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Abstract The introduction of carnivorous mammals
has led many native island species to extinction. In the
Balearic Islands, the introduction of carnivorous
mammals in the main islands has contributed to the
extinction of the endemic lizard Podarcis lilfordi,
which is an important seed disperser of many plant
species. One of the introduced mammals, Martes
martes (pine marten), is also known to disperse seeds
and may replace the native lizard in this role in islands.
However, little is known on the patterns of seed
dispersal by these two different species and their
possible implications for plant regeneration ability and
population structure. We have compared the quality of
seed deposition provided by both to the vulnerable
Mediterranean shrub Cneorum tricoccon, by studying
the pattern of seed distribution among sites generated
by both dispersers as well as the suitability of those
sites for seedling emergence and establishment. The
study was carried out in two types of habitats (coastal
shrublands and pine forests) and two islands (Mallorca
and Dragonera). Lizards and mammals showed
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contrasting patterns of seed deposition and, where
lizards were absent, mammals played their role as seed
dispersers in pine forests but not in coastal shrublands.
The lack of seed dispersal in the coastal shrubland
seriously limits recruitment, by concentrating seeds
under conspecifics and hindering colonisation oppor-
tunities, marking a long-term trend towards decline.
The introduced predator replaces the native seed
disperser in its service where it has gone extinct,
although with important differences in the dispersal
service provided.
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Introduction

Seed dispersal is a key process in the reproductive
cycle of a plant. The seed dispersal effectiveness
provided by an animal refers to its contribution to plant
recruitment and is a key concept in the study of plant—
animal interactions. It has a quantitative and a
qualitative component: (1) the quantity of dispersal
refers to the number of seeds dispersed and (2) the
quality of dispersal refers to the probability of
recruitment of each dispersed seed (Schupp 1993;
Schupp et al. 2010). The estimation of seed dispersal
effectiveness can be arduous, especially regarding the
qualitative component, and for this reason, there are
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few studies that provide comprehensive assessments
(e.g. Rey and Alcantara 2000; Traveset et al. 2003;
Calvino-Cancela and Martin-Herrero 2009). A crucial
aspect of the quality of a seed disperser is the pattern of
seed distribution among microhabitats. Animals may
differ substantially in their patterns of habitat use
which may result in contrasting seed dispersal patterns
(Calvifio-Cancela 2002; Martinez et al. 2008). In
addition, different microhabitats provide seeds with
contrasting suitabilities for recruitment. The suitabil-
ity of microhabitats of seed arrival has the potential to
neutralise or enhance the effect of a disperser on the
quantitative component, specifically when an animal
deposits a high proportion of seeds in sites where the
probability of recruitment is low (Schupp 1993, 2007;
Schupp and Fuentes 1995; Calvifo-Cancela and
Martin-Herrero 2009). Classically, microhabitat suit-
ability is estimated as the product of the transition
probabilities between the different stages of the
regeneration process, from seed dispersal to seedling
establishment. Seeds and seedlings are highly vulner-
able to mortality, which makes it especially important
to assess microhabitat suitability during these critical
early stages (Harper 1977; Herrera et al. 1994;
Calvifio-Cancela 2007). Assessing microhabitat suit-
ability for seedling emergence can be significantly less
costly using seedling-to-seed ratios (i.e. the number of
seedlings recruited divided by the number of seeds
arrived) to estimate the probability of seedling
recruitment at different sites. This method saves time
and simplifies the study of the demographic conse-
quences of seed dispersal and the effectiveness of
dispersers (see Calvifio-Cancela 2011a).

Seed dispersal systems are usually generalised and
mutual dependences between interacting plants and
animals are usually weak (e.g. Bascompte and Jordano
2007). On islands, however, communities are often
depauperate, and plants have been shown to be more
specialised in their dispersers than in the mainland
(Olesen and Jordano 2002; Gonzalez-Castro et al.
2012). Thus, plants dispersed by only one or a few
animals seem to be more common in island systems.
This increases plant vulnerability to eventual declines
or extinctions of the animal partner, which may lead to
mutualism disruptions (Riera et al. 2002; Mckinney
et al. 2009, Rodriguez-Pérez and Traveset 2012;
Traveset et al. 2012). A major cause of mutualism
disruptions on islands is the introduction of alien
species (Traveset and Richardson 2006). For instance,
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the introduction of non-native predators may lead to
the extinction or severe decline of island species, some
of which have important roles as seed dispersers
(Mortensen et al. 2008; Kelly et al. 2010). The invaded
ecosystem thus loses the ecological function played by
the extinct species. On the other hand, the newcomers
may establish new interactions with the local com-
munity and play some of those lost functions. Preda-
tors and preys hardly play similar ecological roles, but
predators such as carnivorous mammals are often
effective seed dispersers (Herrera 1989; Rosalino and
Santos-Reis 2009) and may replace in this role those
species they have contributed to wipe out.

In the Balearic Islands, the endemic lizard Podarcis
lilfordi (Lacertidae; Giinter 1874) plays an important
role as pollinator and seed disperser of many plant
species (Traveset and Saez 1997; Traveset and Riera
2005). The introduction of carnivorous mammals in
the main islands seems to have led this lizard to
extinction (Reumer and Sanders 1984; Pérez-Mellado
et al. 2008), and nowadays it is only present in small
islands and islets where introduced carnivores are
absent (Terrasa et al. 2009). Paradoxically, some of
these introduced mammals replace the endemic lizards
as seed dispersers of some plant species. This is the
case of Cneorum tricoccon L., which is mainly
dispersed by the native lizard P. lilfordi (Traveset
1995a), and by the introduced pine marten Martes
martes L. (Riera et al. 2002; Traveset et al. 2012).
Previous studies suggest that lizards remove more
fruits and that recruitment is higher in populations
with lizards, but little is known about the quality of
these two animals as seed dispersers.

The aim of this study is to assess the quality of seed
dispersal provided by P. lilfordi and by M. martesto C.
tricoccon, examining the pattern of seed distribution
among sites generated by both dispersers as well as the
suitability of those sites for seedling emergence and
establishment.

Materials and methods

Study species

Cneorum tricoccon L. (Rutaceae) is a perennial shrub
~1 m in height (up to 2 m). It is distributed along the

Western Mediterranean Basin and is mainly present in
Mediterranean coastal shrublands on calcareous soils
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and in Mediterranean woodlands dominated by oaks
and pines (suppl. mat. in Traveset et al. 2012). In the
Balearic Islands, it is present on nine islets
(<1,000 ha) and in the small island of Cabrera. In
the larger islands of Mallorca and Menorca, it seems to
have declined and is restricted to a few sites. Thus,
fossil seeds of C. tricoccon found in Menorca in
Pliocene deposits, in localities where the species is no
longer present, demonstrate a more widespread distri-
bution in the past (Traveset et al. 2005) and a drastic
population decline in Menorca has been observed in
the last years (Traveset, unpub. data). It has been
categorised as vulnerable (IUCN, 2001).

It is an andromonoecious insect-pollinated plant
with a long-flowering period, from October to early
June. Fruits are composed of three red cocci (locules
of a syncarpous ovary), each being a drupe. Ripen
fruits are available from mid-March to June, and
unconsumed fruits remain undispersed on the plants
for long periods (~1 year) (Traveset 1995b). Fruit
consumption by passerine birds has not been observed,
despite the suitable size and attractive colour of fruits
for birds, which could be related to the high amount of
secondary compounds (Traveset, unplub. data). How-
ever, a few seeds of C. tricoccon have been found in
gulls’ regurgitations, which suggest that they disperse
this species (Calvifio-Cancela 2011b).

Study sites

The study was carried out at the Balearic Islands
(western Mediterranean Sea), in Mallorca island
(39°58'N, 3°08’E, 364,011 ha) and on Sa Dragonera
islet (39°35'N, 2°19'E, 2 880 ha), located 2 km off the
NW coast of Mallorca. Mean annual rainfall is
430 mm in Mallorca and 350 mm in Sa Dragonera.
Average annual temperatures are similar in Mallorca
and Sa Dragonera (17-18 °C). July and August are the
hottest months, with average maximum temperatures
of 29-30 °C, while January and February are the
coldest, with average minimum temperatures of
8-8.5 °C (Spanish Agency of Meteorology, www.
aemet.es). In Mallorca, P. lilfordi has become extinct,
which occurred, according to the fossil record, after
the introduction of a number of carnivorous mammals
(mostly pine martens, weasels, genets and cats) pre-
sumably during the Roman expansion, c. 2,000-2,500
years ago (Pérez-Mellado 2002; Alcover 2008
and references therein). In Dragonera, there are no

carnivores and P. lilfordi is still present and abundant
(Pérez-Mellado 2002).

In each island we chose two populations, one in
each type of habitat: the coastal shrubland and the pine
forest. The vegetation in the coastal shrubland was
dominated by the shrubs Pistacia lentiscus, Olea
europaea, Ephedra fragilis, Phyllirea spp. and Cistus
spp. In pine forests, Pinus halepensis was the domi-
nant tree and the understory was composed of an
assemblage of shrubs similar to the coastal shrubland.
The percentage of area covered by C. tricoccon was
similar in the four study sites (3.8 £ 1.6 and
42 £ 1.7 % in the coastal shrubland and the pine
forest in Dragonera, and 5.5 £ 2.1 and 3.4 &+ 0.93 %
in the coastal shrubland and the pine forest in
Mallorca, respectively; as measured in 10 transects,
10 m long x 0.5 m wide).

Spatial distribution of animal faeces and seedlings

In May 2010, we recorded the distribution of seed
disperser faeces (lizards and mammals) and seedlings
among habitats and microhabitats in 10 transects
(10 m long x 0.5 m wide) in each of the four study
sites. Microhabitats were grouped in the following
categories at coastal shrubland sites: (1) open ground,
(2) under C. tricoccon, (3) other shrubs, (4) herbs and
grasses and (5) rocks. At pine forest sites, the same
categories plus an additional one, (6) open under
canopy, were considered. Due to the low density of
faeces of M. martes, an additional search with 30
transects (same dimensions) was carried out in the
pine forest in Mallorca (the only population where this
carnivore is present in the study) in February and April
2012. Faeces of P. lilfordi and M. martes cannot be
mistaken with those of any other species: P. lilfordi is
the only lizard species on Sa Dragonerea Islet and
there is no other carnivore in Mallorca with faeces that
could be mistaken by an experienced person with
those of M. martes.

Site suitability

For the three main microhabitats at each habitat (those
receiving more seeds and/or concentrating more
seedlings), we estimated their suitability for seedling
emergence and seedling survival by computing the
seedling/seed ratio and the ratio between established
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seedlings and recently emerged seedlings, respectively.
In coastal shrublands, the main microhabitats were (1)
open ground, (2) under C. tricoccon and (3) under C.
tricoccon associated with other shrubs (to assess
whether there was a nursery effect from other shrubs
on C. tricoccon seedlings), whereas in pine forests, the
chosen microhabitats were (1) open ground, (2) open
ground under canopy and (3) under C. tricoccon. We
established 10 permanent plots (50 x 50 cm) in each
site to measure seed and seedling density. Seed density
was assessed by collecting soil samples with a corer
9 cm in diameter and 5 cm in depth. We sieved these
samples, recording all intact seeds and those damaged
by predators. For intact seeds (with no external damage),
we assessed seed viability by cutting seeds open and
visually inspecting the endosperm and embryo (cutting
test, Gunn 2001). At the end of spring (June 2010),
before the high seedling mortality usually occurring
during the summer drought, we registered the number of
seedlings in three size categories (0-5 cm, 5-10 cm and
10-20 cm in height) as well as the number of saplings
(>20 cm). Due to the small number of >10 cm seed-
lings and saplings, only seedlings in the two smaller
categories were used to compute the ratio between
seedling stages. The seedling/seed ratio was computed
with 0-5 cm seedlings.

Data analysis

The spatial distribution of faeces and seedlings was
assessed with Chi Square tests using Statistica 7.0
(StatSoft 2004) in order to determine whether they
were randomly distributed among microhabitats (dis-
tributed according to the percentage cover of micro-
habitats) or otherwise appeared preferentially at certain
microhabitats.

The samples of seed and seedling densities were
bootstrapped and seedling/seed ratios and ratios
between seedling stages were then computed by
dividing randomly selected bootstrapped replicates
of seedling density by seed density samples, and those
of established seedlings (5-10 cm) by newly emerged
seedlings (0-5 cm), respectively. Invalid values
(when a nonzero number of seedlings or of older
seedlings was divided by null seeds or null recently
emerged seedlings, respectively) were replaced by
new calculated values, until we obtained 500 valid
values (values higher than or equal to 0; see Method
IIT in Calvifio-Cancela 2011a).
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In order to determine whether there were differ-
ences between sites in seed or seedling density and in
site suitability, we used nested Generalized Linear
Models (GLM) to evaluate the effect of island, habitat
and microhabitat type (with habitat nested within
island and microhabitat nested within habitat) on seed
density (total, viable and predated), seedling density,
seedling/seed ratio and the ratio between seedling
stages. We used the quasi-poisson distribution, as this
distribution provided the best fit to our data. For these
analyses, we used R (R-project 2.8, R Development
Core Team 2008).

Results
Distribution of animal faeces

In Dragonera, the density of P. lilfordi faeces did not
differ significantly between habitats (coastal shrub-
land vs. pine forest; t1g = 0.64; P = 0.531), and had a
non-random distribution among microhabitats in both
cases (coastal shrubland: Xﬁ = 105.9; P < 0.001 and
pine forest: /é = 121; P < 0.001; Fig. 1). Rocks and
open ground outside the pine canopy were the most
used microhabitats by P. lilfordi, both in the coastal
shrubland and the pine forest (Fig. 1). By contrast,
open ground under the pine canopy, herbs and shrubs,
including C. tricoccon, received fewer faeces than
expected, with no faeces being found under C.
tricoccon in the pine forest. In Mallorca, no faeces of
C. tricoccon seed dispersers were found in the coastal
shrubland. In the pine forest, however, we did find M.
martes faeces, which were not randomly distributed
across microhabitats (xg = 44.80; P < 0.001). These
faeces were most abundant in the open, both below and
outside the pine canopy, and rocks were also a
relatively frequent microhabitat for M. martes defeca-
tion (Fig. 1).

Total, predated and viable seeds in the seed bank

Total seed density was significantly higher in Drag-
onera than in Mallorca, and the percentage of seed
predation was significantly higher in Dragonera
(50 %), resulting in a similar density of viable seeds
in both islands (Table 1; Fig. 2). In Dragonera, the
coastal shrubland had a significantly higher density of
viable and total seeds than the pine forest (Table 1;



Plant Ecol (2013) 214:657-667 661

Fig. 1 Mean density of o~ @
faeces (white bars left axis) = (A) Dragonera (coastal shrubland) - 18
apd seed.lings (l.Jlack bars ; ] L1a &
right axis) on different Qs =
microhabitats in the coastal @ F12 3
shrubland (a, ¢) and in the — b
pine forest (b, d) in g [ S
Dragonera and Mallorca, N 104 Lg ©
respectively. Solid and % gj
dashed lines represent the — =]
expected density of faeces 3 54 a o
and seedlings, respectively, g HE DU I I @
according to a random = 2
distribution amon,

g . 1 B="EE .

microhabitats

o~ (B) Dragonera (pine forest) —
g 7]
.y F1s QO
w
g 13
S 15 Py
= 2
E - 10 %
]
N 10 gj
5 =
— -5 8
Q 5
o W
£ - —_ = Y I
S
= FI. I_\I
0 L0
18
(c)Mallorca (coastal shrubland) "
<
=
F12 >
k%)
o5
o]
L 8 o
£
L6 B
O
La 3
r2
o~ —— N 0
c 07 12
-~ (D)Mallorca (pine forest)
w
8 06 - — Lo
S Y]
8 05 e £
3 =
< 044 0C7
S
£ 3
o 034 —
< . 2
Q. - =
0.2 4 T
5 o
o EE™E e L2 O
B o014
g |
= oo Lo

Open  Under h H Open under
ground C. m'cocoonS rubs  Herbs  Rocks canopy

@ Springer



662

Plant Ecol (2013) 214:657-667

Fig. 2), whereas in Mallorca there were similar seed
densities (viable, predated and total seeds) between
habitats. Differences in seed density among micro-
habitats were not significant in any island and habitat,
despite the absence of seeds in open ground in the
coastal shrubland in Mallorca (Table 1; Fig. 2).

Distribution and density of seedlings

As for seeds, seedling distribution was not random
among microhabitats, i.e. it was different than expected
according to their cover (xﬁ > 59.6; P < 0.001;
Fig. 1). In both islands and habitats, there were more
seedlings than expected under C. tricoccon, especially
in the coastal shrubland in Mallorca. In this island, no
seedlings were found in open ground in the coastal
shrubland, and there were less seedlings than expected
in the pine forest outside the pine canopy, but more
than expected under the canopy. In Dragonera, by
contrast, there were more seedlings than expected in
open ground in both the coastal shrubland and the pine
forest (both under and outside the pine canopy;
Fig. 1). All other microhabitats had few seedlings
(less than expected).

Regarding differences in seedling density among
sites, they were not significant between islands but
differed between habitats in both islands, being
significantly higher in the coastal shrubland than in
the pine forest (Table 2; Fig. 2). Moreover, there were
no differences in seedling density among microhab-
itats in the pine forest (Fig. 2). By contrast, significant
differences existed among microhabitats in the coastal
shrubland in both islands (Table 2; Fig. 2). In Drag-
onera, both open ground and under C. fricoccon had
the highest seedling density (Fig. 2), whereas in
Mallorca there were no seedlings in open ground and
most were under C. tricoccon.

Transition probabilities between life stages

The transition probability between the stages of seed
and seedling, as measured by the seedling/seed ratio,
was similar between islands but differed between
habitats and microhabitats (Table 2). It was signifi-
cantly higher in the coastal shrubland than in the pine
forest in Dragonera, but the pattern was the opposite in
Mallorca (Fig. 3). In the coastal shrubland of both
islands, this ratio was significantly higher under C.
tricoccon than under C. tricoccon associated with
other shrubs, and in Dragonera it was similar in open
ground and under C. tricoccon. In the coastal shrub-
land in Mallorca, this ratio could not be estimated in
open ground because there were no seeds in this
microhabitat. In pine forests, the pattern among
microhabitats was similar in both islands, with the
highest seedling/seed ratio in open ground under the
pines, followed by under C. tricoccon, and open
ground outside the pine canopy having the lowest ratio
(Fig. 3).

The transition probability between seedling stages
was similar between islands and habitats but differed
between microhabitats (Table 2; Fig. 3). In the coastal
shrubland of Dragonera, this transition was similarly
high in open ground and under C. tricoccon (Fig. 3).In
the coastal shrubland of Mallorca, the highest transi-
tion probability was found under C. tricoccon associ-
ated with other shrubs but, again, it could not be
assessed in open ground because of the absence of
seedlings. In the pine forest, the pattern among
microhabitats was similar between islands, with
significantly higher suitability under C. tricoccon
and lower in open ground, both under and outside the
pine canopy, although the suitability of open ground
under the pine canopy was statistically higher than
outside the canopy in Dragonera.

Table 1 Results of three independent nested GLM to analyse the effect of island, habitat and microhabitat (with microhabitat nested
in habitat and both nested in island) on the density of total seeds, the proportion of predated seeds and the density of viable seeds

Total seeds

Predated seeds (%) Viable seeds

df Deviance P Deviance P Deviance P
Island 1 511.41 0.029 47.814 <0.001 6.6 0.7
Habitat 2 1310 0.002 47.343 0.626 369.4 0.017
Microhabitat 8 934.09 0.372 40.271 0.080 583.1 0.1

Bold numbers indicate p values < 0.05
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Table 2 Results of three independent nested GLM to analyse the effect of island, habitat and microhabitat (with microhabitat nested
in habitat and both nested in island) on seedling density, seedling/seed ratio and seedling transition probability

Total seedlings

Seedling/seed ratio

Seedling transition

df Deviance P df Deviance P df Deviance P
Island 1 9.27 0.39 1 1.00 0.13 1 3663.6 0.088
Habitat 2 359.94 <0.001 2 53.07 <0.001 2 3640.1 0.094
Microhabitat 8 716.56 <0.001 7 779.82 <0.001 5 3600.1 0.007
Bold numbers indicate p values < 0.05
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Fig. 2 Density (mean + SE) of seeds (left axis) with total
(white bars), viable (diagonal lines bars) and predated (crossed
lines) seeds, and seedlings (black bars right axis) at each
microhabitat in the coastal shrubland (a, ¢) and in the pine forest

Discussion

Seed distribution in endozoochorous species responds
to the presence or absence of seed dispersers as well as
to their particular movement patterns and habits. In the
Balearic Islands, C. tricoccon depends mainly on P.
lilfordi as the native seed disperser, but it is also
dispersed by introduced carnivorous mammals

(b, d) in Mallorca and Dragonera, respectively. Different letters
on top of bars indicate statistically different values among
microhabitats for each variable

(Traveset 1995a; Riera et al. 2002). In Dragonera,
where the native seed dispersal interaction still persists
and P. lilfordi reaches a very high density (729.42 £+
124.15 ha™', Pérez-Mellado et al. 2008), it plays a
very active role as disperser, as reflected by a high
density of faeces with C. tricoccon seeds both in the
coastal shrubland and in the pine forest (see also Riera
et al. 2002). In Mallorca, where P. lilfordi has become
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extinct, no animal seed dispersal was detected in the
coastal shrubland, but M. martes played this role in the
pine forest. In Dragonera, in addition to the presence
of P. lilfordi, it was also noteworthy the high levels of
seed predation found (c. 8 times higher than in
Mallorca). This is probably associated with the very
high abundance of rats (Rattus rattus) in this islet,
which are important seed predators (Traveset et al.
2009). However, this did not lead to a lower
availability of viable seeds in Dragonera, due to a
higher total seed density in this island. Seed density
was also higher in coastal shrubland than in the pine
forest in Dragonera. These differences in seed density
are not related with differences in the density of adult
individuals, which are similar in the four study sites.
They could be due to differences in fruit production,
related to causes not dealt with in this study (e.g.
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bars indicate statistically different values among microhabitats
for each variable. Notice the absence of data for open ground in
Mallorca due to the lack of seeds and seedlings in this
microhabitat

differences between populations in abiotic conditions
such as soil nutrients or light availability, or the
effectiveness of pollination), or to a more active seed
dispersal in Dragonera and in the coastal shrubland in
this island, where lizards are present and abundant, as
indicated by the higher density of faeces (Fig. 1). A
more active seed dispersal results in less fruits being
stored undispersed in the canopy compared to popu-
lations with lower abundance or absence of dispersers
(Riera et al. 2002) and more seeds being in the soil
seed bank.

Podarcis lilfordi and M. martes have very different
physiologies and behaviours, which result in contrast-
ing patterns of seed dispersal. In Dragonera, P. lilfordi
acts as a seed disperser both in the pine forest and in
the coastal shrubland, and deposited seeds mostly in
open microhabitats, especially in rocks. This is
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probably associated with the need of thermoregulation
in this ectothermic animal (Bauwens et al. 1996). In
relation to this, the low seed dispersal by P. lilfordi
under the pine canopy in the forest is remarkable,
suggesting the need of heat and the avoidance of shade
in this cool habitat. Martes martes, however, showed a
clear preference for this microhabitat, concentrating
there the highest density of faeces, which determined a
clear contrast in seed distributions between Dragonera
(with P. lilfordi) and Mallorca (with M. martes).
Martes martes deposited also a relatively high number
of faeces in open ground and rocks, although the
density in this former microhabitat was lower than in
the case of P. lilfordi. Rocks have a high thermal
inertia, remaining warm for some time after air
temperature drops, which increases their attractive-
ness for ectothermic lizards. Despite high seed loads
on rocks, they are not suitable for seedling recruit-
ment, which is restricted to the small crevices where
soil and seeds are trapped. However, seeds deposited
on rocks may fall to their surroundings, usually open
ground, where they may germinate and enjoy rela-
tively high nutrient concentration due to the accumu-
lation of faeces and dust washed down the rock surface
(Jobidon 1993; Traveset et al. 2001).

The extinction of frugivorous lizards has been
shown to have important consequences for recruit-
ment of C. tricoccon, with lower recruitment on
islands where lizards have become extinct and have
been replaced by carnivorous mammals as seed
dispersers (Traveset et al. 2012). Our results comple-
ment those obtained by Traveset (1995a) and Riera
et al. (2002), related to the quantitative component of
effectiveness, which showed higher seed removal in
populations where P. lilfordi still persists compared to
those where M. martes has replaced it as seed
disperser. Our analysis in this study of the patterns
of seed dispersal by P. lilfordi vs. M. martes, the
density of seeds finally achieved in different sites and
the suitability of these sites for seedling emergence
and survival in early life stages sheds more light on
the consequences of the extinction of P. lilfordi and
their replacement by M. martes in some populations.
It also allows us to discern the causes of the
recruitment limitation observed, as by a deficit of
seed dispersal or by a low suitability of sites. The
extinction of P. lilfordi in Mallorca seems to result in
recruitment limitation by seed dispersal at the coastal
shrubland but not at the pine forest, where M. martes

replaces P. lilfordi as seed disperser, favouring
recruitment in this habitat. The absence of seed
dispersal in the coastal shrubland in Mallorca restricts
seed arrival to under conspecifics. This clearly limits
seedling recruitment, which was c. four times lower in
the coastal shrubland in Mallorca than in the coastal
shrubland in Dragonera. In Dragonera, dispersal by P.
lilfordi in the coastal shrubland favoured seed arrival
to a variety of microhabitats outside the canopy of
mother plants, and especially to open ground, where
seed density reached similar values to those under C.
tricoccon. In addition, the suitability of open ground
for seedling recruitment and survival was high,
similar to that under mother plants. In contrast, in
Mallorca, there was no recruitment in open ground,
which has to be attributed to dispersal limitation.

In pine forests, in contrast, no seed limitation for
recruitment was detected. The role of the introduced
M. martes as seed disperser, replacing the extinct P.
lilfordi in this service to plants, allowed seed arrival
and recruitment outside mother plants. The contrasting
patterns of seed dispersal by P. lilfordi and M. martes
resulted, however, in differences in seed distribution
between islands, with less seeds reaching open areas
outside the pine canopy and more arriving under pine
canopy in Mallorca, where M. martes instead of P.
lilfordi acted as seed dispersers. These differences,
however, were very slight and resulted also in slight
differences in seedling distribution, as microhabitat
suitability was similar between islands, both for
seedling emergence and survival.

In conclusion, the extinction of P. lilfordi in
Mallorca seriously limits recruitment in the coastal
shrubland, the typical habitat of C. tricoccon. Para-
doxically, one of the introduced lizard predators that
have probably contributed to its extinction has
become the main seed disperser of C. tricoccon in
Mallorca. However, M. martes differs from P. lilfordi
in many aspects, which leads to important differences
in the dispersal service they provide. Martes martes
has different habitat preferences: it is absent in the
coast and is mostly restricted to pine forests in
mountain areas, an unfavourable habitat for P. lilfordi.
On the other hand, M. martes has larger home ranges
than P. lilfordi, which may favour gene flow and the
colonisation of new areas (Zalewski et al. 2004),
although always restricted to the habitats they use. In
the coastal shrubland, the lack of animal dispersal
limits recruitment to under conspecifics, which may
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have serious consequences in the long term (e.g.
Calvifio-Cancela et al. 2012). The new recruits can
only replace their mothers in the same site, but,
whenever plants die and the site becomes empty, no
re-colonisation occurs due to dispersal limitation.
Since the colonisation of new sites is also precluded
due to dispersal limitation, this marks an inescapable
trend towards population shrinkage in the long term,
which has led to the decline of these species in most of
its former distribution (Traveset et al. 2012).
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