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logy Group, Estación Biológica de Doñana (EBD-CSIC), C/Americo Vespucio s/n, La Cartuja, 41092 Sevilla, Spain

 e  i  n  f  o

ugust 2014
vised form 4 December 2014
ecember 2014
e 23 December 2014

on
 pulverulenta

a  b  s  t  r  a  c  t

Extinction-driven,  body-size  reduction  of  seed  dispersers  (i.e.  an  ecological  downsizing  resulting  from
severe  defaunation)  can  entail  the  loss  of  unique  ecological  functions,  and impair  plant regeneration.
However,  the  manner  in which  the  downsizing  of mutualistic  animals  affects  seed  dispersal  and  plant
recruitment  remains  understudied.  Here,  we took  advantage  of  a natural  experiment  in the  Canarian
archipelago  to document  the  consequences  of lizards  body-size  reduction  (Gallotia,  Lacertidae)  on  the
recruitment  of Neochamaelea  pulverulenta  (Rutaceae),  which  relies exclusively  on these  frugivores  for
seed  dispersal.  Subsequent  to  the  arrival  of  humans  (ca. 2000–2500  yr  BP),  the  extinction  of large-bodied
lizards  generated  a gradient  of increasing  defaunation  on  the  three  islands  inhabited  by this  plant.  We
hypothesized  a significant  reduction,  and  eventually  collapse,  of early  seedling  recruitment  mirroring  the
defaunation  intensity  of  the  frugivores.  We  sampled  42  populations  spanning  the  whole  geographic  range
of  the  plant  to  examine  the quantitative  (age structure  pattern)  and  qualitative  components  (proportion  of
seedlings  growing  outside  the  canopy,  number  of seedlings  established  outside  the  canopy  relative  to the
number  of adults  – effective  recruitment  rate,  and  seedling  vigour)  of  plant  regeneration.  Our  results  show
that  the  age  structure  patterns  did  not  differ  among  the  three  contrasted  insular  scenarios.  However,  we
found  significant  reductions  in seedling  recruitment  outside  the  canopy,  effective  recruitment  rate,  and

delayed  negative  effects  on  seedling  vigour  in populations  hosting  small-  to medium-sized  lizard  species.
Thus,  extirpation  of large  seed-dispersers  did  not  cause  substantial  reductions  in  quantitative  components
of  seed  dispersal,  but  determined  declines  in  qualitative  aspects  impairing  dispersal  effectiveness.  Our
study  highlights  the  importance  of examining  all components  of  the  dispersal  and  recruitment  process  to
properly  document  the  regeneration  outcomes  of plants  in  defaunated,  downsized  ecological  scenarios.
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n of vertebrate species has been a recurrent and taxo-
non-random pattern throughout the Earth’s history
6; Shodi et al., 2009). Mass extinction events have

 most cases, the number of large-bodied species (e.g.
arance of dinosaurs in the Cretaceous-Tertiary transi-
an et al., 1991 or the demise of megafauna in the Late
, Alroy, 2001) ending up with present-day defaunation

 the anthropocene (Barnosky et al., 2011). This phe-
ften results in transitions from pristine communities,
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e loss of unique ecological functions (Estes et al., 2011;
, 2014; Valiente-Banuet et al., 2014). Since the large
e disproportional important ecological roles in ecosys-
ics (Cordeiro and Howe, 2001, 2003; Woodward et al.,
ht et al., 2007; Johnson, 2009), the effect of their extinc-
cted to cascade through the remainder of the biota and
ep shifts in the composition, structure and function of
communities (Redford and Feinsinger, 2001; Rule et al.,
ison et al., 2013). A critical issue is thus to develop
meworks potentially enabling a better forecasting of
ffects and the potential for delayed consequences of
riven body size reduction and the deterioration of their
cological functions (Dirzo et al., 2014).

mediated seed dispersal is a crucial process in the life

any flowering plants. It allows seeds and seedlings

 escape the higher mortality frequently associated
ult neighbourhood (Janzen, 1970) but also colonize

Howe, 1982), and it promotes gene flow within and
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ulations (Hamrick et al., 1993). Large frugivores have
nt role in all of these components of seed dispersal
y can consume a larger amount of fleshy fruits, disperse
s and move them further away than smaller species
tic assemblages (Jordano et al., 2007; Muller-Landau,
on and Kelly, 2011). Thus, there are numerous ways

atural regeneration, especially of large seeded plants,
ired by a body size reduction in frugivore assemblages.
e, if frugivores become smaller, plants bearing large
ave strong seed dispersal limitations because frugivore

 constrains the maximum fruit size animals can suc-
ndle and swallow (Wheelwright, 1985). Late-acting,
sal effects may  unfold, preventing or severely limiting
cruitment, and leaving defaunated ecosystems domi-
ving-dead adult plants (Janzen, 1986) or with highly
generation within the neighbourhood of parent plants
d Howe, 2001). In addition, the extinction of large frug-

trigger rapid evolutionary responses, given that extant
ores promote selection for reduced seed size (Galetti
. Reduction of seed size may  in turn negatively impact
tment since it frequently correlates with reduced seed
d seedling size which result in reduced seedling sur-

 stress conditions (Howe and Richter, 1982; Moles and
004). Therefore, the downsizing of mutualistic frugi-
ffect multiple scales of their interaction with plants,
f these cascading influences remain largely undocu-

cts of large frugivore declines are expected to be much
sive in species-poor systems such as oceanic islands.
nction or body-size reduction of frugivore species has
unced on islands (Hansen and Galetti, 2009) and quite
ded by the loss of their functional roles associated with

 population size (McConkey and Drake, 2006; Boyer
14). Secondly, insular environments frequently present
nal redundancy of dispersal agents (e.g. Woodward

 Wotton and Kelly, 2011; González-Castro et al., 2014).
ispersal may  collapse in defaunated insular scenarios,
stantial reductions of plant recruitment due to loss of
tualistic dispersers. Previous studies have addressed

aphic consequences for plants when disruption of seed
ccurs (Meehan et al., 2002; Traveset and Riera, 2005;

érez and Traveset, 2009; Wotton and Kelly, 2011, 2012;
 al., 2012). However, as far as we know, none of these
ns tracked the demographic consequences of impaired
sal as a result of the downsizing of interacting animal

ediated seed dispersal has been described as a
 mutualism on oceanic islands (Olesen and Valido,
o and Olesen, 2007). In the Canary Islands, endemic
ards (Gallotia spp.) are significant seed dispersers

 Nogales, 1994, 2003; Valido, 1999; Valido et al.,
íguez et al., 2008). However, the arrival of humans (ca.

 yr BP) triggered a process of lizard species extinction
ze reduction on these islands (e.g. Barahona et al., 2000).
e, in La Gomera the decline of giant lizard populations
–2344 years ago coinciding with the human coloniza-
lez et al., 2014). The pattern and magnitude of this
as been markedly different on each island, related to

 in predation intensity by introduced mammals, habi-
nces, and life-history traits (Machado, 1985; see also
1 for details). As a result, a gradient of defaunation-
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zard downsizing ranging from subtle (Gran Canaria) to
(Tenerife), to quite marked (La Gomera; see Fig. 1 and
land-specific scenarios), exists in present-day environ-
e archipelago.

Study specie

N. pulver
distributed
slands hosting Neochamaelea pulverulenta populations are shown (see
ils of the other islands): Gran Canaria (from G. stehlini sub-fossils to

lini), Tenerife (from G. goliath to G. galloti)  and La Gomera (from G.
esaris).

e document the effects of body size reduction of
ards on the early recruitment of a plant species which
sively on these reptiles for seed dispersal. We  selected
lea pulverulenta (Rutaceae), an endemic large-seeded
t is dispersed exclusively by medium- to large-sized

 lizards and, accordingly, it represents a potentially use-
pecies to test downsizing effects (Valido, 1999). Our

 a comparative analysis among the unique three islands
ulverulenta is distributed (Gran Canaria, Tenerife and
. These islands define a gradient of extinction-driven

 size reduction: Gran Canaria preserves the largest
d species, i.e. Gallotia stehlini; Tenerife has abundant
ed Gallotia galloti lizards, whereas La Gomera hosts
t species Gallotia caesaris (Fig. 1; see also Appendix

 S1 for further details). Since larger lizards consume
a greater amount of fruits (Valido, 1999), we hypothe-
e extinction-driven body size reduction will negatively
quantitative and qualitative components of N. pulveru-
tment. Among the former we  considered the amount of
stablished; among the latter we  analyzed the propor-
e that effectively established outside adult plants and
n in seedling vigour estimated resulting from reduced

eing dispersed. We  expect the downsized scenarios will
 (i) differences among islands in overall recruitment

 indicated by differences in the age structure (i.e. the
ndance of seedlings), (ii) a decrease in the proportion

s recruiting outside the canopy of adult plants, (iii) a
f the effective recruitment rate of seedlings (per capita
nts), and (iv) a reduced vigour of seedlings, resulting

 of consumption of large fruits (with large seeds; Howe
, 1982; Valido, 1999).

nd methods
s

ulenta (Rutaceae) (Vent) Erdtman is an endemic treelet
 in the dry lowlands (<400 m a.s.l.) of Gran Canaria,
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d La Gomera (Canary Islands). In these areas the aver-
 temperature and precipitation are around 21 ◦C and
pectively (AEMET-IP, 2012). The resulting lowland veg-
minated by Euphorbia spp. (Euphorbiaceae), Lavandula
ae), Lycium intricatum (Solanaceae), Periploca laevigata
ceae), Plocama pendula, and Rubia fruticosa (Rubiaceae),
rs. Adult plants of N. pulverulenta average 1.1 ± 0.49 m
t some individuals can reach 2.7 m (n = 2132 from all

pulations). Plants can bloom almost all year round, with
inter and spring. The main pollinators are ants, solitary
es. Fruits include 1–4 ‘cocci’ (11.1 ± 1.6 mm in diameter
, 1999). Each coccus can be considered to be function-

e composed of fleshy pulp containing invariably one
 seed (8.6 ± 1.0 mm in diameter; Valido, 1999).
dium- and large-bodied lizards eat these fruits, ade-
ndling and swallowing individual cocci, acting as
eed dispersers (Valido and Nogales, 1994; Valido, 1999;
., 2003). Secondary seed dispersal by raptor predators
ontaining seeds of N. pulverulenta has also been doc-
adilla et al., 2012). Subsequent to human colonization
500 yr BP, Appendix S1), different extinction scenarios

 each island generating a gradient of lizard body-size
Fig. 1). On Gran Canaria lizard downsizing has been
inor, from the large forms of G. stehlini sub-fossils

 snout-vent length, max  SVL = 367 mm)  to the extant G.
x SVL = 280 mm).  In contrast, lizard size reduction has
e on La Gomera, where the extant widespread species
, max  SVL = 111 mm)  is four times smaller than their
tives (G. goliath,  max  SVL = 466 mm). In turn, on Tenerife

ax SVL = 502 mm)  became extinct and currently only
-sized species Gallotia galloti (max SVL = 145 mm)  is

ributed. Moreover, the large species Gallotia interme-
L = 174 mm)  and Gallotia bravoana (max SVL = 212 mm)

 on Tenerife and La Gomera respectively, but they are
dangered, surviving only in extremely reduced popula-
hly localized, inaccessible cliffs (Fig. S1 and references

details).

raphy

 out a comparative study on plant recruitment under
ed dispersal scenarios, we sampled 42 N. pulverulenta

 from the three islands. We  deliberately choose popu-
nning the range of environmental conditions where

 occurs: Gran Canaria (n = 11), Tenerife (n = 19), and La
= 12) (Table S1, Fig. S2). In each population we  hap-
t up 3–6 linear transects (25–100 m length; 5 m wide)
on plant population size. Along these transects we
d measured all individual plants, except for seedlings,
nly a subset were measured (n = 637 seedlings; sam-
erage, 29.3% of seedlings recorded in each population).
ual plant measurements included the maximum basal

 diameter at ground level (using a digital calliper),
m stretched height (except for adults; non-stretched

 the two major diameters of the vertical canopy projec-
a measuring tape). Moreover, all individual plants were

 according to their size-related age class (seedling,
enile, adult). Seedlings were identified as plants with
asal diameter and with less than four leaves; individ-
nched, with 1–7 mm basal diameter were recorded as
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(range: 102–571), with a total of 9402 plants sampled.
is dataset to describe the age structure of populations.
set of 32 populations (Table S1, Fig. S2), we  also kept

 on the proportion of seedlings outside the canopy of N.
 plants and the effective recruitment rate of seedlings

ansects. For the first variable, we recorded the number
 located within the transects and >1 m away from the
he nearest adult plant relative to the total seedlings
he effective recruitment rate was calculated as the
eedlings outside the canopy relative to the number of
. This demographic parameter represents the per-adult

seedlings successfully recruiting away from adults, i.e.
rom effectively dispersed seeds.
or the analyses of seedling vigour, as reflected by stem
e selected 22 populations with at least six seedlings
6–93 seedlings, depending on seedling abundance;

ies, climatic variation, and lizard abundance

n an estimate of plant density per population we set up
dicular 100 m × 4 m transects, for which we counted all
nta adult plants rooted within the transect. These data
endent of the adult plants censused in the age structure
n addition, we gathered climatic data from meteoro-
ons located within a 7 km distance (1–4 stations), with
ral data series available (range = 6–53 years). For each
we recorded the average annual precipitation (pp),
aximum temperature of the hottest month (tmax),

an minimum temperature of the coldest month (tmin).
lculated the Emberger index (Emberger, 1955) defined

 pp)/(tmax
2 − tmin

2), which we log-transformed (-LnQ;
 al., 2003) for statistical analyses.
ined an index of relative abundance of medium- to
d lizards in the 32 populations selected for the detailed

 seedling recruitment. Given that lizard body-size and
 their droppings are positively correlated (Valido and
03), we  recorded the number of medium- to large-
ings in 50 quadrats (0.5 m × 0.5 m), regularly spaced 5 m

 five linear transects (spaced 10 m apart) per population.

nalyses

 plant recruitment
ine differences in the age structure pattern (relative

 of each age class) among islands we fitted two gener-
r models (GLMs) with a binomial distribution of errors
k function. We included ‘island’ as a fixed factor using
ll sampled populations (n = 42). In the first model we
land differences in the proportion of subadults (pooled
seedlings, saplings and juveniles) vs. the proportion of
. In the second model, we  tested for differences in the

of seedlings relative to the rest of the pooled age classes
veniles, adults).

plant recruitment
s the effect of the ecological scenarios (islands) on
ion of seedlings outside the canopy we applied a GLM
mial distribution of errors and a logit link function. We
’ as the main fixed factor and both the density of N.

 adult plants and the Emberger index as covariates.

nd differences in the effective recruitment rate of
ere tested by fitting a GLM with a Poisson distribution
d a log link function. The number of seedlings was
esponse variable, while ‘island’ was  used as a fixed
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Table 1
Demographic parameters and results of multiple comparisons (Tukey test) among islands. The number of sampled populations is indicated within brackets. Post hoc
analyses were conducted after application of GLM1 with a binomial distribution and a logit link function, GLM2 with a Poisson distribution and a log link function, and LMM3.
Non-shared, superscript letters indicate significant differences among islands. Data are mean ± S.E.

Demographic parameters Gran Canaria Tenerife La Gomera

Proportion o 1 a 17.71 ± 6.58b (13) 2.76 ± 2.12c (10)
Effective rec 0.39 ± 0.22b (13) 0.01 ± 0.00c (10)
Seedling ste 0.47 ± 0.05b (7) 0.81 ± 0.05a (8)
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m diameter3 (mm) 0.74 ± 0.06a (7)

mberger index as a covariate and the number of adults
tion as an offset of the model. The stem diameter of
edlings was used as an estimate of seedling size and

 tested variation in seedling vigour among islands by
ar mixed model (LMM)  using ‘island’ as the main fixed

 population identity as a random factor nested within
mberger index as a covariate.

 to assess differences in all measured demographic
 among pairs of islands we used post hoc contrasts
). In addition, we checked for spatial autocorrelation
el residuals by performing multivariate Mantel cor-

Given that spatial autocorrelation was not detected for
bove demographic variables, we did not include spatial

 in the abovementioned models (details in Appendix

we tested for island effects on the density of large-
-sized droppings, as a proxy of the relative density of
edium-sized lizards. We  used an ANOVA with post hoc
ukey test) to test for differences among islands. All

nalyses were carried out with R (R Development Core
).

 plant recruitment

 structure pattern of N. pulverulenta was highly vari-
 populations within each island, ranging from aged
, where most individuals were adults (e.g. Montaña de
an Canaria), to relatively younger stands where many
lants were subadults (e.g. Barranco de la Negra, La
able S1). When considering the frequencies of subadults
dlings, saplings, and juveniles) relative to adult plants,

 were not detected among the three insular scenarios
05; Fig. 2), suggesting similar overall amount of recruit-
n, the average percentage of seedlings was  consistently
ong islands, varying from 31.0 ± 27.8% in Tenerife to

 in Gran Canaria (GLM, p > 0.05; Fig. 2).

plant recruitment

ortion of seedlings outside the canopy of adult plants
antly different among islands: Gran Canaria (12.7%),
.7%) and La Gomera (2.8%) (Table 1, Fig. 3). In the model,
f N. pulverulenta adult plant density was  statistically
Z = −3.19, p < 0.001). However, variation in climatic con-
not account for these differences.
g the effective recruitment rate of seedlings, we
nificant differences for all the possible pairwise com-

able 1, Fig. 4a). Populations on La Gomera recruited
y fewer seedlings per adult (0.01 seedlings/adult) than
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erved differences among islands in the proportion of
utside the canopy and the effective recruitment rate
s match the variability detected in the abundance of
-large lizard droppings. In the particular case of La
ge droppings were totally absent in the sampled popu-
. 4b). Also, we  recorded a significantly lower density
roppings on Gran Canaria than on Tenerife (t = 2.58,

e  found seedlings with consistently smaller basal stem
 Tenerife, with no differences between Gran Canaria
era (Fig. 5, Table 1). Variation in stem diameter across

 was unrelated to the Emberger index.

 downsized mutualisms

g a natural island-based field experiment from the
nds we found support for the observation that
-mediated downsizing of frugivorous lizards critically

cruitment of N. pulverulenta, an endemic shrub strictly
on these seed dispersers. Unexpectedly, our results
t a reduction of lizard body size has no effect on the

e component of seed dispersal (age structure pattern)
rent insular scenarios, with similar overall amount of
veniles, saplings, and seedlings pooled) relative to the
dult plants. However, we  detected critical effects on the
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Fig. 3. Proportion of Neochamaelea pulverulenta seedlings growing outside (grey bars) and beneath the canopy (black bars). Each bar represents a sampled population, sorted
within  islands in decreasing order of the proportion of seedlings recruiting beneath the canopy (see Table S1, Fig. S2 for population codes and locations). Grey boxplots show
the  median as well as the upper and the lower quartile of the proportion of seedlings outside the canopy on each island (the whiskers are 1.5 times the interquartile range
of  the box). Dots outside of the whiskers are considered outliers.

Fig. 4. (a) Effective recruitment rate of seedlings on each island (no. of seedlings outside the canopy no. of adult plants−1). Data are shown on the log (x + 1) scale. (b) Density
of  medium to large droppings of lizards on each island (no. of lizard droppings 0.25 m−2). In both panels, population parameters are represented with points. Boxplots show
the  median as well as the upper and the lower quartile, the whiskers are 1.5 times the interquartile range of the box. Dots outside of the whiskers are considered outliers.
Gran  Canaria, n = 9 populations; Tenerife, n = 13 populations; La Gomera, n = 10 populations.
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 pulp away from adult plants where a minor frac-
ds may  likely germinate. In addition, N. pulverulenta

 are usually distributed on ravine slopes, where these
out pulp can be dispersed by rain or gravity. Lastly,
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Appendix S1. Natural history of the Canarian lizards (g. Gallotia, Lacertidae). 

 

The Canarian lacertid lizards are included into the endemic genus Gallotia (Arnold, 

1973). Currently, it comprises seven extant species (Arechavaleta et al., 2010; Cox et 

al., 2010): G. atlantica (Peters and Doria, 1882) from Lanzarote and Fuerteventura, G. 

stehlini (Schenkel, 1901) from Gran Canaria, G. galloti (Oudart, 1839) from Tenerife 

and La Palma, G. intermedia (Hernández et al., 2000) from Tenerife, G. caesaris 

(Lehrs, 1914) from La Gomera and El Hierro, G. bravoana Hutterer, 1985 from La 

Gomera, and G. simonyi (Steindachner, 1889) from El Hierro (Figure S1). However, the 

western islands were inhabited in the past by other giant taxa, considered extinct 

nowadays: Gallotia simonyi (Steindachner, 1889; Tenerife, La Gomera and La Palma), 

G. goliath (Mertens, 1942; Tenerife, La Gomera, La Palma and El Hierro), and G. 

auaritae (Mateo et al., 2001; La Palma) (Figure S1). The taxonomic status of these 

extinct taxa is certainly controversial. Some authors consider that just one giant species 

inhabited each of the western islands in the past (Mateo et al., 2011; but see Maca-

Meyer et al., 2003). According to this, some of the recently discovered species in these 

islands surviving in very restricted and isolated populations i.e., G. simonyi (discovered 

in 1975 in El Hierro; Böhme and Bings, 1975), G. intermedia (1995 in Tenerife; 

Hernández et al., 1997, 2000) and G. bravoana (1999 in La Gomera; Valido et al., 

2000; Nogales et al., 2001) are considered as dwarf individuals of the giant taxa already 

described from fossil/subfossil giant specimens (Rando et al., 1997; Bischoff, 1998; 

Barahona et al., 2000; Mateo et al., 2001, 2011). Therefore, until the taxonomic position 

of these extinct lizards is resolved by sequencing ancient DNA, we can say that each of 

these islands was inhabited in the past by giant lizards. These recently discovered 

species are closely related to extinct giant taxa, but currently restricted to small and 



isolated populations. In turn, the medium- to smaller-bodied species (G. galloti and G. 

caesaris respectively) are abundant and widespread within each of the western islands.  

The resulting downsize gradient caused by the extinction process is summarized in Fig. 

1 and Fig. S1. 

  The origin of this monophyletic group of lizards goes back to the Miocene (ca. 

17 - 20 Mya), when a common ancestor of Psammodromus and Gallotia colonized the 

older, easternmost islands (Lanzarote/Fuerteventura) from Southern Europe or 

Northwest Africa (Cox et al., 2010). Subsequent stepping-stone colonization and 

diversification processes were occurring from eastern to western islands. Therefore, in 

the Middle Miocene (ca. 13 - 10 Mya) three genetic lineages had been already formed: 

G. atlantica in Lanzarote/Fuerteventura, G. stehlini in Gran Canaria, and a different 

genetic lineage in Tenerife. The latter, during the Pliocene and Pleistocene (6 - 0.6 

Mya), evolved in two lineages: small- to medium and giant bodied lizards. These lizards 

colonized the rest of western islands and formed a new species/subspecies in each 

island. Thus, by the mid-Pleistocene, Tenerife, La Gomera, La Palma and El Hierro 

each hosted a giant lizard coexisting with a small- or medium-sized species (Barahona 

et al., 2000; Cox et al., 2010). 

Gigantism on oceanic islands is a recurrent evolutionary pattern among 

vertebrates (Lomolino, 2005), including lizards (Pregill, 1986; Meiri, 2008). Body-sizes 

of the Gallotia giant lizards are the largest (max. SVL = 502 mm) within the Larcertidae 

family, and they are considered a paradigmatic example of gigantism on islands 

(Barahona et al., 2000; Lomolino, 2005; Whittaker and Fernández-Palacios, 2007; 

Meiri, 2008). It is likely that the absence of large predators and the expansion of 

ecological niches (e.g. to herbivorous diets) enabled these lizards to reach giant sizes 

and diverge from smaller species (Maca-Meyer et al., 2003; Cox et al., 2010). 



According to paleontological records, giant Gallotia lizards were widely distributed 

within these islands until the arrival of the first settlers, approximately 2000-2500 yr BP 

(García-Cruz and Marrero-Rodríguez, 1978; López-Jurado, 1985; Mateo and López-

Jurado, 1992; Castillo et al., 1994; López-Jurado and Mateo, 1999; Castillo et al., 2001; 

Mateo 2007). The discovery of giant lizard bones in shell deposits (e.g. Alberto, 1999), 

together with results obtained from stable isotopes analysis of aboriginal bones (Arnay-

de-la-Rosa et al., 2010, 2011) suggest that the first human colonization marked the 

beginning of the decline of giant lizard populations in these islands. In addition, a recent 

genetic study performed with giant lizards from La Gomera indicates that the drastic 

reduction of G. bravoana populations coincided with the arrival of humans to the island 

(1230-2344 years ago; González et al., 2014). Therefore, subsequent to colonization by 

Europeans ca. 500-600 yr BP, introduced predators and competitors (e.g. rats, cats, dogs 

and goats), habitat destruction, and some life-history components (e.g. low reproductive 

rate), finally resulted in the extinction and the body size reduction of the giant lizard 

species in these islands (Machado, 1985a; Mateo and López-Jurado, 1992; Barahona et 

al., 2000). 

Despite the extinction process and/or the resulting downsize of lizards occurred 

in all central and western islands (Figure S1), its intensity was not homogeneous among 

them (Figures 1, S1). For example, a subtle size reduction (according to max SVL 

recorded) took place in Gran Canaria, from 350 mm to 280 mm (G. stehlini). Tenerife 

experienced an intermediate reduction of lizard body sizes, as it still preserves the 

medium-sized G. galloti (145 mm) after the extinction of G. goliath (502 mm). In 

contrast, the extinction process resulted in a drastic downsize of lizards in La Gomera, 

from 466 mm (G. goliath) to 110 mm (G. caesaris). This allowed us defining three 

well-contrasted eco-evolutionary scenarios, providing an interesting natural experiment 



to evaluate how the progressive reduction of lizard body-sizes affected the early 

recruitment of the large-seeded treelet Neochamaelea pulverulenta (Rutaceae), an 

endemic species whose seeds are dispersed exclusively by the large-to medium 

Canarian lizards (Valido, 1999). 

All Gallotia lizard species present a marked omnivorous diet, with fleshy fruits 

being an important component year round. Thus, they legitimately disperse seeds of 

many fleshy-fruited plant species in different habitats and islands (Barquín-Díez and 

Wildpret, 1975; Machado, 1985b; Barquín-Díez et al., 1986; Naranjo et al., 1991; 

Valido and Nogales, 1994; Valido, 1999; Pérez-Mellado et al., 1999; Valido and 

Nogales, 2003; Valido et al., 2003; Martín et al., 2005; Carretero et al., 2006; Nogales 

et al., 2007; Rodríguez et al., 2008; Padilla et al., 2009, 2012; Carretero et al., 2014; 

González-Castro et al., 2014). Nevertheless, the quantitative importance of the 

vegetarian components in the diet positively covary with lizard body sizes both within- 

and among species. Larger lizards are more vegetarian and/or frugivores than the 

smaller ones (Mateo and López-Jurado, 1992; Valido et al., 2003; Carretero et al., 

2006). These results, and a paleodiet study of G. goliath in Tenerife (Bocherens et al., 

2003), suggest that extinct giant species might be even more vegetarian/frugivores than 

the extant largest species. Thus, it is assumed that these extinct lizards were also 

important seed dispersers of N. pulverulenta (Valido, 1999). 

 The geographical distribution of N. pulverulanta before the arrival of humans to 

the Canary Islands is undocumented. However, some archaeological studies indicate the 

presence of seed remains in many aboriginal burials (Del Arco, 1976, 1993; Machado, 

2007; Morales, 2010; Morales and Gil, 2014), matching with actual distribution of this 

plant species within island. These results suggest non-important changes in the insular 

distribution of N. pulverulenta after the defaunation of giant lizards.  



Figure S1. Distribution of Gallotia (Lacertidae) species in the Canary Islands and their 

maximum snout-vent length (max. SVL). Silhouettes are scaled to the max. SVL. Light-

grey silhouettes (†) represent extinct lizards. Dark-grey silhouettes (*) represent 

critically-endangered species with very restricted and isolated populations (dots on the 

maps). Black silhouettes represent extant, widely distributed species. Max. SVL of 

fossil G. atlantica has not been estimated, although López-Jurado and Mateo (1992) 

suggest a similar length to extant conspecifics according to data reported by Michaux et 

al. (1991). Some authors consider the presence of other extinct taxa in these islands (see 

text for details).  



 

[1] Barahona et al., 2000; [2] Izquierdo et al., 1989; [3] Rodríguez-Domínguez et al., 1998; [4] Valido, A. 
(personal observation); [5] Bravo, 1953; [6] Mateo et al., 2001; [7] Hutterer et al., 1985; [8] Hernández-
Divers et al., 2003; [9] Molina-Borja and Rodríguez-Domínguez, 2004; [10] Mertens, 1942;  [11] Martín, 
A. (personal communication); [12] Martín, 1985; [13] Mateo and López Jurado, 1992; [14] Michaux et 
al., 1991; [15] López-Jurado and Mateo, 1995; [16] Márquez et al., 1997  



Figure S2. Map showing N. pulverulenta populations sampled in this study from Gran Canaria, Tenerife, and La Gomera. Population codes are 

ordered from the easternmost to the westernmost island, and clockwise ordered within island. The codes correspond to those shown in the Table 

S1. The potential geographic distribution of N. pulverulenta (dotted lines) was modified from Atlantis 3.1 (Gobierno de Canarias. Banco 

de Datos de Biodiversidad de Canarias; http//: www.biodiversidadcanarias.es/atlantis/). 
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Table S1. Information about the 42 sampled populations of Neochamaelea pulverulenta from the Canary Islands. The population codes 

match with those indicated in the Figure S2. Populations with letter codes were sampled only for age structure but not for the other 

demographic variables. Populations with asterisk (*) in Tenerife indicate the presence of G. galloti but also G. intermedia in the vicinity. 

The Emberger index is log-transformed (-lnQ). The number of individuals of each age class sampled in the populations, and the number of 

seedlings growing outside the canopy (within brackets) are shown. (d) indicates populations where at least 6 seedlings were measured 

(stem diameter). 

 

 

 

 

 

 

 

 

 



Code 
 

Population 
 

Island Lizard species Latitude (N) Longitude (W) -lnQ Adults Juveniles Saplings Seedlings 

1 Montaña de Tabaiba Gran Canaria G. stehlini 27°48'08" 15°31'04" -5.9 88 10  2 1 (0) 
2 Barranco de Ayagaures Gran Canaria G. stehlini 27°48'36" 15°37'09" -5.6 55 17  30  67 (4) d 
3 Barranco de La Verga Gran Canaria G. stehlini 27°46'50" 15°41'42" -5.9 61 11  35  6 (1) d 
4 Barranco de Tauro Gran Canaria G. stehlini 27°49'07" 15°43'08" -5.8 64 3  34  11 (0) d 
5 Barranco de Tiritaña Gran Canaria G. stehlini 27°48'58" 15°44'36" -5.7 79 5  16  33 (22) d 
6 Barranco de Tasarte Gran Canaria G. stehlini 27°56'06" 15°45'12" -6.1 47 8  54  121 (0) 
7 Barranco de Güigüi Gran Canaria G. stehlini 27°56'01" 15°49'14" -5.8 23 18  65  108 (0) d 
8 Tirma Gran Canaria G. stehlini 28°02'05" 15°45'23" -6.5 73 4  32  33 (5) d 
9 La Laja del Risco  Gran Canaria G. stehlini 28°03'33" 15°43'44" -6.5 65 31  25 100 (10) d 
A Barranco de Tamaraceite Gran Canaria G. stehlini 28°07'31" 15°27'36" -6.4 98 20  16  1 
B Barranco de Veneguera  Gran Canaria G. stehlini 27°51'43" 15°46'21" -5.7 516 96  175  NA 
10 Punta de Juan Centella  Tenerife G. galloti 28º23'32'' 16º41'38'' -6.9 112 23  19  4 (0) 
11 Charco de la Arena Tenerife G. galloti! 28°23'58'' 16°40'08'' -6.9 228 113  75  8 (2) 
12 Tabaiba Alta Tenerife G. galloti! 28°24'14" 16°20'21" -6.9 56 11  41  76 (0) d 
13 La Hidalga Tenerife G. galloti! 28°19'53" 16°23'34" -6.7 72 8  28  106 (0) 
14 Abades Tenerife G. galloti! 28°08'23" 16°27'24" -6.4 73 12  10  47 (11) d 
15 Arico  Tenerife G. galloti! 28°09'04" 16°28'17" -6.4 35 5  42  131 (0) d 
16 Malpaís Punta de Rasca Tenerife G. galloti! 28º00'42'' 16º41'54'' -6.0 54 2  3  272 (13) d 
17 El Palm-Mar  Tenerife G. galloti! 28°01'23" 16°41'30" -6.0 96 24  17  5 (1) 
18 Montaña de Guaza I* Tenerife G. galloti! 28°01'59" 16°42'26" -5.9 31 5 24  511 (87) d 



Table S1. (Continuation) 

 

 

19 Montaña de Guaza II* Tenerife G. galloti! 28°02'08'' 16°42'29'' -5.9 29 13 13  45 (3) 
20 Montaña de Guaza III* Tenerife G. galloti! 28°02'54" 16°42'03" -5.9 106 12 26  25 (11) 
21 Los Menores Tenerife G. galloti! 28°08'42" 16°45'26" -6.5 23 14 109  247 (15) d 
22 Barranco Guía de Isora Tenerife G. galloti! 28°11'34" 16°46'22" -6.5 67 15 44  90 (75) d 
C Teno Bajo I Tenerife G. galloti 28°21'08" 16°54'43" -6.6 98 15 7  0 
D Teno Bajo II Tenerife G. galloti 28°21'13" 16°54'33" -6.6 50 22 61  90 
E Cueva del Rey  Tenerife G. galloti 28°22'59" 16°42'42" -6.9 67 36 78  17 
F Malpaís de Güímar  Tenerife G. galloti 28°18'37" 16°22'22" -6.2 54 5 8  50 
G Barranco de Masca* Tenerife G. galloti 28°17'35" 16°50'56" NA 83 37 33  28 
H Barranco Los Carrizales* Tenerife G. galloti 28°19'12" 16°52'17" NA 97 17  12  24 
23 Barranco de La Sabina La Gomera G. caesaris 28°07'54" 17°07'28" -6.6 36 44 25  22 (1) d 
24 Punta Llana  La Gomera G. caesaris 28º07'41" 17º06'17'' -6.6 438 75 25  12 (0) 
25 Roque de la Roja  La Gomera G. caesaris 28°03'59" 17°09'11'' -6.4 20 10  72  125 (0) d 
26 Barranco de Chinguarime La Gomera G. caesaris 28°02'31" 17°10'47" -6.2 10 29  74  80 (0) d 
27 Barranco Biguillo La Gomera G. caesaris 28°02'37" 17°11'03" -6.2 82 21  7  30 (0) 
28 Juan Barba La Gomera G. caesaris 28°02'11" 17°13'47" -6.7 29 33  48  59 (1) d 
29 La Caldera La Gomera G. caesaris 28°02'06" 17°16'00" -6.6 26 11  64  88 (0) d 
30 Barranco de la Negra La Gomera G. caesaris 28°03'04'' 17°16'51'' -6.4 7 1  225 527 (0) d 
31 Lomo Gerián La Gomera G. caesaris 28°04'28'' 17°18'48'' -6.2 39 4  57  14 (3) d 
32 Lomo del Balo La Gomera G. caesaris 28°09'21'' 17°18'43'' -7.1 25 36  50  18 (0) d 
I Barranco de La Era Nueva La Gomera G. caesaris 28°11'01" 17°16'36" -7.3 82 14  4  0 
J Cerro del Cepo La Gomera G. caesaris 28°11'51" 17°12'11" -7.2 85 4  11  0 



Appendix S2. Additional information for the statistical analyses. 

 

Several sampled populations of N. pulverulenta were geographically close, thus being 

subjected to similar biotic/abiotic conditions. This may result in similar values of the 

demographic variables, violating the required independence of data to properly apply 

generalized linear models. Thus, and as a complement of the performed analyses, we 

also tested for spatial autocorrelation among the residuals of the models used (the age 

structure patterns, the proportion of seedlings outside the canopy and the effective 

recruitment rate). Given that we did not record the geographic position of each sampled 

seedling (sample unit) we could not perform this analysis for the “seedling stem 

diameter” model (LMM). As an alternative, we pooled the individual data at the 

population level (population mean), performed a linear regression (LM) with “island” as 

a fixed factor and Emberger index as a covariate and we tested for spatial 

autocorrelation.  

Spatial autocorrelation was assessed by computing multivariate Mantel 

correlograms following Matesanz et al. (2011). We tested at different distance classes 

including all pairs of populations located at a certain distance from each other (9 km 

distance classes). This distance interval was selected in order to include a sufficient 

number of populations in the first distance class. We did not detect spatial 

autocorrelation for any of the fitted models (p-values > 0.05 after a progressive 

Bonferroni correction), thus geographic information of plant populations was not 

included as covariates. The results of these analyses are shown in Figure S3. 

All analyses were carried out with R (R Development Core Team, 2010). 

Specifically we used nlme (for GLM and LMM models; Pinheiro et al., 2014), 



multcomp (post-hoc Tukey tests; Hothorn et al., 2008) and mpmcorrelogram packages 

(Mantel correlograms; Matesanz et al., 2011).  

 

Figure S3.  Results of the multivariate Mantel correlograms using the Mantel statistic 

(rM; Matesanz et al., 2011). Empty squares indicate non-significant spatial 

autocorrelation at each distance class (9 km) for the dependent variables examined (see 

text for details): a) the proportion of seedlings relative to the other age classes, b) the 

proportion of pooled subadults (seedlings, saplings and juveniles) relative to the 

proportion of adults, c) the proportion of seedlings outside the canopy relative to the 

proportion of seedlings beneath the canopy, d) the effective recruitment rate of 

seedlings (i.e. the number of seedlings outside the canopy relative to the number of 

adults sampled), e) the averaged stem diameter at the population level. 
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Figure S4. Photo-collage illustrating the studied system. A) Gallotia stehlini (Ad male), 

the extant largest species of lizards from Gran Canaria (photo: P. Jordano). B) Medium-

sized lizard G. galloti (Ad male) from Tenerife (photo: C. Camacho). C) Lowland 

xerophytic schrubland (Teno Bajo, Tenerife, photo: P. Jordano). D) Neochamaelea 

pulverulenta from Punta de Juan Centella, Tenerife (photo: A. Valido). E) Ripe fruits of 

N. pulverulenta from Tenerife (photo: A. Valido). F) Depulped seeds accumulating 

beneath the canopy of N. pulverulenta from La Gomera (photo: N. Pérez-Méndez). G) 

G. galloti droppings with dispersed seeds of N. pulverulenta from Tenerife (photo: N. 

Pérez-Méndez). 
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