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Summary

1. Seed dispersal effectiveness (SDE) is a conceptual framework that aims at quantifying the contribution of seed
dispersal vectors to plant fitness. While it is well recognized that diplochorous dispersal systems, characterized by
two successive dispersal steps performed by two different vectors (Phase I = primary seed dispersal and Phase
II = secondary seed dispersal) which are common in temperate and tropical regions, little attention has been
given to distinguishing the relative contribution of one-phase and two-phase dispersal to overall SDE. This con-
ceptual gap probably results from the lack of a clear methodology to include Phase II dispersal into the calcula-
tion of SDE and to quantify its relative contribution.

2. We propose a method to evaluate the relative contribution of one-phase and two-phase dispersal to SDE and
determine whether two seed dispersers are better than one. To do so, we used the SDE landscape and an exten-
sion of the SDE landscape, the Phase II effect landscape, which measures the direction and magnitude of the
Phase II dispersal effect on overall SDE. We used simulated and empirical data from a diplochorous dispersal
system in the Peruvian Amazon to illustrate this new approach.

3. Our approach provides the relative contribution of one-phase SDE (SDE1) and two-phase SDE (SDE2) to
overall SDE and quantifies how much SDE changes with the addition of Phase II dispersal. Considering that the
seed dispersal process is context dependent so that Phase II depends on Phase I, we predict the possible range of
variation of SDE according to the variation of the probability of Phase II dispersal. In our specific study system
composed of two primate species as primary dispersal vectors and different species of dung beetles as secondary
dispersal vectors, the relative contribution of SDEI and SDE2 to overall SDE varied between plant species. We
discuss the context dependency of the Phase II dispersal and the potential applications of our approach.

4. This extension to the conceptual framework of SDE enables quantitative evaluation of the effect of Phase II
dispersal on plant fitness and can be easily adapted to other biotic and/or abiotic diplochorous dispersal systems.

Key-words: diplochory, primary seed dispersal, secondary seed dispersal, seed dispersal effective-
ness, seed burial, seed survival

Introduction

Seed dispersal effectiveness (SDE) is a conceptual framework
that aims at quantifying the contributions of seed dispersal vec-
tors to plant fitness. SDE is estimated by multiplying a quan-
tity component (number of seeds dispersed) by a quality
component (probability of a dispersed seed becoming a mature
tree), but other variables such as seedling recruitment or sur-
vival are generally used as proxies (Schupp 1993; Schupp,
Jordano & Gomez 2010). The SDE definition implies consider-
ing the whole multi-staged process of plant regeneration, from
seed dispersal to seedling recruitment, growth and survival.
That is one of the reasons why the authors of a conceptual
review of SDE preferred to rename SDE as ‘seed dispersal
effectiveness’ (Schupp, Jordano & Gémez 2010) instead of the
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previously proposed term ‘seed disperser effectiveness’ (Schu-
pp 1993). While the latter emphasizes the effects of distinct vec-
tors on plant recruitment and still is of course a valid concept,
the former highlights the possibility to assess the overall dis-
persal effectiveness that a plant experiences from multiple dis-
persers (Schupp, Jordano & Gémez 2010) and provides scope
for many more applications.

Indeed, the seed dispersal process rarely involves a single
dispersal vector and also rarely results from a single step.
Diplochory is increasingly recognized as a common seed
dispersal process in temperate and tropical regions (Vander
Wall & Longland 2004). It is defined as the dispersal of
seeds by two different dispersal vectors in two successive
steps called Phase I and Phase II (Fig. 1la; Vander Wall &
Longland 2004) but also accommodates cases of dispersal
in more than two steps. Phase I (primary dispersal) contrib-
utes to the movement of seeds away from the parent plant,
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represented in blue) and SDE2; (SDE resulting
from a two-phase dispersal, path 2 represented
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while Phase II (secondary dispersal) is usually defined as
the additional horizontal or vertical movement of seeds to
another site (Vander Wall & Longland 2004). Previous
studies showed that the actions of secondary seed dispersers
such as ants (Passos & Oliveira 2002; Pizo, Passos & Olive-
ira 2005; Gallegos, Hensen & Schleuning 2014), dung bee-
tles (Feer 1999; Andresen & Feer 2005; Beaune ez al. 2012)
or scatter-hoarding rodents (Forget et al. 2002; Jansen et al.
2012; Pérez-Ramos et al. 2013) can positively or negatively
affect seed germination, seedling recruitment and survival.
The horizontal movement of seeds may reduce the cluster-
ing of seedlings (Lawson, Mann & Lewis 2012), and seed
burial may better protect seeds from predation, but may
also hinder seedling emergence when burial is too deep
(Shepherd & Chapman 1998; Forget et al. 2002; Andresen
& Levey 2004; Beaune et al. 2012).

While the SDE concept is increasingly used to compare the
effectiveness of different seed dispersal vectors or to assess the
SDE resulting from multiple dispersers (e.g. Wenny & Levey

|
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SDE; = SDE1, + SDE2;

SDE; = Qt; * Qu;
with Qu; = Pb1; * Qul; + Pb2; * Qu2;

SDE = Y% _ , SDE;

1998; Martins 2006; Spiegel & Nathan 2007; Calvino-Cancela
& Martin-Herrero 2009; Pérez-Ramos et al. 2013), little
attention has been given to distinguish the relative contribu-
tion of Phase I and Phase II to overall SDE (but see Bohning-
Gaese, Gaese & Rabemanantsoa 1999; Roth & Wall 2005;
Christianini & Oliveira 2010; Ruiz et al. 2010). This might be
due to the fact that the SDE conceptual framework does nei-
ther formally explain how to include Phase II dispersal into
the calculation of SDE nor provide a way to quantify its con-
tribution, a gap that we propose to fill in this paper. One
essential step to include Phase II into the calculation of SDE
is to consider the chain of events of the dispersal process,
Phase II being dependent on Phase I. This means that, to
determine the relative contribution of one-phase and two-
phase dispersal to overall SDE, we should compare the effec-
tiveness of one-phase dispersal (SDE1) to the effectiveness of
two-phase dispersal (SDE2) (Fig. 1). To do that, we can use
the SDE landscape proposed by Schupp, Jordano & Goémez
(2010). This SDE landscape consists of a two-dimensional
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space where x and y axes represent the quantity and quality
components of SDE, respectively, and where elevational con-
tours represent isoclines of effectiveness. This landscape
enables visualization of the variation of SDE according to dif-
ferent dispersal contexts (e.g. different seed dispersers or dif-
ferent years). In many dispersal systems, some seeds are only
dispersed through Phase I dispersal and their SDE is repre-
sented by SDE1, while other seeds are both primarily and sec-
ondarily dispersed and their SDE is represented by SDE2.
Here, we suggest comparing SDE1 to SDE2. Using this
framework, it will be possible to visualize how many seeds
benefit from dispersal in one phase and dispersal in two
phases as well as the quality of both processes. This enables
partitioning of the relative contribution of SDE1 and SDE2
to overall SDE, SDE being equal to SDE1 + SDE2 (Fig. 1b).

It is largely recognized that the seed dispersal process is con-
text dependent (Balcomb & Chapman 2003; Schupp 2007;
Loayza, Loiselle & Rios 2011; Perea et al. 2013). Phase 11 is no
exception to the rule since the probability of its occurrence
(Pb2, Fig. 1b) is partly determined by the characteristics of
Phase I such as the habitat of seed deposition or the presence
of faecal matter (Fig. 1; Andresen 2002; Culot et al. 2011).
These characteristics thus constitute the context in which Phase
1T occurs. Therefore, it is interesting to visualize how SDE var-
ies according to Pb2 (0 < Pb2 < 1) and link this variation to
the characteristics of Phase I.

A final step to determine how much better (or worse) two
seed dispersers are compared to one is the evaluation of the
magnitude of change of SDE following the addition of Phase
II dispersal. To do that, we suggest an extension of the SDE
landscape, the Phase II effect landscape. We show that the
direction and magnitude of the effect of Phase II dispersal
depends on both the proportional change of dispersal quality
from one-phase to two-phase dispersal and on the probability
of secondary seed dispersal.

In this paper, we propose a method to (i) integrate the
secondary dispersal phase when calculating SDE values, (ii)
partition the relative contribution of one-phase and two-
phase dispersal to SDE, (iii) determine the range of varia-
tion of SDE according to the frequency of Phase II dis-
persal and (iv) graphically represent the direction and
magnitude of the effect of Phase II dispersal on SDE. To
illustrate this new approach, we use simulated and empirical
data from a diplochorous dispersal system in the Peruvian
Amazon involving two primate species as primary dispersers
and dung beetles as secondary dispersers. We hope to
encourage researchers to apply this new approach to other
diplochorous dispersal systems.

Methods

STUDY AREAAND SYSTEM

The study took place at the Estacion Biologica Quebrada Blanco
(EBQB) located in north-eastern Peru (04°21’S, 73°09'W). Our
study area consisted of the home range of one mixed-species group
of tamarins (see below) comprising ¢. 36 ha of primary forest and

¢. 4 ha of an abandoned pasture, regenerating since 2000. More
information about the study area can be found in Culot et al.
(2010). Field data were collected during a total of 28 months (two
2-month periods and four 6-month periods), with each month rep-
resented at least twice: June—July 2004, January—February 2005,
September 2005-February 2006, June-November 2006, March—
August 2007 and December 2007-May 2008.

We studied a mixed-species group (Heymann & Buchanan-Smith
2000) composed of 4-10 moustached tamarins, Saguinus mystax Spix,
and 3-6 saddleback tamarins, Saguinus nigrifrons Geoffroy' . Details
on their ecology can be found elsewhere (e.g. Garber 1993; Peres 1993;
Nickle & Heymann 1996; Heymann, Knogge & Tirado Herrera 2000).
Both species disperse the seeds of a large number of plant species
(Knogge & Heymann 2003; Culot et al. 2010). Dung beetles are the
main secondary seed dispersers in our study system. Tamarin faeces
attract a community of 25 dung beetle species able to bury seeds at a
depth ranging from 0-5to 11 cm (Culot ez al. 2011).

DATACOLLECTION

In order to register the primary seed dispersal events, we followed the
mixed-species group 4 days per week, 3-4 weeks per month, from early
morning (When they left a sleeping site) until late afternoon (when they
entered a sleeping site). One day per week, we characterized all
observed defecations by their seed disperser (S. nigrifrons or S. mys-
tax) and the seed species they contained. We marked all seeds >0-4 cm
length found in fresh tamarin defecations, which represents more than
85% of species consumed (Knogge 1998). We marked the seeds in situ
by attaching a 25-cm white nylon thread ending with a 5-cm piece of
coloured and numbered raffia. More details on the methodology used
to follow seed fate in the field can be found in Appendix S1. In total, we
marked 981 seeds belonging to at least 105 plant species in 606 defeca-
tions. For the present analysis, we used a subset of 267 seeds belonging
to five plant species with the largest sample size (more than 20 seeds
marked) that had been regularly checked for at least 1 year: Buchenavia
viridiflora Ducke (Combretaceae, N = 58), Byrsonima poeppigiana A.
Juss. (Malpighiaceae, N = 79), Inga loretana J. F. Macbr. (Fabaceae,
N = 81), Parkia panurensis Benth ex H. C. Hopkins (Fabaceae,
N = 23) and Paullinia sp. L. (Sapindaceae, N = 26). We only used the
occurrence of seed burial (vertical movement) as measure of secondary
seed dispersal. We did not consider the seeds’ possible horizontal move-
ments for the following reasons: (i) seed density in tamarin faeces is low
(Knogge & Heymann 2003), and therefore, the clumping of seeds is
unlikely to limit recruitment, and (ii) horizontal movements of seeds by
dung beetles are usually short in our system (Culot ez al. 2009). We thus
assume that in our system the main possible effect of dung beetle activ-
ity on seed/seedling survival is through seed burial. We checked marked
seeds after 4 days to determine the proportion of seeds without second-
ary dispersal (Pbl) and with secondary dispersal (Pb2, see Fig. 1b).
Then, we checked the seeds once a month for at least 1 year to
determine the seedling emergence time of each species and seed/seedling
survival. In order to compare the dispersal quality of all species at the
same life stage, we considered, as our quality component, the survival
of seeds and seedlings within 1 month after the last observed seedling
emergence of each species (quality component Qul and Qu2 corre-
sponding to the quality of dispersal in one phase and two phases,
respectively, Fig. 1b). The seeds that did not emerge as seedlings but
were still alive within this period were considered successful events since

"Previously Saguinus fuscicollis nigrifrons (see Matauschek, Roos &
Heymann 2011) for the taxonomic change.

© 2014 The Authors. Methods in Ecology and Evolution © 2014 British Ecological Society, Methods in Ecology and Evolution, 6, 178-186



they can still germinate. We are aware that our measure of seed
dispersal quality has some limitations since we did not control for the
effect of the microhabitat of seed deposition on seed/seedling mortality
or on Phase Il probabilities. However, we consider that these
limitations do not affect the main conclusions of this paper nor its
methodological considerations.

DATA ANALYSES

We performed the analyses and made all figures using R 2.15.2 software
(R Development Core Team 2014). We evaluated SDE through the
estimation of the quantity and quality components (Fig. 1).

Relative contribution of one-phase and two-phase dispersal
to SDE

The integration of Phase II in the calculation of SDE and the parti-
tioning of SDE into one-phase (SDEI1) and two-phase dispersal
(SDE2) was made according to Fig. 1b. The quantity component (Qt)
is the sum of the extrapolated number of seeds dispersed by each pri-
mary seed disperser i per year. We estimated the number of seeds by
multiplying the number of seeds defecated per day by the total num-
ber of fruiting days of each plant species comprised within the period
of consumption by the tamarins. We then subdivided the quantity of
seeds dispersed by each primary disperser (Qt;) into Qtl; and Qt2;
according to the dispersal probability of seeds in one (Pbl;) or two
phases (Pb2,) so that: Qtl; = Qt; * Pbl; and Qt2; = Qt; * Pb2; and
Pbl; + Pb2; = 1. We defined the quality component as the probability
that seeds survive as a seed or a seedling within 1 month after the last
observed seedling emergence when the seeds are dispersed in one
phase (Qul;) or two phases (Qu2;). Therefore, the overall quality com-
ponent (Qu,) is equal to Pbl; * Qul; + Pb2; * Qu2,. The relative con-
tribution of one-phase dispersal to SDE; is the dispersal effectiveness
of seeds dispersed in only one phase (SDE1; = Qtl; * Qul;), while the
contribution of two-phase dispersal to SDE; is the dispersal effective-
ness of seeds dispersed in two phases (SDE2; = Qt2; * Qu2)
(Fig. 1b). SDE; is thus the sum of SDEI; and SDE2;. The overall
SDE is therefore the sum of all SDE; (Fig. 1b). We calculated SDE;
and all its components for both tamarin species. Then, for all other
analyses, we pooled the data of both species together since we were
interested in the mixed-species group as dispersal vector. In this man-
ner, we represented the relative contribution of SDEI and SDE2 to
overall SDE for five plant species in the SDE landscape.

Although not illustrated by our results, our approach can also han-
dle with systems involving successive secondary dispersal events such
as the multiple recaching of seeds by scatter-hoarding rodents. To do
that, one can partition Pb2 according to the number of seed re-caching
(Pb2R(y), with y the number of times the seeds were recached so that
Pb2 = 37" Pb2R(y) with n the maximum number of times the seeds
were recaéhed) and associate a quality component, Qu2R(y), for each
onf these cases. Therefore, SDE2; can be partitioned into
>~ Qt; * Pb2R(p) * Qu2R(y).

y=0
Potential range of variation of SDE according to Phase I/
probability

In order to represent the potential range of variation of SDE values due
to the frequency of Phase II, we plotted the observed SDE together
with eSDE1 and eSDE2 (Fig. 1a). SDE corresponds to the SDE value
in the context of our study (Pb2 measured in the field) in which the
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quality component Qu is equal to Pbl * Qul + Pb2 * Qu2.eSDEIl is
the expected SDE under the assumption that 0% of seeds are secondar-
ily dispersed (Pb2 = 0), that is when all seeds are only dispersed in one-
phase (Pbl = 1, Fig. 1b). Likewise, eSDE2 is the expected SDE under
the assumption that 100% of seeds are secondarily dispersed (Pb2 = 1),
that is when all seeds are dispersed in two phases (Pbl = 0). In other
words, eSDEI corresponds to the SDEI path of Fig. 1b but consider-
ing Pbl = 1, while eSDE2 corresponds to the SDE2 path of Fig. 1b
considering Pb2 = 1. The value of SDE can thus theoretically vary
between eSDE1 and eSDE2. It is important to note that the overall
quantitative component remains constant since it is initially defined by
the primary seed dispersal phase: only a proportion of primarily dis-
persed seeds (varying from 0 to 1) will be secondarily dispersed.

The Phase Il effect landscape: determining the direction and
magnitude of the effect of Phase Il on SDE

We built an extension of the SDE landscape, the Phase II effect land-
scape, to determine the direction and magnitude of Phase II dispersal
on SDE. How much SDE is changed with a Phase II dispersal (SDE
change) can be calculated as follows:

SDE — eSDEI

SDE change = SDEI

eqn 1
Given that:
SDE = SDEI + SDE2,

SDEI = Qt * Pbl % Qul,

SDE2 = Qt * Pb2 * Qu2,

and Pbl = 1 in eSDE], by definition (see above and Fig. la),

eSDE1 = Qt % 1 x Qul.

Therefore, we can rewrite equation (1) as follows:

(Qt + Pbl % Qul) + (Qt * Pb2 % Qu2) — (Qt * Qul)

Qt * Qul

_ Qtx (Pbl *Qul +Pb2 x Qu2 — Qul)
N Qt *« Qul

_ Pbl xQul + Pb2 % Qu2 — Qul

B Qul ’

SDE change =

Given that Pbl + Pb2 = 1, and thus Pbl = 1 — Pb2,

(I = Pb2) * Qul + Pb2 * Qu2 — Qul
Qul

~ Qul —Pb2 xQul + Pb2 x Qu2 — Qul

N Qul

~ Pb2 % Qu2 — Pb2 x Qul

- Qul ’

_ Pb2x (Qu2 — Qul)

N Qul

Therefore, we can say that the magnitude and direction of the effect
of a Phase II dispersal on SDE values depends on the Phase II dis-
persal probability (Pb2) and the proportional change of dispersal
quality from a one-phase dispersal to a two-phase dispersal ((Qu2-
Qul)/Qul) (eqn 2). Therefore, the change of SDE with Phase II dis-
persal does not depend on the initial quantity of seeds dispersed but
on which proportion of them was secondarily dispersed. Using this

SDE change =

eqn 2

© 2014 The Authors. Methods in Ecology and Evolution © 2014 British Ecological Society, Methods in Ecology and Evolution, 6, 178-186



182 L. Culot, M.-C. Huynen & E. W. Heymann

approach, we built the Phase II effect landscape as a two-dimensional
space where the values on x and y axes, respectively, represent the
Phase II dispersal probability (Pb2) and the proportional change of
dispersal quality ((Qu2-Qul)/Qul). Similarly to the SDE landscape,
elevational contours represent isoclines of how much SDE changes
with the addition of a Phase II dispersal and are given by multiplying
the values of the x and y axes. We first used simulated data to illus-
trate how SDE changes according to Pb2, Qul and Qu2. To do that,
we chose three probability values (low = 0-1, medium = 0-5 and
high = 0-9) of Pb2, Qul and Qu2. We calculated the proportional
change of dispersal quality from a one-phase dispersal to a two-phase
dispersal ((Qu2-Qul)/Qul) for all possible combinations of values
and plotted them as a function of Pb2. Then, we used empirical data
of five plant species from our study system as an example.

Results

RELATIVE CONTRIBUTION OF ONE-PHASE AND TWO-
PHASE DISPERSAL TO SDE

The relative contribution of SDE1 and SDE2 to SDE varies
between plant species. The SDE landscape shows that two-
phase dispersal accounts for a smaller proportion of overall

= SDE1 = SDE2 = SDE

dispersal than one-phase dispersal (lower quantity values) in
all five plant species, but results in higher seed/seedling survival
(higher quality values) in two of the five species (Fig. 2a).
SDE2 represents 8:2% of SDE for P. panurensis, 10-4% for
B. viridiflora, 13-6% for B. poeppigiana, 30-2% for Paullinia
sp. and 45-4% for I. loretana. The relative contribution of
SDEI and SDE2 differs slightly depending on the dispersing
tamarin species (Fig. 2b).

POTENTIAL RANGE OF VARIATION OF SDE ACCORDING
TOPHASE IIPROBABILITY

The SDE landscape enables visualization of the range of
potential values of SDE according to seed burial probability as
well as the position of the observed SDE in the range of these
potential values for the five species tested (Fig. 3). A positive
effect of seed burial is shown by higher values of SDE and
eSDE2 relative to eSDEI1, while a negative effect is shown by
lower values. Seed burial probability (Pb2) is 0-36 for I. lore-
tana and accounts for an increase of 17-4% of SDE relative to
eSDEI. Anincrease in seed burial probability due to a different
context could hypothetically increase SDE of [I. loretana by
47-8% in relation to eSDE1 (Fig. 3). Similarly, seed burial
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Fig. 2. Seed dispersal effectiveness (SDE) for
five plant species primarily dispersed by Sagui-
nus nigrifrons and Saguinus mystax and sec-
ondarily dispersed by dung beetles. Relative
contribution of one-phase dispersal (SDEI, in
blue) and two-phase dispersal (SDE2, in yel-
low) to total SDE (in green) represented (a) in
the SDE framework and (b) in the bar plot. (a)

SDE framework representing the partitioning

of the relative contribution of SDEI (in blue)
and SDE2 (in yellow) to total SDE (in green)
for the mixed-species group of tamarins.
Arrows link SDE1 and SDE2 to overall SDE
of each species, SDE being the sum of SDEI
and SDE2. Isoclines represent all combina-
tions of quantity and quality values that yield
the same SDE as SDE = quantity x quality
(Qt*Qu). The quantity component (Qt) is rep-
resented by the extrapolated number of seeds
dispersed based on the number of seeds defe-
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cated per day multiplied by the total number
of fruiting days of each plant species. The
quality component (Qu) is represented by the
probability that the seeds survived as seeds or
as seedlings within 1 month after the last
observed seedling emergence. (b) Relative con-
tribution of SDEI and SDE2 to total SDE
and to SDE resulted from the dispersion by
Saguinus nigrifrons and Saguinus mystax.
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Fig. 3. Seed dispersal effectiveness (SDE) landscape and the conse-
quences of the context dependency of Phase II dispersal on SDE for five
plant species, when the quantitative component is held constant. Iso-
clines represent all combinations of quantity and quality values that
yield the same SDE as SDE = quantity x quality (Qt*Qu). The quan-
tity component (Qt) is represented by the extrapolated number of seeds
dispersed based on the number of seeds defecated per day multiplied by
the total number of fruiting days of each plant species. The quality
component (Qu) is represented by the probability that the seeds sur-
vived as seeds or as seedlings within 1 month after the last observed
seedling emergence. SDE is represented by green points and corre-
sponds to SDEI + SDE2 (Fig. 1b). eSDEI (blue points) corresponds
to the expected SDE if 0% of the seeds were buried, while eSDE2 (yel-
low points) corresponds to the expected SDE if 100% of the seeds were
buried. Black whiskers represent the range of the potential values of
SDE for all possible seed burial probabilities (Pb2). The sample size of
each plant species is indicated in parentheses.

probability (Pb2) is 0-10 for B. viridiflora and accounts for an
increase of 0-63% of SDE relative to eSDEI. An increase in
seed burial probability due to a different context can hypotheti-
cally increase SDE of B. viridiflora by 4-2% in relation to
eSDEI (Fig. 3). The seed burial probability of B. poeppigiana
(0-16), P. panurensis (0-13) and Paullinia sp. (0-31) accounts
for the decrease of 8-3, 5-5and 1-:3% of SDE relative to eSDE]I.
An increase in seed burial probability due to a different context
can hypothetically decrease SDE of B. poeppigiana by 33-3%,
P. panurensis by 40-0%, and Paullinia sp. by 3-8% in relation
to eSDE-I (Fig. 3).

THE PHASEIIEFFECT LANDSCAPE: DETERMINING THE
DIRECTION AND MAGNITUDE OF THEEFFECT OF PHASE
ION SDE

The contribution of Phase II dispersal to the overall SDE is
highly variable between plant species, and the Phase II effect
landscape helps in visualizing the direction and magnitude of
this effect (Fig. 4). Theoretically, SDE values can be decreased
by 100% when Qu2 = 0 and Pb2 = 1 or be infinitely increased
by a Phase II dispersal when Qul = 0 and Qu2 and Pb2 > 0.
In addition, the strongest effect of Phase II dispersal is achieved
when Qul is low and Qu2 is medium or high (Fig. 4a). Out of
the five species tested, seed burial has positive effect on two spe-
cies and a negative effect on three. Overall, the amplitudes of
the positive effects are larger than the amplitude of the negative
effects (Fig. 4b).

Partitioning seed dispersal effectiveness 183

Discussion

We propose a method to integrate Phase II dispersal when
evaluating SDE, which enables to determine the relative contri-
bution of one-phase and two-phase dispersal processes to
SDE. Moreover, we introduce an extension of the SDE land-
scape, the Phase II effect landscape, which enables quantifying
and comparing the effect of Phase II dispersal on SDE between
plant species and therefore determining whether and to which
extent two seed dispersers are better than one. This method
highlights the quantitative differences between plant species of
the effect of Phase II on plant fitness and can be easily adapted
to other biotic and/or abiotic diplochorous dispersal systems.
In the following, we first shortly discuss the results of this
approach for our specific study system. Then, given our aim to
propose a new approach quantifying the contribution of Phase
I dispersal to SDE, we will discuss the range of applications of
this methodology.

Our study system highlighted a relatively low contribu-
tion of two-phase dispersal to overall SDE (from <10% to
slightly more than 40%), which is probably due to the rela-
tively low secondary seed dispersal probability for tamarin
faeces compared to systems including other primary dispers-
ers. We expect that in other systems, two-phase dispersal
contributes more to SDE than in our system. This could be
the case when primary dispersers produce larger amounts
of dung (e.g. howler monkeys) that attract a higher number
and diversity of dung beetles or when defecated seeds and/
or aril or pulp remaining attached to these are attractive to
secondary dispersers such as ants and scatter-hoarding
rodents. For instance, a first estimation based on data avail-
able in the literature indicated that the contribution of two-
phase dispersal reaches 64% for seeds primarily dispersed
by howler monkeys and secondarily dispersed by dung bee-
tles in a Peruvian rain forest (Andresen 1999). These values
are however small compared to what can be observed in a
system with seeds primarily dispersed by birds and second-
arily dispersed by ants in which 99% of SDE comes from
SDE2 (data based on seed germination success) (Passos &
Oliveira 2002). A similar tendency is observed in temperate
regions where scatter-hoarding rodents are often responsible
for removing more than 90% of seeds (Roth & Wall 2005)
and for which dispersal quality is higher than previously
thought (Jansen et al. 2012 for the Neotropics; but see
Pérez-Ramos et al. 2013 in temperate regions). Further
comparisons are difficult due to the scarcity of this kind of
quantitative data. We thus hope that our method will
encourage respective studies.

Determining the relative contribution of one-phase and
two-phase dispersal to SDE opens to many interesting applica-
tions. Calculation of eSDEI and eSDE2 enables the quantifi-
cation of the potential range of variation of SDE according to
secondary seed dispersal probability. It can thus be useful to
evaluate possible changes of plant fitness in scenarios in which
secondary seed dispersal probability is enhanced or reduced by
the dispersal context such as geographic area, year, habitat,
primary seed dispersers or frugivore community. The context
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Fig. 4. Phase II effect landscape for (a) simu-
lated data and (b) for empirical data of five
plant species. How much seed dispersal effec-
tiveness (SDE) is increased or decreased by
Phase II dispersal is obtained by multiplying
the probability of Phase II (Pb2) by the pro-
portional change of dispersal quality compo-
nent under Phase II dispersal ((Qu2-Qul)/

Qul). In order to be more intuitive, this value
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spond to 0-1, medium values to 0-5 and high
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can affect overall seed dispersal patterns (Perea et al. 2013) but
also the community of secondary seed dispersers. This can lead
to drastic modifications of the structure of the seed dispersal
network, likely to affect plant fitness, as already demonstrated
in pollination networks (Goméz, Perfectti & Jordano 2011).
Likewise, changes of the frugivore community can drastically
alter not only seed removal and spatial patterns of seed dis-
persal but also patterns of secondary dispersal unless vectors
are redundant in the seed dispersal service they provide. Two
species are functionally redundant in their seed dispersal ser-
vices if they achieve the same SDE (Calvino-Cancela &
Martin-Herrero 2009; McConkey & Brockelman 2011). The
inclusion of Phase II dispersal into the calculation of SDE
allows for a more accurate evaluation of the potential for func-
tional redundancy among species.

values to 0-9 (a). The sample size of each plant
species of empirical data is indicated in paren-
theses (b).

10

The Phase II effect landscape also enables the quick visu-
alization of the effect of secondary seed dispersal on plant
fitness by indicating the direction and magnitude of changes
of SDE when compared with a one-phase dispersal system.
The Phase II effect is the strongest when the seed dispersal
quality of one-phase dispersal is low and the quality of
two-phase dispersal is medium or high. It is useful to note
that if plant species present qualitative components such as
Qul = 0 and Qu2 = 0, the Phase II effect is null but cannot
be represented in the Phase II effect landscape since Qu2-
Qul cannot be divided by 0. Likewise, if Qul =0 and
Qu2 > 0, the Phase II effect cannot be represented but
means that the value of SDE is indefinitely higher than the
value of SDEI, which is equal to zero, by definition. Other-
wise, all possible differences between Qul and Qu2 can be
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used in the Phase II effect landscape without needing data
about the quantitative component.

The Phase II effect landscape has several interesting appli-
cations. For instance, it would be possible to compare the
direction and magnitude of the Phase II effect when seeds are
dispersed by different primary dispersers. Indeed, since the
characteristics of the primary dispersal phase can not only
affect the probability of occurrence of the secondary dispersal
phase but also its outcome (seed burial depth for example),
the Phase II effect is likely to depend on the Phase I dispersal
system in which it is involved. For instance, contrary to seeds
dispersed in large faeces (Feer 1999; Andresen & Levey 2004),
seeds dispersed by tamarins in a small amount of faecal mat-
ter attract dung beetles in such a way that they bury them at
shallower depths (mean = 3-5 cm, max = 11 cm; Culot et al.
2009, 2011), which decreases the probability of hindering
seedling emergence (Koike er al. 2012). Consequently, the
probability that some tamarin-dispersed seed species be
strongly negatively affected by burial by dung beetles might
be lower than in larger mammal-dispersed species.

Another application of the Phase II effect landscape
would be to compare, for a plant species dispersed by a
specific primary dispersal vector, the Phase II effect pro-
vided by different secondary seed dispersers (e.g. ants vs.
dung beetles). This new approach can also be used to eval-
uate the cascading effects of anthropogenic perturbations,
such as habitat fragmentation and defaunation, on SDE.
Indeed, human alteration of habitat and fauna can indi-
rectly affect SDE through changes in frugivore, seed preda-
tor and herbivore communities (Kurten 2013), but also
through changes in dung beetle communities relying on
mammal dung for feeding and nesting (Nichols ez al. 2009;
Culot et al. 2013). The impact of a change of dung beetle
communities and/or seed predator and herbivore communi-
ties on SDE could be detected through the changes of Pb2
and (Qu2-Qul)/Qul components of the Phase II effect
landscape. Finally, when the secondary seed dispersers are
scatter-hoarding rodents, one can compare two-phase seed
dispersal processes (SDE2) that differ in the number of
recaching events to test whether this affects seed/seedling
survival. By partitioning Pb2 into the probabilities of rec-
aching, a determined number of times, one can also calcu-
late the contribution of two-phase dispersal differing in the
number of recaching events.

Comparisons with studies in temperate zones would be
helpful to better elucidate the benefits of seed burial.
Indeed, phase II dispersal might affect seed/seedling sur-
vival and SDE differentially from what we observed in
the tropics where seed predation is the main cause of
mortality (Hulme 2002). In temperate regions, climatic
conditions change more harshly from one season to
another and can be responsible for high seed mortality
(Garcia 2001; Drescher & Thomas 2013; Joét, Ourcival &
Dussert 2013). It would thus be interesting to compare
the net benefit of seed burial between temperate and trop-
ical regions and to analyse the consequences for plant
ecology and evolution.
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The SDE and Phase II effect landscapes can be used in any
ecosystem with diplochorous systems involving any biotic and/
or abiotic dispersal vectors. They can also be easily extended to
pollination systems in which multiple dispersal events of pollen
grains might also be observed (Hoyle & Cresswell 2006). In the
same line, one can use this new approach to determine the con-
tribution of pollen vs. seed-mediated dispersal to gene flow
considering pollination as Phase I and seed dispersal as Phase
II. In conclusion, the study of the ecological role of diplochor-
ous dispersal systems can be done using the phase II effect
landscape as a complementary tool to SDE assessment in order
to disentangle the effect of one-phase and two-phase dispersal
to SDE.

Acknowledgments

We are grateful to our field assistant Jeisen Shahuano Tello for his help in the field
and to Ricardo Zdrate and Carlos Amasifuén for identification of plant species
and forest characterization. We are also very grateful to Ellen Andresen, Eugene
W. Schupp, Pedro Jordano, three anonymous reviewers and the Associate Editor
who provided extremely valuable comments that helped improving this manu-
script. This study was made possible thanks to a grant from FRIA (Fonds pour la
formation a la recherche dans I'industrie et dans I'agriculture) and FNRS (Fonds
National de la Recherche Scientifique), Belgium, to L.C. We thank INRENA
(Peru) for permission to carry out research at the Estacién Biolgica Quebrada
Blanco (authorizations 011-2005-INRENA-IFFS-DCB, 071-2005-INRENA-
IFFS-DCB, 059-2006-INRENA-IFFS-DCB and 114-2007-INRENA-IFFS-
DCB).

Data accessibility

Details about the methodology used to follow the seed fate was uploaded as
online supporting information (Appendix S1). Empirical data used to calculate
the quality and quantity components are available from the Dryad Digital Repos-
itory (Culot, Huynen & Heymann 2014).

References

Andresen, E. (1999) Seed dispersal by monkeys and the fate of dispersed seeds in
a Peruvian rain forest. Biotropica, 31, 145-158.

Andresen, E. (2002) Primary seed dispersal by red howler monkeys and the
effect of defecation patterns on the fate of dispersed seeds. Biotropica, 34,
261-272.

Andresen, E. & Feer, F. (2005) The role of dung beetles as secondary seed dispers-
ers and their effect on plant regeneration in tropical rainforests. Seed Fate: Pre-
dation, Dispersal and Seedling Establishment (eds P.-M. Forget, J.E. Lambert,
P.E. Hulme & S.B. Vander Wall), pp. 331-349. CAB International, Walling-
ford, UK.

Andresen, E. & Levey, D.J. (2004) Effects of dung and seed size on secondary dis-
persal, seed predation, and seedling establishment of rain forest trees. Oecolo-
gia, 139, 45-54.

Balcomb, S.R. & Chapman, C.A. (2003) Bridging the gap: Influence of seed depo-
sition on seedling recruitment in a primate-tree interaction. Ecological Mono-
graphs, 73, 625-642.

Beaune, D., Bollache, L., Bretagnolle, F. & Fruth, B. (2012) Dung beetles are crit-
ical in preventing post-dispersal seed removal by rodents in Congo rain forest.
Journal of Tropical Ecology, 28, 507-510.

Bohning-Gaese, K., Gaese, B.H. & Rabemanantsoa, S.B. (1999) Importance of
primary and secondary seed dispersal in the Malagasy tree Commiphora guilla-
umini. Ecology, 80, 821-832.

Calvino-Cancela, M. & Martin-Herrero, J. (2009) Effectiveness of a varied
assemblage of seed dispersers of a fleshy-fruited plant. Ecology, 90, 3503—
3515.

Christianini, A.V. & Oliveira, P.S. (2010) Birds and ants provide comple-
mentary seed dispersal in a neotropical savanna. Journal of Ecology, 98,
573-582.

Culot, L., Huynen, M.-C. & Heymann, E.W. (2014) Data from: Partitioning
the relative contribution of one-phase and two-phase seed dispersal when

© 2014 The Authors. Methods in Ecology and Evolution © 2014 British Ecological Society, Methods in Ecology and Evolution, 6, 178-186



186 L. Culot, M.-C. Huynen & E. W. Heymann

evaluating seed dispersal effectiveness. Dryad Digital Repository, doi: 10.5061/
dryad.6jtOn.

Culot, L., Huynen, M.-C., Gérard, P. & Heymann, E:W. (2009) Short-term
post-dispersal fate of seeds defecated by two small primate species (Saguinus
mystax and Saguinus fuscicollis) in the Amazonian forest of Peru. Journal of
Tropical Ecology, 25,229-238.

Culot, L., Munoz Lazo, F.J.J., Huynen, M.-C., Poncin, P. & Heymann, E.W.
(2010) Seasonal variation in seed dispersal by tamarins alters seed rain in a sec-
ondary rainforest. International Journal of Primatology, 31, 553-569.

Culot, L., Mann, D.J., Munoz Lazo, F.J.J., Huynen, M.-C. & Heymann, E.W.
(2011) Tamarins and dung beetles: an efficient diplochorous dispersal system
for forest regeneration. Biotropica, 43, 84-92.

Culot, L., Bovy, E., Zagury Vaz-de-Mello, F., Guevara, R. & Galetti, M. (2013)
Selective defaunation affects dung beetle communities in continuous Atlantic
rainforest. Biological Conservation, 163, 79-89.

Drescher, M. & Thomas, S.C. (2013) Snow cover manipulations alter survival of
early life stages of cold-temperate tree species. Oikos, 122, 541-554.

Feer, F. (1999) Effects of dung beetles (Scarabaeidae) on seeds dispersed by how-
ler monkeys (Alouatta seniculus) in the French Guianan rain forest. Journal of
Tropical Ecology, 15, 129-142.

Forget, P.-M., Hammond, D., Milleron, T. & Thomas, R. (2002) Seasonality of
fruiting and food hoarding by rodents in Neotropical forests: consequences for
seed dispersal and seedling recruitment. Seed Dispersal and Frugivory.: Ecology,
Evolution and Conservation (eds D. Levey, W. Silva & M. Galetti), pp. 241—
256. CAB International, Wallingford.

Gallegos, S.C., Hensen, I. & Schleuning, M. (2014) Secondary dispersal by ants
promotes forest regeneration after deforestation. Journal of Ecology, 102, 659—
666.

Garber, P.A. (1993) Seasonal patterns of diet and ranging in two species of tama-
rin monkeys: Stability versus variability. International Journal of Primatology,
14, 145-166.

Garcia, D. (2001) Effects of seed dispersal on Juniperus communis recruitment
on a Mediterranean mountain. Journal of Vegetation Science, 12, 839-848.

Goméz, J.M., Perfectti, F. & Jordano, P. (2011) The functional consequences of
mutualistic network architecture. PLoS One, 6,¢16143.

Heymann, E.W. & Buchanan-Smith, H.M. (2000) The behavioural ecology
of mixed-species troops of callitrichine primates. Biological Reviews, 75,
169-190.

Heymann, E-W., Knogge, C. & Tirado Herrera, E.R. (2000) Vertebrate predation
by sympatric tamarins, Saguinus mystax and Saguinus fuscicollis. American
Journal of Primatology, 51, 153-158.

Hoyle, M. & Cresswell, J.E. (2006) Remobilization of initially deposited pollen
grains has negligible impact on gene dispersal in bumble bee-pollinated Bras-
sica napus. Functional Ecology, 20, 958-965.

Hulme, P.E. (2002) Seed-eaters: seed dispersal, destruction and demography.
Seed Dispersal and Frugivory: Ecology, Evolution, and Conservation (eds D.J.
Levey, W.R. Silva & M. Galetti), pp. 257-273. CAB International, Walling-
ford.

Jansen, P.A., Hirsch, B.T., Emsens, W.-J., Zamora-Gutierrez, V., Wikelski,
M. & Kays, R. (2012) Thieving rodents as substitute dispersers of
megafaunal seeds. Proceedings of the National Academy of Sciences, 109,
12610-12615.

Joét, T., Ourcival, J.-M. & Dussert, S. (2013) Ecological significance of seed desic-
cation sensitivity in Quercus ilex. Annals of Botany, 111, 693-701.

Knogge, C. (1998) Seed dispersal in a tamarin mixed-species troop. Congress of
the International Primatological Society, Abstracts, 17, 006.

Knogge, C. & Heymann, E.W. (2003) Seed dispersal by sympatric tamarins, Sa-
guinus mystax and Saguinus fuscicollis: diversity and characteristics of plant
species. Folia Primatologica, 74, 33-47.

Koike, S., Morimoto, H., Kozakai, C., Arimoto, I., Soga, M., Yamazaki, K. &
Koganezawa, M. (2012) The role of dung beetles as a secondary seed disperser
after dispersal by frugivore mammals in a temperate deciduous forest. Acta
Oecologica, 41, 74-81.

Kurten, E.L. (2013) Cascading effects of contemporaneous defaunation on tropi-
cal forest communities. Biological Conservation, 163, 22-32.

Lawson, C.R., Mann, D.J. & Lewis, O.T. (2012) Dung beetles reduce clustering
of tropical tree seedlings. Biotropica, 44,271-275.

Loayza, A.P., Loiselle, B.A. & Rios, R.S. (2011) Context-dependent recruitment
of Guettarda viburnoides in a Neotropical forest-savanna mosaic. American
Journal of Botany, 98, 1317-1326.

Martins, M.M. (2006) Comparative seed dispersal effectiveness of sympatric
Alouatta guariba and Brachyteles arachnoides in Southeastern Brazil. Biotro-
pica, 38, 57-63.

Matauschek, C., Roos, C. & Heymann, E.W. (2011) Mitochondrial phylogeny of
tamarins (Saguinus, Hoffmannsegg 1807) with taxonomic and biogeographic
implications for the S. nigricollis species group. American Journal of Physical
Anthropology, 144, 564-574.

McConkey, K.R. & Brockelman, W.Y. (2011) Nonredundancy in the dispersal
network of a generalist tropical forest tree. Ecology, 92, 1492-1502.

Nichols, E., Gardner, T.A., Peres, C.A., Spector, S. & Network, T.S.R. (2009)
Co-declining mammals and dung beetles: an impending ecological cascade. Oi-
kos, 118, 481-487.

Nickle, D.A. & Heymann, E.W. (1996) Predation on Orthoptera and other orders
of insects by tamarin monkeys, Saguinus mystax mystax and Saguinus fuscicol-
lis nigrifrons (Primates: Callitrichidae), in north-eastern Peru. Journal of Zool-
0gy, 239, 799-819.

Passos, L. & Oliveira, P. (2002) Ants affect the distribution and performance of
seedlings of Clusia criuva, a primarily bird-dispersed rain forest tree. Journal of
Ecology, 90, 517-528.

Perea, R., Delibes, M., Polko, M., Sudrez-Esteban, A. & Fedriani, J.M. (2013)
Context-dependent fruit—frugivore interactions: partner identities and spa-
tio-temporal variations. Oikos, 122, 943-951.

Peres, C.A. (1993) Diet and feeding ecology of saddle-back (Saguinus fuscicollis)
and moustached (S. mystax) tamarins in an Amazonian terra firme forest.
Journal of Zoology, 230, 567-592.

Pérez-Ramos, .M., Verdu, J.R., Numa, C., Marandn, T. & Lobo, J.M. (2013)
The comparative effectiveness of rodents and dung beetles as local seed dispers-
ers in Mediterranean oak forests. PLoS One, 8,¢77197.

Pizo, M.A., Passos, L. & Oliveira, P.S. (2005) Ants as seed dispersers of fleshy
diaspores in Brazilian Atlantic forests. Seed Fate: Predation, Dispersal and
Seedling Establishment (eds P.-M. Forget, J. Lambert, P. Hulme & S. Vander
Wall), pp. 315-329. CAB International, Wallingford.

R Development Core Team (2014) R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria. URL:
http://www.R-project.org/.

Roth, J.K. & Wall, S.B.V. (2005) Primary and secondary seed dispersal of
bush chinquapin (Fagaceae) by scatterhoarding rodents. Ecology, 86,
2428-2439.

Ruiz, J., Boucher, D.H., Chaves, L.F., Ingram-Flores, C., Guillén, D., Térrez, R.
& Martinez, O. (2010) Ecological consequences of primary and secondary seed
dispersal on seed and seedling fate of Dipteryx oleifera (Fabaceae). Revista de
Biologia Tropical, 58, 991-1007.

Schupp, E. (1993) Quantity, quality and the effectiveness of seed dispersal by ani-
mals. Vegetatio, 107/108, 15-29.

Schupp, E.-W. (2007) The suitability of a site for seed dispersal is context-depen-
dent. Seed Dispersal: Theory and Its Application in a Changing World (eds A.J.
Dennis, E.W. Schupp, R.J. Green & D.A. Westcott), pp. 445-462. CAB Inter-
national, Wallingford, UK.

Schupp, E.-W., Jordano, P. & Gémez, J.M. (2010) Seed dispersal effectiveness
revisited: a conceptual review. New Phytologist, 188, 333-353.

Shepherd, V.E. & Chapman, C.A. (1998) Dung beetles as secondary seed dispers-
ers: impact on seed predation and germination. Journal of Tropical Ecology,
14, 199-215.

Spiegel, O. & Nathan, R. (2007) Incorporating dispersal distance into the
disperser effectiveness framework: frugivorous birds provide complemen-
tary dispersal to plants in a patchy environment. Ecology Letters, 10,
718-728.

Vander Wall, S.B. & Longland, W.S. (2004) Diplochory: are two seed dispersers
better than one? Trends in Ecology and Evolution, 19, 155-161.

Wenny, D.G. & Levey, D.J. (1998) Directed seed dispersal by bellbirds in a tropi-
cal cloud forest. Proceedings of the National Academy of Sciences, 95, 6204~
6207.

Received 14 February 2014; accepted 18 November 2014
Handling Editor: Helene Muller-Landau

Supporting Information

Additional Supporting Information may be found in the online version
of this article.

Appendix S1. Methodology used to follow the seed fate in the field.

© 2014 The Authors. Methods in Ecology and Evolution © 2014 British Ecological Society, Methods in Ecology and Evolution, 6, 178-186



