the larger supply
of nutrients provided by larger amounts of dung, possibly enhancing seedling emer-
gence (Traveset et al. 2001), and therefore also seed/seedling survival. We hypothesize
that fecal matter remains longer around buried than unburied seeds exposed to desic-
cation and rainfall, and that this would enable buried seeds to benefit more than
unburied seeds from the nutrients provided by the feces for seedling emergence. This
hypothesis needs to be tested.

Other factors linked to the defecation pattern indirectly influenced seedling survival
through germination and/or seedling emergence. Low density of seeds (one to three
seeds) deposited in primary forest increased germination probability. Single-seed
defecation is a very frequent event in tamarins, and the majority of their feces (ca.
75%–85%) contain only one or two seeds (Knogge and Heymann 2003). Single seeds
are typically defecated by small frugivores (Knogge and Heymann 2003), regurgitated
by birds (Stiles 2000), or spat out by cheek-pouched primates (Gross-Camp and Kaplin
2011). Our results corroborate those of previous studies showing that seeds spat or
defecated singly experience higher seedling establishment rate than clumped seeds
(Balcomb and Chapman 2003; Gross-Camp and Kaplin 2011) and stress the impor-
tance of small frugivores that are able to disperse large seeds, for forest regeneration.
Here again, small differences in the number of seeds defecated together can have a
significant effect on seed fate.
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We found that seed burial by dung beetles significantly increased seed/seedling
survival in secondary forest (SDE increased by 52%), but not in primary forest (SDE
increased by 5%). The secondary forest at the study site was relatively young at the
time of our field work (4–8 yr), with a much lower canopy height (mean ± SD: 18.1 ±
2.7 m in 2011; Kupsch et al. 2014) compared to the primary forest (24.5 ± 3.1 m;
Kupsch et al. 2014), likely resulting in a drier environment (Heymann et al. 2014;
Kupsch et al. 2014). The risk of desiccation might have been a limiting factor for
seed/seedling survival in secondary forest and seed burial could have reduced this risk.

The effect of seed burial varies between plant species both in direction and magni-
tude (Culot et al. 2015). Whereas some species require light exposure to germinate,
others show germination capacity at greater soil depth or suffer from light inhibition on
the soil surface (Pons 2000). In addition to differences in light sensitivity, seed size
(Foster and Janson 1985; Leishman et al. 2000) and functional morphology of seed-
lings (Kitajima and Fenner 2000) can be responsible for species-specific responses to
seed burial (Andresen and Feer 2005). It would be interesting to test the responses of
different plant species along the chain of seed dispersal and postdispersal events.
Unfortunately, the diversity of seeds dispersed by our two study tamarin species was
so high that it was not possible to select a subsample of plant species with a sufficient
number of seeds to test this. However, the study at a community level reveals some
general patterns. We found that seed burial has a positive effect on seed/seedling
survival but that this effect is much stronger in secondary than in primary forest. Our
study showed that a small quantity of seeds and a large amount of dung increased SDE
in primary and secondary forests through distinct ways. In both habitats, a small
number of seeds enabled better germination, and consequently may have increased
survival through the reduction of competition. In secondary forest, a larger quantity of
fecal matter enhanced seed burial that directly increased survival.

Our finding that phases I and II make differential contributions to plant survival
leads to the question of whether and how much plants can influence the outcome of
phase II and thus whether this may influence the evolution of diplochorous seed
dispersal systems. Fruit and seed traits affect handling by primary dispersers
(Dowsett-Lemaire 1988; Gautier-Hion et al. 1985; Gross-Camp and Kaplin 2011;
Levey 1987; Stevenson 2011). Secondary dispersers such as dung beetles are influ-
enced by seed traits like size (Andresen and Feer 2005; Shepherd and Chapman 1998)
and shape (Culot et al. 2011) but are also apparently influenced by qualitative and
quantitative characteristics of faeces containing the seeds (Andresen 2001; Hanski and
Cambefort 1991). Seed size selection by primates and dung beetles should occur in the
same direction because smaller seeds are both easier to swallow and to incorporate into
dung balls. In contrast, the selection of seed shape might occur in opposite directions:

�Fig. 4 Phase II effect landscape for the plant community dispersed by Saguinus mystax and Leontocebus
nigrifrons between 2004 and 2008 at the Estación Biológica Quebrada Blanco (Peru) according to different
dispersal contexts: a the tamarin species, b the quantity of fecal matter, and c the habitat. Changes in SDE due
to seed burial are obtained by multiplying the probability of seed burial (Pb2) by the proportional change of
seed/seedling survival with a phase II dispersal ((Qu2 - Qu1)/Qu1). Isoclines represent all combinations of x-
and y-axes values that yield the same change of SDE with a phase II dispersal. Values assigned to isoclines are
the changes of SDE multiplied by 100 in order to obtain percentages of increase or decrease of SDE. More
details about the method can be found in Culot et al. (2015).

R
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more elongated seeds are easier to swallow (Chapman and Russo 2006) while more
spherical seeds are more likely to be incorporated into dung balls (Culot et al. 2011). To
test whether plants can influence phase II dispersal, we would need to test whether fruit
and seed traits and dispersal outcomes vary with the communities of primary and
secondary seed dispersers. This is a challenging task, particularly as the effect size
might be extremely small, but over the life time of a plant with eventually millions to
billions of seeds produced be sufficiently large to provide a fitness benefit.

In conclusion, our study highlights the necessity of considering the postdispersal fate
of seeds dispersed by primates to understand better their role in this important ecolog-
ical process. It is well known that primates disperse large number of seeds of a high
diversity of plants and in different habitats, but we still need data on the chain of
postdispersal events to assess their effectiveness. Data on postdispersal seed fate would
also enable the more accurate determination of the effects of local primate extinctions
on future plant vegetation (Culot et al. 2017) and a better understanding of ecosystem
functioning as a whole.
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