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Environmental pressures on islands often differ markedly from 
those driving phenotypic responses in neighboring continental 
areas (Carlquist, 1974; Burns et  al., 2012). Dispersal limitations, 
for instance, have precluded the colonization of remote islands 
by mainland terrestrial herbivores (Wallace, 1880), which results 
in reduced pressures for plants evolving in these systems (Grant, 
1998; Vourc’h et  al., 2001; Burns, 2014). Lack of large browsers, 
coupled with evidence that anti- herbivore defenses are costly and 
labile (Coley et  al., 1985; Kursar et  al., 2009), support the promi-
nent idea that plant evolution on islands may be characterized by a 

generalized pattern toward loss of defenses (Carlquist, 1974; Bowen 
and Van Vuren, 1997; Vourc’h et al., 2001).

Plants respond to herbivore attack by deploying structural and 
chemical responses (Herms and Mattson, 1992; Hanley et al., 2007). 
While the relaxed expression of mechanical traits associated with 
anti- herbivory defense has been frequently documented (Bowen 
and Van Vuren, 1997; Burns, 2014; Kavanagh, 2015), empirical 
support for the hypothesis of loss of chemical defenses on islands 
(LCDIH, hereafter) is equivocal (cf. Adsersen and Adsersen, 1993; 
Bowen and Van Vuren, 1997; Vourc’h et al., 2001; Pardo et al., 2018). 
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PREMISE OF THE STUDY: We tested a hypothesis that predicts loss of chemical defenses 
on island plant populations (LCDIH) as an evolutionary response to limited herbivore 
pressures.

METHODS: Using a common garden approach, we grew 16 populations (N = 286 seedlings) 
of Periploca laevigata, a Mediterranean shrub for which previous studies suggested that 
animal browsing elicits defensive responses mediated by tannins. Our experimental setting 
represented a wide latitudinal gradient (37–15°N) encompassing three island systems, 
virtually free of large herbivores, and three mainland areas. Putative chemical defenses 
were estimated from tannin–protein precipitation assays, and inducible responses in 
growth and chemical traits were assessed between seasons and by subjecting plants to a 
pruning treatment.

KEY RESULTS: We failed to find support for the LCDIH, since island populations (Canary 
Islands, Cape Verde) had increasingly higher constitutive levels of tannins at lower 
latitudes. Seasonality, but not experimental pruning, induced variation in levels of 
tannins in a consistent pattern across populations. Thus, net differences in leaf tannin 
concentration remained similar among geographical areas regardless of the factor 
considered, with latitude being the best explanatory factor for this trait over seasonal 
growth patterns.

CONCLUSIONS: Geographical variation in total tannin pools appears to be mediated by 
factors other than herbivore pressure in P. laevigata. We hypothesize that abiotic correlates 
of latitude not considered in our study have promoted high constitutive levels of leaf 
tannins across Macaronesian populations, which ultimately may explain the pattern of 
seasonal variation and latitudinal increase from Mediterranean to subtropical Cape Verde 
populations.
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The mixed results obtained in chemical studies might be  explained 
by different untested factors. For instance, if the levels of defensive 
compounds vary depending upon plant damage (i.e., plant defenses 
are inducible; Karban and Baldwin, 1997), time- point measure-
ments of chemical compounds could not capture plastically in-
duced responses (Anstett et al., 2016). Assuming a cost to defense, 
low herbivory risk on oceanic islands should favor induced over 
constitutive responses: environments with low herbivore pressure 
(e.g., islands) should select for low constitutive defenses and high 
inducibility because the costs of continuously producing constitu-
tive defenses are high when damage is low (i.e., costs of constitu-
tive defenses outweigh their benefits) (Karban and Baldwin, 1997; 
Moreira et al., 2014; Bixenmann et al., 2016).

At broad geographical scales, several studies suggest that pro-
duction of constitutive defenses may be driven by environmen-
tal covariates of latitudinal variation (Hallam and Read, 2006; 
Pearse and Hipp, 2012; Wang et  al., 2016; but see Moles et  al., 
2011). Physiological theories, in turn, predict that the amount 
of resources invested in defense trades off with growth patterns 
(Coley et al., 1985; Herms and Mattson, 1992). Because plant de-
fense may therefore be governed by a combination of intrinsic 
(e.g., growth rates) and extrinsic (environmental) factors, formal 
testing of the LCDIH should consider such explanatory factors. 
A multifactorial approach is particularly relevant when sets of 
undetermined chemical compounds are used as proxies of plant 
defense. Tannins, for instance, are among the most popular sec-
ondary compounds measured in studies of plant defense, but due 
to their mixed composition, variation in total tannin pools has 
been linked to several factors that are not strictly related to anti- 
herbivore responses, including seasonality or exposure to solar 
radiation (Close and McArthur, 2002; Salminen and Karonen, 
2011). Despite this functional diversification, broad- scale corre-
lations between levels of herbivory pressure and plant investment 
in tannins (Wang et al., 2016; Moreira et al., 2018) are suggestive 
of strong biogeographical patterns in plant defense modulated by 
these phenolic compounds. Therefore, if herbivore pressure is the 
primary driver of tannin investment, we would expect lower lev-
els of tannins in oceanic island populations than those observed 
in mainland populations (Bowen and Van Vuren, 1997) or, as-
suming a cost- effective induced response (Moreira et  al., 2014; 
Bixenmann et al., 2016), that defenses on islands are preferentially 
released following plant damage.

In this paper, we conducted a common garden experiment to 
test the prediction that populations on island settings should dis-
play low levels of chemical defense. We used the shrub Periploca 
laevigata Aiton (Apocynaceae) as a study case because its distri-
butional range, coupled with its well- documented biogeograph-
ical history and chemical responses, provide an ideal framework 
for testing ideas relating to the evolution of putatively defensive 

compounds on islands. Previous field studies at mainland loca-
tions suggest that tannin production in P. laevigata is a plastic 
trait that varies seasonally and is elicited by mammal browsing 
(Alados et al., 2002; Barroso et al., 2003). Based on this informa-
tion, we anticipated that islands with low herbivore risk should 
favor induced over constitutive chemical defenses. The species’ 
widespread distribution, spanning from the Mediterranean Basin 
to the Cape Verde Islands, also allows investigation of the major 
drivers of latitudinal trait variation. Recent phylogeographical 
studies add a valuable layer of interest: P. laevigata comprises 
four sublineages that have been identified as independent cases 
of mainland- to- island colonizations (García- Verdugo et  al., 
2017, 2018). Each island sublineage can therefore be considered 
as a replicated experiment, and similar patterns of trait variation 
would be expected among sublineages if the LCDIH was a gen-
eralized phenomenon. Based on these premises, we addressed 
the following questions regarding geographical variation and in-
ducible production of tannins: (1) Do island populations have 
lower levels of tannins than mainland populations when plants 
are grown in similar environments? (2) Do extrinsic factors typ-
ically related to tannin investment, such as growth patterns or 
plant damage, account for patterns of chemical variation across 
latitudinal gradients? Our study aims at gaining some insight into 
how chemical variation of putatively defensive compounds can 
be influenced by geographical variation and environmental cues, 
with a particular focus on the biogeographical background pro-
vided by oceanic islands.

MATERIALS AND METHODS

Study system and species

Periploca laevigata typically occurs in open, semi- arid areas with 
poor- nutrient soils (Castro et  al., 2003; Arista and Ortiz, 2012). 
It comprises four sublineages of wind- dispersed shrubs that have 
colonized different island settings, including two Macaronesian 
archipelagos (Cape Verde and Canary Islands), and several 
Mediterranean islands in the strait of Sicily (Arista and Ortiz, 
2012; García- Verdugo et  al., 2017). As a thermophyllous element, 
it is generally restricted to low elevation (<500 m a.s.l.) habitats 
across its mainland distribution. However, island colonization in 
Periploca is associated with niche shifts, and populations on the 
western Canarian islands often reach higher elevation in south- 
exposed areas (above 700 m a.s.l.), whereas most populations on 
the Cape Verde islands are found above 1200 m a.s.l. (Chevalier, 
1935; García- Verdugo, 2014; Table 1).

Due to its ecological and medical importance in semiarid 
regions, P. laevigata has been subject to extensive chemical  

TABLE 1. Number of populations (pops.) sampled for each of the recognized Periploca laevigata sublineages, estimated times of island colonization inferred in 
previous phylogeographical studies, and latitudinal (Lat.) and elevation (Elev.) ranges represented in this study.

Sublineage
Sampling region  

(no. pops.)
Island colonization  

time (Ma)a Lat. range (°)/Zone Elev. range (m a.s.l.)

Mediterranean (MED) mainland (4) + island (3) <0.20 37–30/temperate 40–250
Eastern Canaries (ECA) island (3) 0.39- 0.20 29–28/subtropical 50–140
West + central Canaries (WCA) island (3) 2.10 27–28/subtropical 100–700
Cape Verde (CAV) island (3) 0.56 17–15/tropical 1200–1800

aMillion years ago (Ma), from García- Verdugo et al., 2017, 2018.
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characterization (Barroso et  al., 2003; Dghim et  al., 2013; 
Mahmoud et al., 2016; Neffati et al., 2017). All these studies have 
detected substantial amounts of tannins in different plant parts, 
while other secondary compounds with suspected anti- herbivore 
activity, such as alkaloids or cardiac glycosides, are absent (Dghim 
et al., 2013; Mahmoud et al., 2016). In P. laevigata, tannins have 
been identified as the chemical defense involved in the response 
to browsers (Alados et al., 2002; Barroso et al., 2003), and thus this 
plant species provides an interesting study system for analyzing 
how chemical compounds suspected to act as anti- herbivore de-
fenses may have evolved following repeated introduction into new 
island habitats.

Recent genetic studies in Periploca have provided a well- 
supported biogeographical scenario of island colonization that 
may have started in the Plio- Pleistocene (García- Verdugo et  al., 
2017). Populations of the western and central Canary Islands con-
stitute the oldest sublineage, with an estimated divergence time 
from mainland counterparts of ca. 2 Myr ago (Ma). Two other 
Macaronesian island sublineages diverged more recently from 
mainland populations, namely, Cape Verde (560,000 years ago) and 
the easternmost Canarian islands of Lanzarote and Fuerteventura 
(390,000 years ago; García- Verdugo et  al., 2017). According to 
phylogeographical reconstructions, the Mediterranean islands 
probably represent the most recent event of colonization, although 
Fuerteventura may have experienced another recent episode of 
colonization from mainland areas in the last 200,000 years (García- 
Verdugo et al., 2017, 2018).

Similar to other oceanic islands, one common feature to all the 
Macaronesian islands where Periploca occurs is that large mam-
mal browsers have been absent until human colonization. The 
only native vertebrates that might have acted as browsers are the 
giant tortoises in the genus Geochelone, but the fossil record sug-
gests that they went extinct before the arrival of Periploca (Hutterer 
et  al., 1997). The introduction of domestic ungulates on both ar-
chipelagos probably started some centuries ago, but the widespread 
distribution of Periploca, spanning all major islands, coupled with 
the historic concentration of introduced goats on the easternmost 
Cape Verde and Canary islands (Gangoso et  al., 2006; Hazevoet 
and Masseti, 2011), strongly support the idea that the evolution-
ary impact of large herbivores has been limited in space and time. 
Furthermore, our field observations on P. laevigata and examina-
tion of large numbers of herbarium specimens (García- Verdugo 
et al., 2017) indicate that Macaronesian plants rarely show evidence 
of ungulate or insect attack. The only known endemic insect for 
which P. laevigata acts as an obligate host plant is the microlepi-
doteran Trifurcula nigrifasciata (Walsingham, 1908), that exclu-
sively occurs on two of the central Canarian islands (Klimesch, 
1977). Other types of herbivores (e.g., belowground nematodes) 
have not been documented. Thus, the biogeographical framework 
for Periploca illustrates that island populations are undergoing a 
process of relatively recent allopatric divergence, yet sufficiently old 
to safely assume that extant phenotypes have evolved in the absence 
of significant herbivore pressures at broad island scales (see Bowen 
and Van Vuren [1997] and Vourc’h et al. [2001] for similar empiri-
cal backgrounds).

Field sampling

To represent all the recognized island sublineages and compare 
these with extant mainland counterparts, we sampled one or two 

fruits from 20 mother plants from three island populations of each 
sublineage (Fig.  1, Table  1). For the western Canarian sublineage 
(“WCA”, hereafter), populations were sampled on three islands. In 
the case of the eastern Canarian (“ECA”) and Cape Verde (“CAV”) 
sublineages, sampling was restricted to two islands with the larg-
est populations (Gomes et  al., 1999; García- Verdugo et  al., 2017). 
Although Lanzarote and Fuerteventura populations likely arose 
from multiple colonization events, they were treated as a single sub-
lineage because both islands experience very similar environmental 
conditions and represent a similar temporal window of coloniza-
tion in the context of the study (Table 1). Four mainland popula-
tions (“MED- main”), representing the general distribution of P. 
laevigata in the continent (Arista and Ortiz, 2012; García- Verdugo 
et al., 2017), were considered. Three Mediterranean island popula-
tions (“MED- isl”: Lampedusa, Linosa and Pantelleria) were addi-
tionally sampled to represent the former sublineage under island 
conditions (Table 1).

Common garden setting

A common garden experiment was set up in the facilities of the 
Viera y Clavijo Botanic Garden (28°03′55″N, 15°27′43″W, Canary 
Islands). Four or five seeds of each mother plant collected in the 
natural populations were sown in germination trays filled with 
commercial substrate and watered to field capacity every 4 days. 
Approximately 10 days after sowing, germination rates were already 
high (55–90% among populations), and 2 weeks after emergence, 
seedlings were transplanted to small pots and kept under green-
house conditions. Once the plants had reached approximately 20 
cm in height, one seedling originating from the material collected 
in the field from each mother plant was randomly selected to maxi-
mize the representation of genetic variability at the population level 
(N = 20 per population). Seedlings were transplanted into 6- L pots 
with a substrate composed of 50% of mineral soil, 25% of commer-
cial peat moss, and 25% of lava cinder and were transferred to the 
common garden setting.

In June 2014, pots were assigned to each of three experimen-
tal blocks set on an open area of the research facilities under sun- 
exposed conditions (Appendix S1). Temperature was monitored 
with a meteorological station (Appendix S2), and plants were reg-
ularly watered to avoid drought stress (typically, twice a week in 
summer and once a week in winter). To minimize potential bias 
due to microclimatic effects within the experimental setting, each 
population of the same sublineage was assigned to a different block, 
with the exception of two mainland Mediterranean populations 
that co- occurred in the central block. Individuals of the same pop-
ulation were arranged in the same row, but the position of pots was 
randomized within rows every 20–30 days and populations ran-
domized within blocks every 6 months. To examine the chemical 
composition of the substrate, samples from three pots were ana-
lyzed 1 year after transplantation (see García- Verdugo et al., 2017, 
for details). On average, phosphorus concentration in our experi-
ment (111 ± 35 mg/kg) was ca. 2 times higher than that reported 
in mainland field populations, and levels of nitrogen were similar 
(0.15 ± 0.02%; Castro et  al., 2003). Commercial fertilizers were 
not added at any stage of the experiment, because plants did not 
show any symptom of nutrient deficiency throughout the course of 
the study. Approximately 1 year after germination, all plants were 
woody and attained leaf phenotypes similar to those observed un-
der field conditions.
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All plants were inspected twice a week throughout the duration 
of the experiment to correct potential issues. Close visual inspec-
tion suggested that damage by insect herbivores was only sporadic. 
We rarely observed cases of terminal leaves of plants being wrapped 
and partially consumed by the caterpillars of one undetermined 
species of Lepidoptera, but the extent of damage at the individual 
level was very local and widely dispersed throughout the year and 
experimental setting. Mortality of Periploca plants was also mark-
edly low, affecting only four individuals during the experiment.

Experimental approach

Tannin pool quantification—Sampling was performed at two 
contrasting times of year (early autumn 2016 and winter 2017; 
Appendix S2), based on our observation in preceding years that 
shoot growing in common garden plants was highly conditioned 
by seasonality. Thus, at the end of summer 2016, 18 individuals 
per population were sampled for quantification of leaf tannins. 
Sampling was conducted over 3 weeks, but it was stratified across 
sublineages and populations to dilute the potential effect of col-
lection time on tannin quantification. Between 10 and 20 fully ex-
panded, sun- exposed leaves were collected from the third to fourth 
internode of different shoots. Leaves of each individual were im-
mediately put in a paper bag that was immersed in silica gel and 

left in the dark for 2 days to ensure complete 
leaf dehydration. Preliminary trials revealed 
that this drying technique provides propor-
tional results than those obtained from fresh 
leaf material (Appendix S3). Quantification 
of tannin concentration was therefore made 
from dried leaf material, following the radial- 
diffusion assay (Hagerman, 1987) and the 
protocol described for Periploca mainland 
populations in Barroso et  al. (2003), with 
small modifications. This method allows 
estimation of the concentration of both hy-
drolysable and condensed tannins with 
protein- binding capacity (Hagerman, 1987), 
which should be the target of chemical as-
says if ungulate browsing, rather than insect 
consumption, is the suspected type of her-
bivory driving plant responses (Salminen and 
Karonen, 2011). Briefly, 200 mg of leaves were 
weighed and transferred to a 2- mL Eppendorf 
tube with two 5- mm stainless steel grinding 
balls. Then, the leaf material was ground into 
fine powder in a MM200 mixer mill (Retsch, 
Haan, Germany). Tannins were extracted by 
adding 1.5 mL of a methanol- distilled water 
(1:1) solution to the leaf powder with con-
stantly shaking of the mixture at 20°C. After 
3 h, the mixture was centrifuged at 15,000 × 
g for 10 min, and the supernatant was recov-
ered with a pipette and transferred to another 
tube. Leaf extracts were stored at −20°C un-
til tannin quantification using the method of 
Barroso et  al. (2003). To examine the con-
sistency of the radial- diffusion method, we 
assayed each sample twice. The results for 
replicates were identical in most cases, and 

means over the two replicates were used for calculations of tannin 
concentration. Tannin concentration was expressed as a percent-
age (w/w) of tannic acid on a dry leaf basis (Barroso et al., 2003).

Assessment of growth patterns—Following previous studies in 
Periploca (Ennajeh et  al., 2010) and other Mediterranean multi-
branched plants (e.g. Llorens et  al., 2004), mean elongation rates 
across a subsample of shoots per individual were measured to es-
timate individual growth rates. First, to determine the number of 
replicates that may be representative at the plant level, all the shoots 
showing active apical growth were counted in 15 individuals from 
each population in early autumn 2016. Although CAV individuals 
tended to have fewer active shoots (mean = 8.5), this trait was gen-
erally similar across sublineages (mean = 11.4; results not shown). 
Thus, five lateral shoots with similar sizes were chosen from dif-
ferent areas of each plant, and the third internode of each shoot 
was double- tagged with a loose knot of floss and a small mark of 
white paint. Based on the growth patterns described for Periploca 
by Ennajeh et  al. (2010), shoot elongation was measured 40 days 
after tagging. Elongation rates (mm day−1) were estimated for each 
individual as the average of measurements across shoots divided by 
the monitoring time (number of days).

To assess the pattern of biomass allocation to different plant 
organs (stems or leaves), we cut the portion of shoots developed 

FIGURE 1. Locations of the Periploca sublineages (abbreviations as in Table 1) and populations 
represented in the common garden experiment. Dotted lines show the distribution of mainland 
Mediterranean populations; the black star indicates the location of three Mediterranean island 
populations that were represented in the experiment.
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during the monitoring of elongation rates from each of the five 
tagged shoots and transported them to the laboratory. Ten individ-
uals per population, corresponding with those subsequently sub-
ject to the pruning experiment (see below) were used for biomass 
allocation measurements (N = 160 individuals). Leaves from 7–9 
individuals per population were additionally collected for leaf size 
characterization. Once in the laboratory, a minimum of two leaves 
randomly chosen per individual were scanned, and leaf area was 
measured using Image J software (https://imagej.nih.gov/ij). Leaves 
and stems were carefully separated from each collected shoot seg-
ment, stored in paper bags, dried at 65°C for a minimum of 48 h, 
and weighed using an AB54 Mettler Toledo (Mettler- Toledo AG, 
Greifensee, Switzerland) precision balance.

Experimental pruning—At the beginning of December 2016, the 
previous 10 individuals per population used in analyses of biomass 
allocation were subjected to a pruning treatment. To minimize po-
tential defense induction via airbone volatiles between treated and 
untreated plants (Karban et al., 2014), we allocated all individuals 
in the pruning treatment to one of the peripheral experimental 
blocks. Browsing was simulated by manually removing 75% of the 
foliage and clipping the distal part of the shoots with hand shears 
(Appendix S1). The intensity of this treatment was planned to en-
sure the levels of damage suspected to elicit chemical responses 
in Periploca following artificial and ungulate browsing (Barroso 
et al., 2003). The remaining eight plants per population previously 
characterized for leaf tannin concentration were kept as a control 
treatment. The pruning treatment induced strong activation of 
vegetative buds approximately 2 weeks after application, resulting 
in an 8× increase of active growing areas in MED populations, 6× 
in ECA populations, and 4× in WCA and CAV populations with 
respect to the number of active shoots documented in early au-
tumn (results not shown). All pruned plants resprouted vigorously, 
although newly developed shoots were particularly small and con-
gested, and attempts to analyze patterns of biomass allocation as 
previously done in early autumn measurements were unsuccessful 
due to the very limited development of internodes (Appendix S1). 
We therefore characterized biomass allocation in winter by com-
paring the number and size of leaves and stems (internode length) 
developed by the plants during the winter trial. In January 2017, 
shoot elongation and leaf tannin concentration were characterized 
in pruned and control plants following the previously described 
methods.

Statistical analyses—We constructed a data matrix including the 
following traits measured in early autumn (t1) and/or in winter (t2): 
leaf size (t1, t2), shoot elongation rate (t1, t2), percentage of biomass 
allocation to leaves (t1), leaf tannin concentration (t1, t2), number 
of leaves (t2), and internode length (t2). Data were averaged at the 
population level, log- transformed when needed to achieve ho-
moscedasticity (i.e., elongation rates, biomass allocation to leaves), 
and analyzed using a hierarchical ANOVA model: Trait (t1) = set-
ting + sublineage (setting), where setting indicates whether the 
population was sampled from an island or mainland area.

Next, the effect of abiotic factors in trait variation was examined 
by adding a set of covariates to the model. Thus, population- level 
data for 19 bioclimatic variables related to temperature and pre-
cipitation were obtained from Worldclim (http://www.worldclim.
org) at a 2.5- min resolution (Hijmans et al., 2005). To summarize 
the potential contribution of these variables, we used a principal 

coordinate analysis. The first component (PC1) explained 53.2% of 
the variance, with temperature and precipitation seasonality dis-
playing the highest loadings (>0.92, in both cases) in positive and 
negative directions, respectively. Standardized scores for PC1 were 
used as a covariate (“climPC1”), in addition to two physical factors 
associated with plant investment in defense (population latitude 
and elevation; Moreira et al., 2015; Abdala- Roberts et al., 2016) in 
the following model: Trait (t1) = setting + sublineage (setting) + 
covariate.

Comparing the results of both models, shifts from significant to 
nonsignificant effects of categorical factors allow identification of 
the covariates accounting for geographical patterns of variation in 
particular traits.

The effects of seasonality (t1 vs. t2 measurements) and the prun-
ing treatment (control vs. pruned plants) were tested using two 
separate mixed- model ANOVAs, with “season” or “pruning” as the 
within- subject factor. An interaction term considering the within- 
subject factor and “sublineage (setting)” was included to identify 
potential differences among geographical areas in their response to 
these two factors. Regression analyses were used to examine sea-
sonal patterns of variation between tannins and intrinsic and ex-
trinsic factors.

RESULTS

Phenotypic measurements in early autumn

Island and mainland settings did not display significant differences 
in early autumn, because (1) most of the variation was found among 
sublineages and (2) Mediterranean island and mainland popula-
tions were similar in all traits (Table 2). Differences among sublin-
eages revealed that, contrary to the predictions of the LCDIH, all 
the Macaronesian islands showed higher investment in constitutive 
tannins than the mainland populations. Thus, CAV had the highest 
concentration of leaf tannins, followed by WCA, then ECA. In con-
trast, leaf tannin concentration did not significantly vary between 
Mediterranean island and mainland populations, both showing the 
smallest values (Table  2). Morphological traits roughly followed 
a correlated pattern of variation with that observed for tannins; 
Macaronesian sublineages had larger leaves, lower shoot elongation 
rates and a higher percentage of investment in leaf biomass than did 
Mediterranean plants (Table 2). Inclusion of covariates in the model 
suggested that latitude was the only factor significantly driving dif-
ferences in leaf tannins among sublineages, whereas climatic corre-
lates of latitude (climPC1) and latitude accounted for differences in 
growth patterns (Appendix S4). Thus, populations sampled at lower 
latitudes had higher tannin investment and slower elongation than 
those originating from higher latitudes.

Effect of seasonality and pruning treatment on leaf tannin 
concentration

Winter measurements of control plants showed that elongation 
rates were significantly slower than those measured in early autumn 
for the same subset of plants (F1, 4 = 38.3, P < 0.001), thus resulting 
in convergent winter rates across sublineages (Fig. 2A). Leaf tannin 
concentration was also significantly lower than in early autumn in 
all sublineages (F1, 4 = 13.7, P < 0.01), but, contrary to elongation 
rates, net differences among sublineages remained similar to those 

https://imagej.nih.gov/ij
http://www.worldclim.org
http://www.worldclim.org
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in autumn, with CAV populations having the highest values fol-
lowed by WCA, then ECA (Fig. 2B).

Pruning induced resprouting of shoots with higher elonga-
tion rates than those measured in control plants (F1, 4 = 16.25; P = 
0.016), but patterns of biomass allocation were different between 
control and pruned plants. Pruned plants produced shorter in-
ternodes, resulting in larger numbers of smaller leaves than on 
control plants (Fig.  3A–C). However, leaf tannin concentration 
was not significantly different between control and pruned plants, 
with the exception of the Cape Verde populations (Fig. 3D). Again, 
differences in tannin concentration among sublineages of pruned 
plants remained similar to those in the early autumn and control 
winter plants (Fig. 3D).

Regression analyses revealed a significant, positive association be-
tween leaf tannin concentration and elongation rates in early autumn 
across Periploca populations (Fig. 4A), but such an association was not 
significant for winter measurements (Fig. 4B). Latitude had, in turn, a 
consistently significant positive association with leaf tannin concen-
tration (Fig. 4C), thus suggesting that island populations at lower lati-
tudes have high leaf tannin content regardless of the season.

DISCUSSION

Island- mainland contrasts: lack of support for the LCDIH based 
on tannin pools

The results from our common garden experiment did not support 
the idea that island populations invest less in putative defensive com-
pounds than their mainland counterparts (cf. Bowen and Van Vuren, 
1997). In our study, such a prediction was indeed rejected three times; 
populations representative of independent episodes of island coloni-
zation (Cape Verde, West Canaries and East Canaries; García- Verdugo 
et al., 2017) all had substantially larger concentrations of leaf tannins 
than those of putatively ancestral mainland populations. Repeated 
evolution toward increased tannin concentrations further suggests 
that this trait may have been positively selected across Macaronesian 
sublineages (Givnish, 1994; Burns, 2014), while phenotypic similar-
ity between Mediterranean island and mainland populations may 
be explained by recent island colonization and niche conservatism 
(Blondel, 1985; García- Verdugo, 2014).

The observed pattern in tannin investment does not necessarily 
imply that Mediterranean populations are more vulnerable to large 
herbivores than Macaronesian populations. Our results suggest that 
Mediterranean plants deploy morphological rather than chemi-
cal responses to cope with eventual browsing damage (Turley et al., 
2013). We did not find evidence that plant damage elicits a significant 

increase of leaf tannins in mainland Periploca populations, most prob-
ably because such a response could be restricted to recurrent episodes 
of very intense biomass removal (Barroso et al., 2003). Even when a 
clear chemical response to potential browsing damage was not de-
tected, our experiment showed that mainland populations grow fast 
in nonstressful conditions (Llorens et al., 2004; Ennajeh et al., 2010). 
Following herbivore attack, fast- growing species preferentially de-
velop resilience responses by replacing leaf area lost to damage more 
quickly than slow- growing plants do (Coley et al., 1985; Turley et al., 

FIGURE 2. Mean (+SE) of shoot elongation rates (A) and leaf tannin 
concentration (B) between two contrasting seasons (t1 = early autumn; 
t2 = winter) measured in Periploca control plants reared under common 
garden conditions. Results of the ANOVA testing for differences between 
seasons and sublineage interactions are detailed for each trait. All com-
parisons between seasons within sublineages were significantly different  
(P < 0.05). Sublineages are abbreviated as in Table 1. ***P < 0.001, **P < 
0.01.

TABLE 2. ANOVA results (F- ratios and significance) for the analysis of phenotypic traits of 286 Periploca individuals measured in a common garden in early autumn. 
Independent factors include setting (island vs. mainland) and sublineage (nested in setting); below, mean (±SE) trait values for each sublineage are indicated. Letters 
for a given trait represent significant differences following post- hoc tests. ***P < 0.001, **P < 0.01, *P < 0.05, ns = nonsignificant.

Factor/Sublineage Leaf tannins (w/w) Leaf size (cm2) Leaf biomass (%) Shoot elongation (mm day−1)

Setting F
1, 3

 = 0.84ns F
1, 3

 = 1.4 ns F
1, 3

 = 2.7 ns F
1, 3 

= 1.3 ns

Sublineage (setting) F
3, 11

 = 26.0*** F
3, 11

 = 16.6*** F
3, 11

 = 3.8* F
3, 11 

= 6.2**
MED_main 2.25 ± 0.33A 0.90 ± 0.09A 74.8 ± 1.2A 0.91 ± 0.10A

MED_isl 1.82 ± 0.12A 0.87 ± 0.06A 77.4 ± 2.9A 0.93 ± 0.03A

ECA 4.23 ± 0.89B 2.33 ± 0.20B 81.9 ± 4.6B 0.58 ± 0.13B

WCA 5.95 ± 0.57C 3.53 ± 0.45C 87.8 ± 0.6C 0.33 ± 0.07BC

CAV 8.53 ± 0.59D 3.00 ± 0.32C 87.3 ± 1.3C 0.24 ± 0.04C
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2013). Experimental pruning in Mediterranean Periploca plants in-
duced fast development of large numbers of small leaves, which may 
originally have evolved as a strategy to cope with great biomass loss in 
drought- prone ecosystems (Paula and Pausas, 2006).

Plant damage and risk of herbivory on islands: Are tannins 
actual anti- herbivore defenses in Periploca?

The subtropical conditions experienced by oceanic island lin-
eages are thought to have promoted acquisition of plant traits 
related to slow growth rates as compared to mainland congeners, 
such as larger leaf sizes and increased woodiness (Carlquist, 
1974; Burns et al., 2012; García- Verdugo et al., 2014). In agree-
ment with this notion, climatic correlates of latitude (most no-
tably, precipitation and temperature seasonality) accounted 
for differences in growth rates among Periploca sublineages. 
Our study species conformed to expectations of the growth- 
differentiation hypothesis (Herms and Mattson, 1992) in that 
slow- growing Macaronesian populations invested in larger leaves 
with higher levels of secondary compounds than in fast- growing 
Mediterranean populations. Nevertheless, while higher constitu-
tive investment in secondary compounds (tannins) appears to be 
tightly associated with slower growth in Periploca, the potential 
selection of these metabolites due to their anti- herbivore role is 
not evidenced by our study.

Both the high constitutive levels of tannins in Macaronesian pop-
ulations (Table 2) and the very limited effect of our pruning treatment 
on this trait reject the hypothesis that low herbivore risk on islands 
may have favored inducible defensive responses (see Moreira et  al., 
2014; Bixenmann et  al., 2016). Following experimental damage, 
only those populations with the highest constitutive levels of tannins 
(Cape Verde) had a significant increase in tannin concentration, but 
this chemical response was coupled with shifts in biomass allocation 
within shoots. Taken together, increased tannin concentration in Cape 
Verde resprouting tissues can be interpreted as a passive chemical al-
teration between plant organs, rather than an active response against 
herbivores (Stock et al., 1993; Häring et al., 2007). As an alternative 
explanation for the island- mainland pattern detected, herbivore guilds 
known to occur on the islands (i.e., insects), instead of large mamma-
lian browsers, may be responsible for high levels of tannins among 
insular populations. This possibility, however, is not supported by the 
available information. First, our chemical essays provided estimates 
of leaf tannins with protein- precipitation capacity (Hagerman, 1987), 
which, as opposed to tannins with oxidative activity, are thought 
to have a very limited effect on insect performance (Salminen and 
Karonen, 2011). Thus, selection of tannins with protein- binding activ-
ity in island populations could have hardly evolved as a direct response 
to insect herbivory. In addition, unlike in other systems (Kursar 
et al., 2009; Moreira et al., 2018), field observations over a decade (C. 
García- Verdugo, personal observation) suggest that insect damage 

FIGURE 3. Means (+SE) of winter measurements of control and pruned Periploca plants grown in the common garden experiment. Results of 
the ANOVA testing for treatment (control vs. pruned plants) effects and sublineage interactions are detailed for each trait: internode length (A), 
number of leaves (B), leaf size (C) and tannin concentration (D). If not marked “ns” (nonsignificant), differences between control and pruned plants 
within each sublineage were statistically significant (P < 0.05) according to post- hoc tests. Sublineages are abbreviated as in Table 1. ***P < 0.001, 
**P < 0.01, *P < 0.05.
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does not seem to be as frequent or intense as to represent a strong 
selective factor in Periploca, at least among extant populations. Rather, 
we hypothesize that factors other than herbivory are responsible for 
the described pattern of geographical variation in leaf tannins.

Environmental factors accounting for latitudinal gradients of 
tannin variation

Colonization of the Macaronesian islands from continental areas by 
Periploca implied (1) expansion of the mainland distribution range 
to lower latitudes and (2) niche shifts to higher elevation areas. The 

extreme of this niche expansion is represented by Cape Verde popu-
lations, which occur in mountain areas above 1200 m a.s.l. at tropical 
latitudes (Chevalier, 1935). Furthermore, because Periploca occurs 
in open habitats, individuals are subject to intense solar exposition, 
particularly in summer. The pattern of geographical variation in leaf 
tannin concentration detected in our study correlates with popula-
tion latitudinal location and seasonality (i.e., smaller concentration 
at higher latitudinal areas and winter). Our analysis did not find 
particular bioclimatic variables that may be responsible for such a 
strong pattern, likely because many environmental factors that co-
vary with latitude remain unexplored (Anstett et al., 2016). For in-
stance, exposure to UV- B radiation positively correlates with higher 
altitude and lower latitude, and seasonally increases from winter to 
summer in the northern hemisphere (Rozema et al., 1997; Comont 
et al., 2012). This pattern encouraged us to explore the relationship 
between latitudinal variation in leaf tannins and UV exposure by 
extracting solar UV irradiation data from broad- scale climate data 
sources (www.weather-atlas.com; www.temis.nl). Based on a subset 
of Periploca populations for which monthly UV data were available 
from nearby stations (N = 11, excluding the small Mediterranean 
islands and two Macaronesian locations), we found strong correla-
tions for both early autumn (R = 0.94, P < 0.001) and winter (R = 
0.90, P < 0.001) measurements. Although this relationship should 
be further addressed by using a more thorough approach (see for 
instance, Comont et al., 2012), our tentative findings point toward 
a potential role of Periploca tannins in photodamage protection 
(Close and McArthur, 2002).

Increased tannin concentrations with lower latitude are com-
monly found when the spatial scale of the study spans from tem-
perate to subtropical/tropical areas (e.g., Hallam and Read, 2006; 
Pearse and Hipp, 2012). This coincident pattern qualifies increas-
ing UV exposure toward the tropics as a candidate driver of leaf 
tannin concentration. However, while the potential contribution 
of UV radiation to the observed latitudinal patterns in tannins is 
widely acknowledged (e.g., Hallam and Read, 2006; Wang et al., 
2016), attempts to examine its effect have been seldom consid-
ered in correlatives studies (but see Comont et al., 2012). Because 
both temperature and UV irradiance covary with latitude from 
temperate to tropical regions, the most frequent abiotic factor 
associated with tannin variation (i.e., temperature; Pearse and 
Hipp, 2012; Wang et  al., 2016) should be jointly analyzed with 
UV data. Taking all these results together, we hypothesize that 
Periploca plants evolved higher UV resistance as a response to 
population expansion toward lower latitudinal areas and that this 
set the template for successful altitudinal habitat shifts on sub-
tropical oceanic islands.

Limitations and future prospects

Our study is based on the examination of a single chemical trait 
(total tannin pool) and therefore our results should not be taken 
as strong evidence against the LCDIH, since other unmeasured 
traits in Periploca (e.g., trichomes, terpenoids) may be involved in 
herbivore resistance or defense (Anstett et al., 2016). In addition, 
the analysis of trait variation in a single common garden setting 
limits our ability to underscore local adaptation as the mechanism 
responsible for the observed plant responses (e.g., Williams et al., 
2008). Our results revealed that leaf tannins respond plastically 
to seasonality, and therefore plasticity may be involved in popu-
lation differentiation. However, similar leaf tannin concentrations 

FIGURE 4. Relationship between (A) leaf tannin concentration and 
shoot elongation rate in early autumn (t1), (B) shoot elongation rate 
in winter (t2), and (C) latitudinal location for both seasons across 16 
Periploca populations reared in the common garden. Regression lines 
and correlation coefficients are detailed for each test.

http://www.weather-atlas.com
http://www.temis.nl
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of mainland populations characterized in the field (Alados et al., 
2002; Barroso et al., 2003) and in a common garden (this study) 
suggest that phenotypic plasticity in this trait is limited; i.e., plas-
ticity alone could hardly explain the substantial differences ob-
served among Periploca sublineages, which were maintained 
regardless of seasonality or plant damage. Notwithstanding these 
limitations, our study suggests that correlative studies investigat-
ing the main drivers of plant tannin variation across latitudinal 
gradients may greatly benefit from implementing measurements 
of light environmental conditions, in addition to the biotic (e.g., 
herbivore rates) and abiotic (e.g., soil nutrients, temperature) vari-
ables typically considered. It also highlights that future tests of the 
LCDIH should be based on screening chemical traits with known 
anti- herbivore roles, in addition to considering constitutive and 
induced plant responses.

CONCLUSIONS

We did not find support for the idea that total pools of plant sec-
ondary compounds suspected to act as herbivore deterrents are 
low on islands. Rather, we found the opposite pattern. Our findings 
thus add to the growing body of evidence that variation in total leaf 
tannins should not be exclusively interpreted in the context of anti- 
herbivore defense (Close and McArthur, 2002; Anstett et al., 2016), 
even though the patterns of variation may fit well in the predictions 
of classic evolutionary theories of secondary chemistry (e.g., Herms 
and Mattson, 1992). Our study further suggests that latitudinal trait 
variation in tannins can be associated with abiotic factors related to 
light conditions, which may be a common trend for distributions 
spanning from temperate to tropical regions.
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