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Abstract

In Tenerife (Canary Islands), the laurel forest is considered one of the most biodiverse ecosystems of the
archipelago. This study aims at providing useful information about tree species strategies and their natural
dynamics in order to improve understanding of the functioning of this ecosystem. The knowledge gained would
be of great importance for laurel forest conservation, not only in the Canaries, but also in Madeira and the
Azores. Our main research question is: 'Are the ecological groups of laurel forest tree species, described in
earlier studies based exclusively on regeneration strategies, consistent with species functional traits, growth
patterns and spatial distributions?' We used data from six 50 x 50 m permanent plots established in 1999 and re-
measured in 2015, combined with information on twelve functional traits from newly produced data or extracted
from previous studies. For each species we analyzed the abundance of seedlings/suckers, saplings and adults
inside the permanent plots. Two ordination methods were used to assess multivariate differences in functional
traits between species. Different mixed-effect models were tested to investigate effects of sites, individual tree
size and competition on tree growth rates. Finally we analyzed the spatial distribution of both saplings and adults
and their interaction within the six permanent plots. Our results were consistent with a classification of species
into different ecological groups based on (1) their shade-tolerance: light-demanding vs. shade-tolerant species
and (2) their reproductive strategies: sexual (i.e. seedlings), asexual (i.e. suckers) or both. These differences
between light-demanding vs. shade-tolerant and/or seedling-producing species vs. sucker-producing species
were consistently observed across the species functional traits, growth patterns and spatial distributions. Only
one species, Viburnum rigidum Vent., presented singularities compared with its previously established group.

Because V. rigidum is mostly an understory species, we proposed to add a third aspect to the classification



scheme: understory vs. canopy species. This led to a total of six ecological groups within fourteen laurel forest
tree species. Finally, this study also showed that the Tenerife laurel forest is still maturing and becoming richer

in species, which outlines the importance of its preservation.

Keywords : Anaga Rural Park, Functional traits, Growth modeling, Laurel forests, Permanent plots, Spatial

analyses, Tenerife.

1. Introduction

The laurel forest of the Canary Islands is considered the most emblematic ecosystem of the archipelago (Santos
1990; Fernandez-Palacios et al. 2017). It forms a class of evergreen forests found in the Macaronesian
biogeographical region (i.e. Azores, Madeira and Canary Islands) with, in the Canary Islands, a floristic
composition encompassing up to nineteen broadleaf trees species mostly represented by the Lauraceae family
(Apollonias barbujana (Cav.) Bornm., Laurus novocanariensis Rivas-Mart., Lousa, Fern. Prieto, E. Dias, J.C.
Costa & C. Aguiar, Ocotea foetens (Aiton) Baill. and Persea indica C. K. Spreng.) (Santos 1990). In the Canary
Islands, the laurel forest has been extensively exploited since the arrival of the early Castilian settlers in the
fifteenth century (Parsons 1981). Nowadays, only 11.8 percent (10,181 ha) of the original laurel forest remains
(del Arco et al. 2010), of which 85 percent is included in the Canarian Network of Protected Areas and up to 92
percent within the Natura 2000 European Union Network (Guimaraes and Olmeda 2008). There is therefore a

need for basic ecological knowledge of this ecosystem in order to monitor the impact of conservation measures.

The importance of this ecosystem and the concern about its conservation has already led to an extensive
literature on its ecology, with particular emphasis on natural forest regeneration (Arévalo and Fernandez-
Palacios 1998, 2000, 2003, 2007; Fernandez-Palacios and Arévalo 1998; Arévalo et al. 1999, 2007, 2008, 2011,
2012, 2018; Fernandez-Palacios et al. 2004; Fernandez-Lugo et al. 2014). These studies have defined a total of
five ecological groups amongst the fourteen most abundant tree species (the rest of the species being very rare).
Erica arborea L. and Erica scoparia L. were defined as 'pioneer species', being shade-intolerant and relying on
an abundant seed bank for regeneration. A closely related type has been defined for Morella faya (Aiton) Wilbur
as a long-lived pioneer species (also called ‘persistent pioneer' in earlier studies), able to persist under a closed
canopy due to its ability to also regenerate from suckers. Shade-tolerant species were divided into three groups,
among which the 'itinerant species' (Heberdenia excelsa (Aiton) Banks ex DC., Picconia excelsa (Aiton) DC.,
Rhamnus glandulosa Aiton and Viburnum rigidum Vent.), relying entirely on the seedling bank, and the

‘persistent species' (Ilex canariensis Poir., llex perado Aiton and Prunus lusitanica L.), relying mostly on asexual

2



reproduction (i.e. suckers). The last group encompasses the Lauraceae family (i.e. A. barbujana, L.
novocanariensis, O. foetens and P. indica) which have been classified as 'facultative species', relying on both
seedlings and suckers to regenerate (Fernandez-Palacios and Arévalo 1998; Fernandez-Palacios et al. 2004;
Fernandez-Palacios 2009). Although included in earlier studies, to date no clear ecological strategy has been
identified for the species Visnea mocanera L.f.. Our study aimed to improve the description of these ecological

groups using new data while also focusing on three aspects other than regeneration.

Over the last decades, the description of ecological strategies, i.e. the ways species maintain persistent
populations, has largely gained from functional ecology and the use of functional traits as proxies for strategies.
Recent studies have suggested the existence of at least four trait-defined axes of plant strategies related to the
stem-leaf-seed-size strategy scheme (Baraloto et al. 2010). Several traits from this scheme have been proposed to
be universally important for plant performance and to represent important strategy axes (Westoby 1998; Westoby
et al. 2002; Diaz et al. 2016). Wood density has been proposed as a core functional trait of the stem for woody
species. It has been related to stem construction costs, plant architecture and stability and stem hydraulic
conductance (King et al. 2006b; Chave et al. 2009; Anten and Schieving 2010; Markesteijn et al. 2011) and
hence photosynthetic carbon gain (Santiago et al. 2004a). Leaf area indicates the efficiency for light capture
(Poorter et al. 2009) while seed size is an important indicator of the life-history strategy of species, with fast-
growing pioneer species tending to have smaller seeds (Moles et al. 2004). Finally, maximum size, and
especially height, determines the position of adult plants in the vertical profile of the vegetation, and hence their

access to light (Hirose and Werger 1987).

However, functional traits cannot capture all aspects of ecological strategies, such as variation in growth along
ontogeny for instance (Clark and Clark 1999; Poorter et al. 2005; Herault et al. 2011). Although description of
growth strategies among tree species remains an important objective for forest management and conservation, to
our knowledge, no study has modeled the individual tree growth of laurel forest tree species. In this study, using
data from permanent plots we developed predictive models of diameter growth that improved the description of
species growth strategies and their classification in ecological groups. Both variation along ontogeny and
competition (Coomes 2006; Reich et al. 2006; Muller-Landau et al. 2006) were accounted for in our modeling
approach. We expect early stages of ecological succession to be dominated by fast-growing species, known to be
better colonists, and later successional stages to be dominated by slower growing species (Uhl and Jordan 1984;

Lugo and Scatena 1996).



Another critical aspect of plant strategies lies in their spatial patterns that are complex outcomes of the multiple
ecological processes through which species interact with their environment. The spatial arrangement of tree
communities is commonly studied to evaluate the combination of biotic and abiotic processes that act on
individual survival and subsequently explains the presence/absence but also the abundance of species (Getzin et
al. 2008). Studying the spatial distributions of trees is therefore important in ecological studies assuming that the
currently-observed pattern should reflect the ecological processes resulting from the competition for resources,
the suitability of habitats, niche differentiation and disturbances (Denslow 1987; Hubbell et al. 1999). Pioneer
species are expected to be spatially aggregated, especially among seedlings and saplings, due to their positive
association in younger stands with the high light availability within gaps created by tree-falls (Brokaw 1985g;
Denslow 1987; Swaine and Whitmore 1988; Whitmore 1989). For all the others, the distribution of trees depends
both on species biological traits (e.g. regeneration strategy) at a small-scale and on environmental heterogeneity
at larger scales. In the laurel forest, spatial patterns of trees have been already described for some species
(Arévalo and Fernandez-Palacios 2003; Arévalo et al. 2012). Here we improved the knowledge of spatial

patterns in the laurel forest using new data from large plots that also include species not studied earlier.

The general aim of this paper is to test the hypothesis that the ecological groups described in earlier studies,
based exclusively on regeneration strategies, are consistent with species functional strategies (i.e. combination of
functional traits), growth strategies (i.e. differences in growth patterns) and spatial patterns. Although studying
regeneration might be less labor-intensive, the main purpose of bringing a new description of species ecological
strategies using other aspects is to allow confirmation of the existing groups. This new information about species
strategies will provide better understanding of the functioning of the laurel forests' natural dynamics that could
be fundamental for planning restoration ecology projects or designing conservation policies. To achieve this
goal, we first update information related to the regeneration strategies based on recently-surveyed permanent
plots and assess functional strategies, growth strategies and spatial pattern separately. We then discuss all aspects
together to clearly identify consistency amongst groups within either light-demanding or shade-tolerant species.
The proposed classification will then be discussed to allow better understanding of the natural dynamics of the
forest recorded using long-term monitoring data. The understanding gained by this study would thus be of great
importance for laurel forest restoration and conservation in the whole Macaronesian region, especially under

new, paramount threats, such as global warming.



2. Methodology

2.1. Study site

The study was conducted in the north-eastern part of Tenerife in the Canary Islands (28°19'N, 16°34'W), an
archipelago located off the coast of Morocco in the north-east Atlantic (Fig. 1). The study sites are located in the
Anaga Rural Park, a protected area located on a 7-8 million-year-old basaltic massif (Ancochea et al. 1990)
ranging from sea level to 1024 m in altitude and covering a total of 14,224 ha, which represents about seven
percent of the island's total surface. The mean annual rainfall ranges from 900 mm to twice this amount if the fog
drip is included (Kdmmer 1974). The mean annual temperature is about 15°C with few daily and annual
fluctuations and no frost events. The topography of Anaga Rural Park is dominated by valleys, cliffs and ravines.
A central ridge crossing the park separates well-defined southern or northern slopes leading to contrasting
climate conditions (Morales and Pérez 2000). Influenced by the trade winds, the climate is wetter on the

windward northern slopes due to the formation of a ‘sea of clouds’ (del Arco et al. 2010).
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Figure 1: Location of the two sites where the study was conducted in the Anaga Rural Park of Tenerife, Canary

Islands. Three 0.25 ha permanent plots were located in each site.

The Anaga Rural Park encompasses some of the best-preserved laurel forest remnants and is the most biodiverse
part of the island. Laurel forest in Anaga harbors up to 19 evergreen broadleaf tree species (Santos 1990), with
canopy height varying between 10 and 20 m, depending on slope, and a canopy cover of 80-90% in mature
forests (Arévalo and Fernandez-Palacios 2003; Arévalo et al. 2007). Although officially protected only since
1988, aerial photographs show that the forest has not experienced drastic changes since 1952 (Arévalo and
Fernandez-Palacios 2000). Nowadays, the laurel forest experiences almost no direct human-induced disturbances

(i.e. grazing, agriculture, logging).



2.2. Data collection

2.2.1. Permanent plots

We analyzed data from six 0.25 ha (50 x 50 m) permanent plots randomly established in the Anaga Rural Park
between June and September 1999 (see Appendix A for details). Three plots were established in Moquinal, on
the windward side, and three others were established in Aguirre, on the leeward side (Fig. 1). Plots were 270-750
m apart in Aguirre, and 200-300 m apart in Moquinal. Each plot was subdivided into twenty-five 10 x 10 m
subplots permanently marked with iron bars. Inside these plots, all trees with a diameter at breast height (DBH)
> 3 cm were identified to species and measured in diameter. Dead trees > 3 cm DBH were also measured in
diameter if they were still standing. All smaller trees with a DBH < 3 cm and a height > 50 cm were identified to
species, measured for height and recorded as either seedling (i.e. sexual reproduction) or sucker (i.e. asexual
reproduction: sprouting at ground level from either a larger tree stem or a root). All plants were also mapped in
the horizontal plane using measuring tapes. Finally, canopy, understory and rock cover were visually estimated

(Appendix A).

Between March and September 2015, all plots were re-measured. The presence of iron bars in the ground made
it possible to find the exact location of the six plots and all of their 10 x 10 m subplots. Because the plots are
located in a protected area, trees could not be permanently tagged in 1999. Although most of the trees could be
found directly in the field from their coordinates, doing so was quite time-consuming. For that reason, all plots
were eventually re-assessed in exactly the same way as it had been done in 1999. Living and dead trees (DBH >
3 cm), seedlings and suckers (DBH < 3 cm) were measured either in DBH or height and mapped in the

horizontal plane. Only live trees have been used for the analyses presented in the results.

2.2.2. Functional traits

Information on twelve key functional traits (related to the stem-leaf-seed-size strategy scheme) of laurel forest
tree species was derived from newly produced data or extracted from previous studies (Appendix B). Details of
sample collection and trait measurements are available in the study by Ohsawa and Nitta (1999) for the four leaf
traits and in the study by Arévalo et al. (2007) for the six fruit and seed related traits. Although the maximum
size usually refers to the maximum height, because we did not have this information we used the maximum DBH
from the permanent plots instead. The 95th percentile diameters were used as estimates of maximum DBH to

minimize the weight of outliers (e.g. King et al. 2006a; Hérault et al. 2011).



In May 2015 we measured wood density of tree species by sampling wood cores from tree boles at DBH level
using an increment borer (Haglof, Véasternorrland, Sweden). We sampled 10-15 wood cores of 15 species which
represented a total of 170 trees. These trees were randomly sampled by walking in the forest in both the
Moquinal and the Aguirre areas but outside the permanent plots. We measured wood density (in g/cm?)
following the standardized method suggested by Perez-Harguindeguy et al. (2013). First, we estimated the fresh
volume (V in cm?) of the wood samples using the dimensional method [V = (0.5 x D)? x = x L]. After removing
the bark and trimming the extremities, we measured the length (L in cm) of the wood cores using a caliper, the
core diameter being fixed by the corer diameter (D = 0.515 cm). Depending on the size of the sampled trees, the
length of the wood cores ranged from 1.5 to 11.5 cm (mean = 7.5 cm). Finally, the wood cores were oven-dried
at 70 °C for 72 h and weighed. Wood density was then computed as the ratio of the oven-dried mass of the wood

core divided by its fresh volume.

2.2.3. Growth data

In order to obtain growth data from the permanent plots, we matched trees from 1999 and 2015 based on their
coordinates, species and DBH: for each live tree with DBH > 3 cm inventoried in 2015, we looked for
conspecific live trees in 1999 with DBH > 3 cm and located at close coordinates in the same plot with a tolerance
of 0.5 m distance. We only used matched data where only one pairing was possible and unambiguous. Some
matches were removed to account for possible errors during measurements, recording, data entry or matching
procedure. We assumed negative growth < -0.2 cm/yr and positive growth > 1.5 cm/yr to be erroneous and we
removed matches of trees exceeding these thresholds. The mean annual diameter increment (id in cm/yr) was
then defined as the change in DBH between two measurements, divided by the number of years between

measurements.

2.3. Data analyses

2.3.1. Functional strategies

All statistical analyses were performed using the R software v.3.2.2 (R Core Team 2015). We first followed a
method proposed by Poorter et al. (2006) using a Canonical Discriminant Analysis (CDA) to analyze
multivariate differences in functional traits between species. Because this analysis needed non-missing values,
we removed Visnea mocanera and only used the four traits identified as key functional traits: wood density, leaf

area, seed diameter and DBH95 (one for each component of the stem-leaf-seed-size scheme). We also tested if



ordination could be improved using all twelve functional traits using the method proposed by Laliberté and
Legendre (2010) to analyze the functional diversity of traits with missing values, which allowed the inclusion of
Visnea mocanera. The complete set of functional traits was analyzed using the 'dbFD' function from 'FD'
package (Laliberté et al. 2014). The multivariate association of species based on their functional traits was then

analyzed using the Principal Coordinate Analysis (PCoA) produced by the 'dbFD' function.

2.3.2. Growth strategies

To account for the nested structure of our dataset (i.e. trees grouped within plots) we used a mixed-effect model
approach and included the plot-specific effect as a random factor in our growth models. We used a mathematical
model of ontogenetic growth trajectories described elsewhere as the tree size effect (King et al. 2006a; Herault et
al. 2010). As a measure of tree size comparable across species, we used the ratio between the individual DBH
and the 95th percentile of the species DBH distribution in the permanent plots (DBH95 in Appendix B). We
included both the ratio and its squared value in the models to allow for a flexible mathematical form that can

model either a monotonic increase, a monotonic decrease or a humped growth curve.

In order to quantify the effect of crowding, that can be expressed as negative (competition) or positive
(facilitation) interactions between trees, we used a neighborhood crowding index (NCI) based on Lasky et al.
(2015). This index integrates the relationship between the sizes of neighboring trees and their distance to the

focal tree:

N
DBH;

= DlSti]'

NCI; =

with DBH; the diameter at breast height of the jth neighbor, and Dist;; the distance between individual tree i and
its jth neighbor within a maximum threshold distance (d). The threshold distance (d) was varied successively
from 2.5 to 20 m with a 2.5 m step increment in order to identify the best neighborhood in which interactions
have significant effects. We used the method proposed by Goreaud and Pélissier (1999) for rectangular study
areas to account for edge effects. The NCI index was standardized relative to the actual surface area of
measurement (in m2), which depended on the varying distance (d) and the distance between the focal tree and the

plot edges.

Considering the period between measurements (16 years), initial values of the index have less influence towards

the end of this period. Instead, in order to account for possible changes in stand structure (and therefore



crowding) over time, we used as explanatory variable the difference in NCI between 1999 and 2015 (i.e. ANCI =
NCly5 - NClygg9). Finally, we log-transformed the response variable to control for heteroscedasticity and we

added a constant (0.5) to account for retained negative values.

For each species the tested linear mixed model was constructed as :

log (id; + 0.5) = A, + 2, x (2BH_ >+/1 w (2BH: )2
0g (id; +0.5) = 4, + 4, (DBH95 3 (DBH95

+ ).4 X ANCI(d)l +w+e€
with w ~ N(0, 62) and € ~ N(0, d2)

with id; the mean annual diameter increment of the individual tree i of the focal species ; 1; to A4 the fitted-model
parameters fitted independently for each species ; DBH; the diameter at breast height of the individual tree i ;
DBHO5 the 95th percentile of the DBH values of the focal species ; ANClgy; the difference in the competition
index calculated within a threshold distance (d) around the individual tree i between 1999 and 2015; w a plot-

specific random effect and ¢ the fitted-model residuals.

For each species we calibrated eight models, one for each threshold distances (d). We first controlled for
collinearity in the explanatory variables using variance inflation factors (VIF, Zuur et al. 2009). Models were
then fitted using the linear mixed-effect model function 'Imer' from the 'Ime4' R package. The Akaike
Information Criterion (AIC) was used in a stepwise procedure to choose the most parsimonious models and
avoid over-parameterization (Legendre and Legendre 1998). Starting from a minimal model with only an
intercept and a random plot effect, we sequentially added the remaining non-collinear variables and kept the
model with the lowest AIC. This procedure produced a total of eight models per species of which we chose the
one with the lowest AIC as the final model. Details about model selection are shown in Appendix C. Finally, two
types of R2 (marginal and conditional R2) were calculated to disentangle the importance of the fixed and random
effects (Nakagawa and Schielzeth 2013). Growth modeling was carried out only for species which had a

minimum sample of 30 individuals with growth data.

2.3.3. Spatial structure

For all species, trees were classified as either saplings (3<DBH<10 c¢m) or adults (>10 cm DBH) in order to
study the distribution of both stages and their interactions. The spatial patterns of both saplings and adults were

described using L(d), a transformation of the Ripley K(d) function (Besag 1977; Ripley 1977):
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L(d) = JK(d)/m— d

The L(d) function allows description of the spatial pattern of a species for distance (d), set here from 1 to 25 m
with a 1 m step increment. The estimators of L(d) were calculated using the local edge effect correction
suggested by Ripley (1977) and extended by Goreaud and Pélissier (1999) to analyze areas of irregular shape.
L(d) = 0 under the null hypothesis of complete spatial randomness (CSR). For a given distance (d), L(d) <0
indicates that plants are regularly distributed and L(d) > O indicates that plants are aggregated. The 99%
confidence interval (Clggy) of CSR was estimated using Monte Carlo simulations. A total of 1000 simulated

realizations of a Poisson random process were used for each analysis (Ripley 1981).

We then analyzed the spatial interaction between adults and saplings using the linearized intertype Lj»(d)

function (Lotwick and Silverman 1982; Goreaud and Pélissier 2003):
Lip(d) = K (@) /- d

L1,(d) = 0 under the null hypothesis of independence between adult and sapling populations. For a given distance
d, L1»(d) < 0 indicates repulsion and L,(d) > 0 attraction between saplings and adults. For each analysis, a total
of 1000 random toroidal shifts of adult trees relative to saplings were computed to build the Clggy, 0f population
independence (Goreaud and Pélissier 2003). The minimum sample for spatial analyses was set at 30 individuals
considering the data from 2015 only. The spatial analyses were carried out using the 'kfun' and 'k12fun' functions

from the 'ads' R package (Pélissier and Goreaud 2015).
3. Results

3.1. Forest dynamics between 1999 and 2015

A total of 2204 adults, 1588 saplings, 8258 suckers and 2968 seedlings belonging to 15 species were recorded,
measured and mapped in the six plots in 2015 (Table 1). These numbers included only the live trees. The number
of standing dead trees was 241 for adults and 665 for saplings (against 137 and 948 respectively in 1999).
Overall the number of stems in the adult and sapling stands decreased between 1999 and 2015. At the same time,
in each plot, species richness, basal area and quadratic mean diameter increased during this same interval. In

2015, as in 1999, plots in Aguirre were richer in species with fewer but larger trees than in Moquinal.
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Table 1: Stand characteristics for live trees of the six permanent plots in 1999 and 2015. QMD: Quadratic Mean

Diameter.
Variable Moquinal 1 Moquinal 2 Moquinal 3 Aguirre 1 Aguirre 2 Aguirre 3
1999 2015 | 1999 2015 | 1999 2015 | 1999 2015 | 1999 2015 | 1999 2015
Adults (=10cm) 326 382 386 364 | 391 496 | 410 331 381 352 356 279
Saplings (<10cm) 858 334 400 243 | 597 358 371 196 420 279 412 178
Suckers (<3cm) 827 1353 | 1212 1275 | 1690 2316 | 696 797 | 1022 1589 | 621 928
Seedlings (<3cm) 409 49 935 647 | 3546 574 | 504 1000 | 325 432 280 266
Species richness 9 11 9 9 7 9 14 15 13 14 12 13
Basal area (m2/ha) 376 444 | 385 447 | 333 400 | 469 521 | 46.9 51.3 | 39.2 420
QMD (cm) 101 141 | 125 153 | 104 122 | 138 178 | 137 16.1 | 127 171

Overall, most species did not experience drastic changes in relative density and basal area between 1999 and

2015 (Fig. 2). In both 1999 and 2015, the most abundant species were I. canariensis and L. novocanariensis in

almost all plots. While dominating in abundance and basal area within the plots in Moquinal, P. lusitanica was

almost absent in the plots from Aguirre area. Conversely, H. excelsa was quite abundant in the Aguirre area and

absent in the Moquinal area. Due to their abundance, these species exhibited a high relative basal area in the

plots. Some species such as M. faya and E. arborea also exhibited relatively high relative basal area but with low

relative frequency. This indicates that these species were mostly represented by relatively large trees in the plots.

In contrast, V. rigidum represented about 10% of the stems in some plots while it represented less than 1% of the

relative basal area, which attests of the small size of the trees for that species.
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Figure 2: Relative basal area (dark and light grey bars) and relative stem density (vertical grey lines) of trees > 3
cm DBH (adults and saplings) of the 15 species from the six permanent plots in 1999 (dark grey) and 2015 (light
grey). The vertical grey lines correspond to the difference between relative basal area and relative stem density.
Thus the relative stem density must be read at the extremity of the lines. If the line is above the bar, the relative
number of stems is higher than the relative basal area (i.e. small trees) while if the line is below the bar, the
relative number of stems is lower than the relative basal area (i.e. large trees). Species names were abbreviated
using the first two letters of the genus name followed by the first two letters of the species name. See

abbreviation section for more details.

Only E. scoparia experienced relatively large changes in terms of stem density and basal area compared with the
others. In some plots the species lost more than half of its relative humber of stems and basal area. Even if
overall the number of saplings decreased in all species between 1999 and 2015, with 207 adults and 189 saplings
in the six plots in 1999, only 72 adults and 5 saplings of E. scoparia were present in 2015 (Table 2). E. arborea
and M. faya also experienced a loss of adults and saplings, while adults increased in number in most of the other

species, but these changes did not impact their relative basal area as much as was the case for E. scoparia.
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Table 2: Stand characteristics, plot distribution, number of matches of trees from 1999 and 2015 and associated
mean annual diameter increment (id) of the 15 species from the six permanent plots. M: Moquinal. A: Aguirre.
Adu.: adult trees. Sap.: saplings. QMD: Quadratic Mean Diameter. Species names were abbreviated using the
first two letters of the genus name followed by the first two letters of the species name. See abbreviation section

for more details.

Species Adu. 210cm) | Sap. (<10cm) Suckers Seedlings QMD (cm) Plots Match id
1999 2015 | 1999 2015 | 1999 2015 | 1999 2015| 1999 2015 1999 2015 (cmiyr)
APBA | 32 29 20 28 255 135 | 290 573 | 13.75 15.67 | Al/213 M1-Al/2/3| 3 0.18
ERAR | 341 241 71 5 2 0 0 0 | 1671 22.23 All All 150 0.24
ERSC | 207 72 189 5 5 0 2 0 | 11.48 18.86 All All 44 0.34
HEEX | 123 148 115 102 73 147 | 193 300 | 15.23 18.68 |M1-Al/2/3 M1-A1/2/3| 90 0.23
ILCA | 363 505 826 416 | 549 425 24 0 9.71 11.65 All All 497  0.09
ILPE 28 30 11 10 85 169 17 103 | 15.06 19.59 M1-2  M1/2/3-Al| 18 0.26
LANO | 437 556 807 525 | 2224 2452 | 388 579 | 10.34 13.39 All All 406  0.19
MOFA | 205 150 34 13 108 262 8 0 | 22.01 27.62 All All 62 0.24
OCFO 0 1 1 2 0 1 2 5 510 1478 | Al/A2 Al1/2/3 1 0.11
PEIN 9 18 1 0 2 32 1 11 | 16.42 2166 | Al/2/3 Al1/2/3 2 0.21
PIEX 9 0 2 1 2 0 14 73 | 29.46 4.80 |M1-Al/2/3 All 1 0.00
PRLU | 463 427 761 286 |2206 3339 | 15 27 | 10.65 13.94 All All 374 012
RHGL | 26 20 1 0 0 0 32 53 | 2026 2403 | Al/2/3 Al1/2/3 8 0.44
VIMO 5 1 3 7 2 5 1 5 9.76  9.68 Al Al1/2 1 0.00
VIRI 2 6 216 188 | 554 1291 | 5012 1239 | 555 5.06 All All 51 0.03

In terms of composition changes, the two Erica species, . canariensis, L. novocanariensis, M. faya, P. lusitanica
and V. rigidum were found in all plots both in 1999 and in 2015. Some species such as O. foetens, P. indica and
R. glandulosa were found only in the Aguirre area in 1999 and 2015. And species such as A. barbujana and P.
excelsa found only in the Aguirre area in 1999 were also found in the Moquinal area in 2015. Finally, all species

found in Moquinal in 1999 were also found in 2015.

3.2. Regeneration strategies

From the data collected in 2015 and summarized in Table 2 we observed different patterns of regeneration
amongst the laurel forest tree species. No regeneration was found for E. arborea and E. scoparia in all the plots
(i.e. no suckers or seedlings). For M. faya and 1. canariensis no seedlings were found but numerous suckers were
recorded. Few seedlings were found for P. lusitanica compared with the large number of suckers. In contrast, no
suckers but few seedlings were found for P. excelsa and R. glandulosa. For the remaining species we found both
suckers and seedlings, although some species such as L. novocanariensis had more suckers than seedlings and A.

barbujana and H. excelsa had more seedlings than suckers.
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3.3. Functional strategies

Both the principal coordinate analysis and the canonical discriminant analysis showed a significant separation of
some functional groups based on their functional traits (Fig. 3). In the CDA, the first canonical discriminant
function explained almost 97% of the variation and separated the pioneers at the right, the long-lived pioneers,
'itinerant' and 'persistent' shade-tolerant species in the middle, and the facultative' shade-tolerant species at the
left. The second canonical discriminant function only explained about 2% of the variation and did not really
separate the species into distinctive groups. In the PCoA the first axis explained 48% of the variation and
separated the ‘facultative' shade-tolerant at the right, and the others in the middle. The second axis explained
15% of the variation and did not really separate the species into distinctive groups. Since adding more functional

trait information did not improve the ordination, hereafter only results from the CDA will be used.
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Figure 3: Canonical discriminant analysis (A) and Principal coordinate analysis (B) of functional traits of 14 (A)
and 15 (B) laurel forest tree species. The scores along the first two axes are shown. Based on earlier studies
species were grouped into different shade-tolerance guilds indicated with different symbols. Pioneer (P): white
square; Long-lived pioneer (LLP): black square; 'lItinerant' shade-tolerant (IST): grey circle; 'Persistent' shade-
tolerant (PST): open circle; 'Facultative' shade-tolerant (FST): black circle and Unknown: black cross (VIMO).
Species group are indicated by ovals. Abbreviations refer to the first two letters of the genus name followed by

the first two letters of the species name. See abbreviation section for more details.

The pioneers and the 'facultative' shade-tolerant were found clearly separated from the others. The two pioneers
E. arborea and E. scoparia were characterized by heavy wood densities, small-sized leaves and seeds and

medium maximum sizes. The long-lived pioneer M. faya was found at the boundary of the pioneers with the
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same characteristics, except a larger maximum size. At the opposite was found the 'facultative' shade-tolerant
group composed by A. barbujana, L. novocanariensis, O. foetens and P. indica. This group mixed light (P.
indica) to heavy (A. barbujana) wood densities with large-sized leaves and seeds and large maximum sizes.
Finally, the separation was not obvious between the two remaining groups (‘itinerant' and 'persistent’ shade-
tolerant), although they were well separated from the pioneers and ‘facultative’ shade-tolerant. They were
characterized by medium wood densities, medium-sized leaves and seeds and small to large maximum sizes.
According to its functional traits, V. rigidum was closer to the 'persistent’ than the 'itinerant' shade-tolerant group

in which it has been classified in earlier studies.

3.4. Growth strategies

In total, 1708 trees > 3cm DBH from both 1999 and 2015 were matched allowing us to obtain growth data for all
species. The average growth rate was 0.18 cm/year, with wide variation across species (Table 2). However, for
the analysis we removed species with less than 30 individuals: growth modeling was eventually carried out using
1674 trees belonging to eight species only. For these species, growth rates also varied widely among individual
trees of the same size (Fig. 4). The linear mixed-effect modeling approach explained between 35% and 64% of
the variation in growth rates considering only the fixed effects, and between 35% and 66% with the random
effect (Table 3). No effect of the plot was found for E. arborea, H. excelsa and V. rigidum (0%). Although
relatively stronger on M. faya (14%), only a limited plot effect was found for most of the other species (1-5%).
The threshold distance (d) for calculation of ANCI that best explained the tree growth rates was 2.5 m for almost
all species. Only H. excelsa and L. novocanariensis had their growth rates best explained for distances of 20 and

5 m respectively.
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Figure 4: Modeled growth trajectories of eight laurel forest tree species. Observed annual growth rates plotted
against the observed tree diameters at breast height (grey circles). The curves indicate the predictions of the
linear mixed model. Continuous red lines are predicted growths for a mean value of ANCI while dotted red lines

represent growth predictions for 5% and 95% quantiles of ANCI.

An effect of ontogeny on the growth rate (1, and/or 13) was found for the eight species (Table 3). The parameter
for ontogeny was almost always the first selected in the model selection, whatever the species and the threshold
distance (Appendix C). E. scoparia, E. arborea, M. faya and V. rigidum exhibited an exponential increase in

growth with increasing size (positive 1, or positive 13) while the five others had model parameters for humped
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growth responses (positive 1, and negative 13; Fig. 4). However, only H. excelsa reached its maximum growth
rate within our measured diameter range (at 35 cm DBH), with growth rates gently decreasing above this
diameter. For I. canariensis, the maximum growth rate was reached at about 30 cm, which was the extreme of
the measured diameter range for this species. Even if L. novocanariensis exhibited a slightly curved growth, no
maximum threshold was reached within the diameter range. Finally, P. lusitanica exhibited almost a linear

increase of growth rate with increasing size within the complete measured diameter range.

Table 3: Effect of tree size and competition on the growth rates of 8 laurel forest tree species. Numbers in
parenthesis are standard deviations. The Akaike information criterion was used to choose the most parsimonious
model. d is the threshold distance selected by AIC for the calculation of the NCI index. D: DBH/DBH95. D2:
(DBH/DBH95)2. Marginal Rz fixed effects only. Conditional R% fixed and random effects. More details about
model selection and model validation are shown in Appendix C. Species names were abbreviated using the first

two letters of the genus name followed by the first two letters of the species name. See abbreviation section for

more details.

. Inter. D D2 ANCl g Rand. Resid. Marg Cond.
Scelc () i 2 Js s © ; R R
ERAR 2.5 -0.96 (0.05) 0.72(0.07) - -0.04 (0.005) 0 (0) 0.04 (0.21) 0.58 0.58
ERSC 25 -0.94(0.13) 0.55(0.13) - -0.03 (0.006) 0.005(0.07) 0.04(0.23) 0.60 0.64
HEEX 20 -0.85(0.05) 0.99(0.18) -0.48(0.13) -1.19(0.37) 0 (0) 0.02 (0.15) 0.48 0.48
ILCA 25 -0.99(0.04) 0.81(0.10) -0.23(0.06) -0.01(0.003) 0.001(0.04) 0.02(0.12) 0.42 0.47
LANO 5 -1.06(0.04) 1.31(0.13) -0.40(0.09) -0.09(0.02) 0.002(0.04) 0.03(0.16) 0.64 0.66
MOFA 25 -0.96(0.11) 0.82(0.13) - -0.02 (0.01) 0.01(0.11) 0.04(0.19) 0.42 0.56
PRLU - -0.98 (0.04) 0.81(0.10) -0.12 (0.06) - 0.002 (0.04) 0.03(0.16) 0.51 0.54
VIRI 25 -0.73(0.25) - 0.15 (0.05) -0.03 (0.01) 0 (0) 0.009 (0.10) 0.35 0.35

A negative effect of ANCI (4,) on growth rates was found for all species except P. lusitanica. This result
indicates that a decrease in competition between 1999 and 2015 led to higher growth rates. According to the
model predictions (Fig. 4), the effect of ANCI was stronger on E. arborea, E. scoparia, H. excelsa and M. faya
than on the other species (i.e. wider variations of growth predictions between 5% and 95% quantiles of ANCI

values).

3.5. Spatial structure

Due to the minimum number of 30 individuals requested, spatial analyses were only performed on the same
eight species as the growth modeling analysis. For the eight species, spatial distribution, spatial pattern analysis
of both saplings and adults as well as their interaction are shown in Appendix D. These results have been

summarized in Table 4. For some species the number of individuals did not allow to do the analysis in both
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stands. Spatial analysis was carried out only on the adult stands for E. arborea, E. scoparia and M. faya.
Analysis revealed a strong aggregation, even at long distances, of the adults of E. scoparia in Aguirre 3 and E.
arborea in Moquinal 2. Surprisingly, adults of E. arborea were found randomly distributed in Aguirre 1. On the
other hand, adults of M. faya showed an aggregation at shorter distances: less than 5 m in Aguirre 1 and less than

10 min Aguirre 3.

Table 4: Spatial patterns of saplings (DBH<10 c¢m) and adults (DBH>10 c¢m) of 8 laurel forest species and their
interaction in the study plots (data from 2015). Ag.: aggregated spatial pattern, Ra.: random spatial pattern. At.:
attraction between point patterns. Numbers under parenthesis correspond to the distance. (-): analysis not
performed due to the low number of individuals (< 30) in the adult or sapling stand. Species names were

abbreviated using the first two letters of the genus name followed by the first two letters of the species name. See

abbreviation section for more details.

Species Plot Saplings Adults Interaction
Moquinal 2 - Ag. (1-25m) -
ERAR Aguirre 1 - Ra. (1-25m) -
ERSC Aguirre 3 - Ag. (1-25m) -
HEEX Aguirre 1 Ag. (1-25m)  Ag. (1-25m)  At. (8-12m)
Aguirre 2 Ag. (1-25m)  Ag. (3-256m)  At. (8-20m)
Moquinal 1 Ag. (1-25m)  Ag. (1-4m) At. (1-3m)
Moquinal 2 Ag. (1-25m)  Ag. (1-25m)  At. (1-2m)
ILCA Moquinal 3 Ag. (1-10m)  Ag. (1-4m) At. (1-2m)
Aguirre 2 - Ag. (1-4m) -
Aguirre 3 - Ag. (1-4m) -
Moquinal 1 Ag. (1-3m) Ag. (1-4m) At. (1-3m)
Moquinal 2 Ag. (1-4m) Ag. (1-3m) At. (1-2m)
LANO Moquinal 3 Ag. (1-3m) Ag. (1-2m) At. (1-2m)
Aguirre 1 Ag. (1-2m) Ag. (1-2m) At. (1-2m)
Aguirre 2 Ag. (1-4m) Ag. (1-3m) At. (1-3m)
Aguirre 3 Ag. (1-3m) Ag. (1-3m) At. (1-3m)
Aguirre 1 - Ag. (1-5m) -
MOFA Aguirre 3 - Ag. (1-8m) -
Moquinal 1 Ag. (1-25m)  Ag. (1-5m) At. (1-2m)
PRLU Moquinal 2 - Ag. (1-5m) -
Moquinal 3 Ag. (1-2m) Ag. (1-3m) At. (1-2m)
Aguirre 2 Ag. (1-5m)  Ag. (1-18m) At (1-3m)
Moquinal 2 Ag. (3-25m) - -
VIRI Moquinal 3 Ag. (3-10m) - -
Aguirre 3 Ra. - -

Both adults and saplings of H. excelsa were found aggregated, even at long distances, in both Aguirre 1 and 2.
Also in both plots, a really small but significant attraction between adults and saplings was found. For V. rigidum

the analysis was carried out only on saplings. The results were quite different between the plots for this species:
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aggregated over long distances in Moquinal 2, over smaller distances (< 10m) in Moquinal 3 and randomly
distributed in Aguirre 3. The last three species I. canariensis, L. novocanariens and P. lusitanica showed similar
spatial patterns and interactions in both stands. In the six plots and in both stands, L. novocanariens was always
found aggregated at very short distances (< 5 m). Saplings and adults of I. canariensis and P. lusitanica were
also found aggregated at short distances (< 5 or 10 m) in most of the plots and aggregated over longer distances
in few plots. For all three species, a significant attraction at very short distances (< 3 m) was found between the

saplings and adults.

4. Discussion

4.1. Light-demanding strategies

In terms of ecological strategies our results are relatively consistent with what was proposed in earlier studies
(Fernandez-Palacios and Arévalo 1998; Fernandez-Palacios et al. 2004; Ferndndez-Palacios 2009). While
relatively abundant in the canopy as adult trees, no regeneration was found for E. arborea and E. scoparia in
2015. This further supports these species having a pioneer reproductive strategy (Whitmore 1989) and being
unable to germinate under the shady conditions of a closed canopy (Arévalo and Fernandez-Palacios 2000;
Fernandez-Palacios et al. 2004). On the other hand, numerous suckers were recorded for M. faya, attesting its
ability to persist under a closed canopy, which supports results from earlier studies and its classification as a
long-lived pioneer. Based on their functional traits, these three species were also well separated from the shade-
tolerant groups. Species could even be ranked along the first CDA axis according to their supposed shade-
tolerance. The most light-demanding species were grouped at the right while the most shade-tolerant species
were grouped at the left. M. faya was found at the boundary between the two other pioneers and the first shade-

tolerant group, which further supports its classification as a long-lived pioneer.

The three species are characterized by small-sized seeds, which is a usual pattern for light-demanding pioneer
species (Moles et al. 2004), allowing a better dispersion and enhancing the chance of reaching favorable habitats
(Whitmore 1989). The small size of their leaves could also reflect their strategy as pioneers. Combined with a
closely ramified branching, this trait seems better suited to strong light environments (Westoby et al. 2002) and
explains why these species are unable to survive as seedlings in the shady conditions of the understory. On the
other hand, their high wood density is not consistent with what is expected for fast-growing pioneer species
(Chave et al. 2006), usually characterized by low-cost conductive tissues of low wood density (ter Steege and

Hammond 2001; Wright et al. 2003; Muller-Landau 2004). We can hypothesize that these species have
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developed specific strategies, probably related to local climatic conditions. Indeed, high wood density usually
provides a lower vulnerability to drought stress (Carlquist 1977; Tyree and Sperry 1989; Hacke et al. 2001;
Meinzer 2003), as well as stronger defenses against predators, pathogens and physical damages (Rowe and

Speck 2005).

However, while high wood density is supposed to be more expensive to construct, resulting in lower growth in
size (Favrichon 1994; Suzuki 1999; Santiago et al. 2004b), these three species had amongst the highest growth
rates recorded. This result is even more surprising for E. arborea and E. scoparia considering their low growth
rates (decreasing at larger diameters) recorded in Madeira (Pupo-Correia 2016). Fernandez-Palacios et al. (2017)
hypothesized that these two pioneers have high growth rates when young, in order to reach the canopy, but have
a slower growth afterwards, explaining this high wood density. However, this is not supported by our results:
both species had their growth increasing as an exponential of size, with no decrease at larger diameters, even
though we had a larger diameter range than Pupo-Correia (2016). On the other hand, Pupo-Correia (2016) used
only dendrochronological data and, for these two species, growth rings were not clearly defined with annual
regularity or reliable cyclic increment which might explain this difference. We can also identify some limitations

of our method since growth data were obtained from trees that were not permanently tagged.

Thus, although higher growth rates support their strategy as pioneers needing to reach the canopy faster than
other species (Uhl and Jordan 1984; Lugo and Scatena 1996), doing so while producing high wood density is a
singular feature of these species within the laurel forest. A slightly slower growth trajectory was recorded for M.
faya which is consistent for a long-lived pioneer species that does not need to grow as fast as classic pioneers
(Lusk 1999). Interestingly, these three species presented more variation in growth in response to ANCI compared
with the others. This suggests their growth is probably more dependent on resource availability, which is
consistent for light-demanding species (Whitmore 1989). M. faya exhibited a slightly slower growth response to
changing crowding. We hypothesize that its ability to also produce suckers might mitigate the effect of
competition by allowing root transfer of resources from the mother tree. We also hypothesize that the 2.5 m
threshold distance (d) recorded for almost all species can be a consequence of the dense low canopy of the laurel

forest, which increase short distance crowding effects.

Finally, based on their spatial distribution, no difference could be found between light-demanding and shade-
tolerant species: all presented a persistent aggregated spatial pattern. Nevertheless, differences in the scale of

aggregation allowed to differentiate two major groups: species relying on seedlings for regeneration (seedling-
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producing species), aggregated at long distances, and species relying on suckers for regeneration (sucker-
producing species), aggregated at shorter distances. This result is consistent with what was reported by Arévalo
and Fernandez-Palacios (2003) on a fewer number of species. Overall, E. arborea and E. scoparia formed
aggregates on large distances (up to 25 m) while M. faya was found aggregated at shorter distances (1-8 m),
which is consistent with its ability to regenerate from seedlings and sometimes from suckers. The aggregations
observed for these three species is a usual pattern for pioneers (Brokaw 1985b; Swaine and Whitmore 1988), due
to their association with tree-fall gaps (Niiyama et al. 1999). The random distribution observed for E. arborea in
Aguirre 1 can eventually be explained by the high mortality recorded in this plot, which could have resulted in a

shift towards a random pattern (Gavin and Peart 1997).

4.2. Shade-tolerant strategies

Only based on regeneration, our results are consistent with earlier studies and also suggest the existence of three
ecological groups in the shade-tolerant species: seedling-producing species, sucker-producing species or both
seedling- and sucker-producing species (Fernandez-Palacios and Arévalo 1998; Fernandez-Palacios et al. 2004;
Fernandez-Palacios 2009). The first group, classified as 'itinerant species' in earlier studies, encompassed P.
excelsa and R. glandulosa and relied entirely on the seedling bank for regeneration (no suckers recorded).
Although H. excelsa and V. rigidum were found with both seedlings and suckers, based on field observations we
believe these species also rely almost entirely on seedlings for regeneration. For both species, most suckers
identified in 2015 were branches sprouting from the base of seedlings/saplings and were more likely related to
development than asexual reproduction. The second group, classified as 'persistent species', encompassed I.
canariensis, I. perado and P. lusitanica and relied almost entirely on asexual reproduction. The last group,
classified as 'facultative species', encompassed A. barbujana, L. novocanariensis, O. foetens and P. indica and
relied on both seedlings and suckers. Part of this classification is not only based on the data from the permanent
plots but also from personal field observations, especially for some species such as O. foetens where too few data

were recorded in the plots.

In terms of functional strategies, the differences among the shade-tolerant species were not as clear as between
shade-tolerant vs. light-demanding species. Only the ‘facultative' species were well separated from the other
groups at the left of the first CDA axis. A key characteristic of this group was the large size of their seeds,
suggesting low dispersal abilities (Seidler and Plotkin 2006) which is a usual pattern for shade-tolerant species.

Although ‘itinerant' and 'persistent' groups were ranked in-between the ‘facultative' shade-tolerant and the light-
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demanding species, no clear boundaries were found between them due to the outlier V. rigidum. Based on its
functional traits, this species could be either a 'persistent' shade-tolerant or form a new group. Since its
regeneration does not only rely on asexual reproduction like the 'persistent species’, it is unlikely that V. rigidum
has the same strategy. We suggest this species has its own strategy which was not reported in earlier studies.
Formerly described as a tree, Fernandez-Palacios et al. (2017) more recently described that species rather as a
tall shrub able to grow to a small tree. While the other species are found in the understory as seedlings/saplings
and reach canopy status with increasing ontogeny, V. rigidum usually remains as a small tree (DBH95 = 8.9 cm)
in the understory. However, contrary to Fernandez-Palacios et al. (2017), we prefer describing that species as an
understory tree rather than a tall shrub as it presents characteristics more consistent with a tree than a shrub habit
(e.g. stem architecture, leaf size). Its large leaves are therefore probably an adaptation to enhance light capture

under the shady conditions of the understory.

In terms of growth strategies, our results remain consistent with regeneration and functional strategies outlined
by stage-specific abundance and functional traits. H. excelsa was the only species exhibiting decreasing growth
after its maximum growth rate was reached at about 35 cm DBH. Modeling the growth of another ‘itinerant
species' would have been useful to see if this growth pattern is typical of seedling-producing shade-tolerant
species. |. canariensis, L. novocanariensis and P. lusitanica also had model parameters allowing for a humped
growth trajectory. However, in our measured diameter ranges, maximum growth rates were reached only by I.
canariensis at its largest DBH values. For L. novocanariensis, the slope of the curve only slightly slowed down
at larger diameters and for P. lusitanica the curve was comparable to a linear increase. The growth trajectory of
V. rigidum was completely different, and further suggests that this species belongs to a separate group. Although
a shade-tolerant species, V. rigidum exhibited the same growth trajectory as the two pioneers: an exponential
increase in growth with increasing size. We suspect this pattern to be an adaptation to the growth in the
understory. Finally, the effects of change in crowding (ANCI) on growth rates were also stronger for the
seedling-producing species H. excelsa than the sucker-producing species I. canariensis and P. lusitanica (for
which there was no effect at all). The species L. novocanariensis was at the boundary between the seedling-
producing species and the sucker-producing species, which is consistent with its ‘facultative' strategy relying on

both seedlings and suckers.

Based on spatial distributions, marked differences were observed between seedling-producing species and
sucker-producing species. The seedling-producing species H. excelsa formed aggregates on a large scale (up to
25 m) in both the sapling and adult stands. Moreover, saplings were significantly attracted at about 8-20 m

23



around adults which is consistent with the low dispersal abilities provided by its large-sized seeds (Seidler and
Plotkin 2006). The two sucker-producing species I. canariensis and P. lusitanica had saplings and especially
adults mostly aggregated over shorter distances (< 5 m). A significant attraction at very short distances (< 3 m)
was found between adults and saplings for these species, which is consistent with their regeneration based on
suckers. This spatial pattern was also observed for L. novocanariensis which relies on both suckers and seedlings
for regeneration. This suggests a regeneration strategy relying slightly more on suckers than on seedlings, which
is consistent with the abundance of seedlings vs. suckers recorded in the plots. On the other hands, V. rigidum
confirmed its singularity compared with the other species, exhibiting a different spatial pattern in each plot,

which could further support its own strategy as ‘understory species'.

4.3. Laurel forest natural dynamics

The characterization of the different ecological groups allows a better understanding of the laurel forest natural
dynamics. The differences observed between 1999 and 2015, especially the marked decrease in abundance of
pioneer and long-lived pioneer species, point to shifts in species composition towards more advanced
successional stages. This was already suggested in earlier studies focusing on species regeneration (Arévalo et al.
1999; Fernandez-Lugo et al. 2014) but not described on such a time scale using long-term monitoring data. Since
the regeneration of these light-demanding species is dependent on disturbance events, such as tree falls (Elias
and Dias 2009), their presence as large adult trees only suggests that the forest is reaching mid-late successional
stages (Fernandez-Palacios and Arévalo 1998; Dias et al. 2004; Arévalo et al. 2012; Fernandez-Lugo et al.
2014). Overall, in 2015 all studied plots showed characteristics of more mature stands with fewer but larger trees
compared with 1999 (i.e. a self-thinning process, Westoby 1984). The increase of species richness is also
consistent with a forest reaching mid-late successional stages. According to the ‘intermediate disturbance
hypothesis' (Hubbell et al. 1999; Molino and Sabatier 2001), increase in species richness is caused by shade-
tolerant species establishing later in the succession process and mixing with pioneer and early shade-tolerant

species.

As observed in other studies (Arévalo et al. 2007, 2012), stand structure and species composition differed
between the plots in Moquinal (windward) and those in Aguirre (leeward). Plots in Aguirre were richer in
species with larger and fewer trees. Earlier studies suggested these differences could be attributed to
environmental differences only (Arévalo et al. 1999, 2012). However, using data from other plots located on

both windward and leeward sites, another study found more species and larger trees in the windward sites
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(Fernandez-Lugo et al. 2014). In addition, although it did not focus on inter-specific aspects, for most species our

modeling approach found almost no effects of the plots on tree growth, suggesting only limited differences

between sites. Since Moquinal and Aguirre were relatively close to each other and not far away from the central

ridge, the orientation windward or leeward may not be the only driver of stand structure and species

composition. According to differences in species composition observed between 1999 and 2015, we suggest that

stands in Moquinal and in Aguirre are at different successional stages. Indeed, both A. barbujana and P. excelsa,

almost exclusively found in Aguirre in 1999, were observed in Moquinal in 2015. The difference in stand

structure between both sites also suggests that Moquinal hosts a slightly younger stand with more trees but of

smaller size than in Aguirre. It is therefore likely that the shade-tolerant species present in Aguirre will

progressively settle in Moquinal as the forest matures.

Table 5: Summary of characteristics of tree species strategies in the laurel forest of Tenerife. Species names

were abbreviated using the first two letters of the genus name followed by the first two letters of the species

name. See abbreviation section for more details. * Information on growth and spatial distribution was not

available for A. barbujana, 1. perado, O. foetens, P. excelsa, P. indica and R. glandulosa. WD: wood density.

Shade- Reprodu9tlve Strata Strategies | Species Functional traits Growth* . Spatla_\I %
tolerance | strategies distribution
ERAR Heavy WD - Small Fast growth - Aggregation
Seedlings Canopy ‘Pioneer’ ERSC leaves - Small seeds -| Strong effect of short to long
Light- Medium DBH95 competition distance
demanding : Heavy WD - Small | Medi wth- | A ti
: e v y ium gro ggregation
Seesdullcrlgsrsand Canopy iogneer‘ MOFA |leaves - Small seeds -| Strong effect of |short to medium
P Large DBH95 competition distance
Medium to heavy
HEEX | WD - Mediumto | Medium growth - | Aggregation
Canopy 'Itinerant’ PIEX large leaves - Medium effect of | short to long
RHGL Medium seeds - competition distance
Seedlings Large DBH95
eaves  Mediom |  Sow orout -
Understory |'Understory'| VIR seeds - Small Medium effect of Variable
DBHI5 competition
Shile- ILEA Ll-gl?/ltggitrjnrﬁ(i:el;r\?egv-[) DAL T TR - Aggregation
tolerant Suckers Canopy ‘Persistent’ ILPE . Medium effect of gareg
Medium seeds - L short distance
PRLU | Medium DBHo5 | competition
APBA f ;
Seedlingsand | Facultative' LANO I_ngrgtet(l)eaH\feasv}/IY:rge Msgisttjr%rgmt;t-of Aggregation
suckers Py OCFO seeds - Large competition short distance
PEIN DBH95 P
Seedlings and Canopy 5 VIMO Heavy WD - ? ”

suckers

Medium DBH95
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5. Conclusion

This study has achieved an improved description of tree species strategies in the laurel forest of Tenerife
(summarized in Table 5). Consistent with earlier studies, species ordination into different ecological groups
seems to rely on (1) their shade-tolerance: light-demanding vs. shade-tolerant species and (2) their reproductive
strategies: sexual (i.e. seedlings), asexual (i.e. suckers) or both. We suggest also adding a third aspect to this
classification scheme: understory vs. canopy species. These three aspects together have led to six contrasted
strategies outlined by consistent stage-specific abundance, functional traits, growth modeling and spatial
distributions. The light-demanding group encompasses two different strategies: the two seedling-producing
species E. arborea and E. scoparia classified as 'pioneers' and M. faya classified as a 'long-lived pioneer'. In the
shade-tolerant group: the seedling-producing species H. excelsa, P. excelsa, and R. glandulosa as ‘itinerant
species' and V. rigidum as 'understory species'; the sucker-producing species I. canariensis, I. perado and P.
lusitanica as ‘persistent species'’; and A. barbujana, L. novocanariensis, O. foetens and P. indica as 'facultative
species'. Unfortunately, the strategy of V. mocanera remains unclear due to the lack of data for this species. Its
presence in only two plots could suggest that this species is one of the latest in the succession process. However,
further research needs to be done to validate this hypothesis. More information on growth and spatial patterns
would also be needed to fully support the description of ecological strategies of A. barbujana, 1. perado, O.
foetens, P. excelsa, P. indica and R. glandulosa. Finally, this study also showed that the laurel forest is still

maturing in Tenerife and becoming richer in species, which emphasizes the importance of its preservation.

Abbreviations

CSR : Complete spatial randomness

DBH : Diameter at breast height

APBA : Apollonias barbujana

ERAR : Erica arborea

ERSC : Erica scoparia

HEEX : Heberdenia excelsa

ILCA : llex canariensis
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ILPE : llex perado

LANO : Laurus novocanariensis
MOFA : Morella faya

OCFO : Ocotea foetens

PEIN : Persea indica

PIEX : Picconia excelsa

PRLU : Prunus lusitanica
RHGL : Rhamnus glandulosa
VIMO : Visnea mocanera

VIRI : Viburnum rigidum
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Appendix A Description of the six study plots in the laurel forest of Anaga, Tenerife.

Variable Mog.1 Mog.2 Moqg.3 Agu.l Agu.2 Agu.3
Altitude (m) 775 850 820 850 925 810
Orientation NNE WNW NW SE S S
Slope (°) 15 10 30 20 40 30
Canopy cover (%) 90 95 95 95 95 95
Understory cover (%) 15 20 15 40 60 45
Rock cover (%) 1 5 5 1 10 15

Appendix B The 12 key functional traits used in our study

Stem Leaf _ Fruit/Seed Size
(Ohsawa and Nitta 1999) (Arévalo et al. 2007)

Wood Leaf Leaf Lamina Stomata | Fruit Fruit Fruit  Seed Seed Seed DBH95
Species | density | area  mass thickness density | length diameter weight length diameter weight (cm)

(gem®) | (cm) (@/m?)  (um)  (nb/mm?) | (mm)  (mm) (9  (mm) (mm) (9
APBA 0.73 45 - - - 18.07 13.60 0.85 1545 1041 0.51 | 33.90
ERAR 0.62 0.05 - - - - - - - 0.62 - 31.20
ERSC 0.72 0.03 - - - - - - - 0.60 - 21.80
HEEX 0.62 25.30 92.04 161.72 317.06 8.19 10.79 0.15 6.53 7.16 0.10 | 33.00
ILCA 0.64 13.50 137.27 238 155.20 - 10.44 0.26 7.12 3.47 0.03 | 17.50
ILPE 0.55 26,50 167.81 296.80 176.39 - 10.63 0.62 6.54 3.69 0.06 | 34.80
LANO 0.54 18.30 130.33 194.10 288.98 | 16.09 12.16 154 1374 10.22 0.84 | 21.90
MOFA | 0.64 7.90 88.66 168.20 195.12 - 7.76 0.25 0.081 4.69 0.04 | 43.60
OCFO 0.51 35.30 82.75 163.60 215.82 | 2111 1452 0.72 1764 11.37 0.38 | 92.80
PEIN 0.47 53 84.60 170 150.77 18.60 12.71 1.84 16.93 10.74 1.16 | 42.70
PIEX 0.71 25.30 105.81 185.33 328.15 | 18.91 1241 0.66 17.8 8.74 0.33 | 57.00
PRLU 0.55 25.40 108.56 228 280.12 11.57 11.10 0.17 7.40 5.75 0.05 | 21.80
RHGL 0.61 16.90 60.13 97.40 195.85 8.63 8.70 0.13 6.69 4.56 0.03 | 34.30
VIMO 0.76 - - - - 10.43 8.81 0.21 - - - 22.60
VIRI 0.63 43.20 86.05 133.08 209.90 8.73 5.27 0.13 8.23 4.47 0.07 | 8.90

Species names were abbreviated using the first two letters of the genus name followed by the first two letters of

the species name. See abbreviation section for more details.
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Appendix C Growth modeling of 8 laurel forest species

Model selections were performed using the difference in crowding index between 1999 and 2015 (ANCI),
measured within different distances (d). Parameters D and D2 remained the same whatever the distance. We first
controlled for collinearity between D and ANCI using the variance inflation factors (VIF). The remaining
variables were finally separately added and kept if they improved the model support (lower AIC). Growth
model: final model for each distance with variables in the order they were selected using the AIC. AIC: final
AIC of the model after both selections (using VIF and AIC). Marginal R2: fixed effects only. Conditional R
fixed and random effects. Chosen final models and distances are shown in bold and were selected based on the
AIC values. D: DBH/DBH95 and D2: (DBH/DBH95)2.

Table C.1: Erica arborea

d (m) Growth model AIC Marg. R2 Cond. R?
25 D + ANCI -37.83 0.58 0.58
5 D + ANCI -33.18 0.57 0.58
7.5 D + ANCI -27.48 0.55 0.56
10 D + ANCI -25.19 0.55 0.56
12.5 D + ANCI -24.18 0.54 0.56
15 D + ANCI -20.20 0.53 0.55
17.5 D + ANCI -18.46 0.53 0.55
20 D + ANCI -17.92 0.53 0.54

Table C.2 : Erica scoparia

d(m) Growth model AIC Marg. R?2 Cond. R?
25 ANCI +D 5.31 0.60 0.64
5 D + ANCI 6.20 0.60 0.63
75 D + ANCI 8.04 0.58 0.61
10 D + ANCI 9.32 0.57 0.60
12.5 D + ANCI 9.72 0.56 0.60
15 D + ANCI 9.74 0.56 0.60
175 D + ANCI 9.99 0.56 0.60
20 D + ANCI 10.71 0.55 0.60

Table C.3 : Heberdenia excelsa

d (m) Growth model AIC Marg. R? Cond. R?
2.5 D + D2 + ANCI -65.09 0.45 0.46
5 D + D2 + ANCI -65.76 0.46 0.46
75 D + D2 + ANCI -66.43 0.46 0.47
10 D + D2 + ANCI -67.85 0.47 0.47
12.5 D + D2 + ANCI -67.88 0.47 0.48
15 D + D2 + ANCI -67.71 0.47 0.47
17.5 D + D2 + ANCI -68.65 0.47 0.48
20 D + D2+ ANCI -70.13 0.48 0.48

Table C.4 : llex canariensis

d (m) Growth model AIC Marg. R2 Cond. R?
2.5 D + ANCI + D2 -653.14 0.42 0.47
5 D + D2 + ANCI -648.31 0.41 0.46
7.5 D + D2 + ANCI -650.11 0.41 0.46
10 D + D2 + ANCI -647.52 0.41 0.45
12.5 D + D2 + ANCI -645.38 0.40 0.45
15 D + D2 + ANCI -643.47 0.40 0.45
175 D + D2 + ANCI -645.07 0.40 0.45
20 D + D2 + ANCI -643.42 0.40 0.45
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Table C.5 : Laurus novocanariensis

d (m) Growth model AIC Marg. R2 Cond. R?
25 D+ ANCI+ D2 -329.03 0.64 0.66
5 D+ ANCI + D2 -330.70 0.64 0.66
75 D + D2 + ANCI -327.05 0.64 0.66
10 D + D2 + ANCI -325.04 0.64 0.66
12.5 D + D2 + ANCI -324.06 0.64 0.66
15 D + D2 + ANCI -322.88 0.63 0.66
175 D + D2 + ANCI -324.04 0.64 0.66
20 D + D2 + ANCI -324.76 0.64 0.66

Table C.6 : Morella faya

d(m) Growth model AIC Marg. R2  Cond. R?
25 D + ANCI -11.56 0.42 0.56
5 D + ANCI -11.15 0.42 0.57
75 D + ANCI -11.39 0.43 0.60
10 D + ANCI -10.56 0.42 0.60
12.5 D + ANCI -10.13 0.42 0.61
15 D + ANCI -8.20 0.41 0.58
175 D + ANCI -8.31 0.41 0.59
20 D + ANCI -8.16 0.41 0.60

Table C.7 : Prunus lusitanica

d(m) Growth model AIC Marg. R2  Cond. R?
25 D+ D2 -299.60 0.51 0.54
5 D+ D2 -299.60 0.51 0.54
75 D+ D2 -299.60 0.51 0.54
10 D+ D2 -299.60 0.51 0.54
12.5 D+ D2 -299.60 0.51 0.54
15 D+ D2 -299.60 0.51 0.54
175 D+ D2 -299.60 0.51 0.54
20 D+ D2 -299.60 0.51 0.54

Table C.8 : Viburnum rigidum

d (m) Growth model AIC Marg. R2 Cond. R?
25 ANCI + D2 -86.63 0.35 0.35
5 ANCI + D2 -83.57 0.31 0.31
75 D2 + ANCI -81.93 0.28 0.28
10 D2 + ANCI -78.94 0.24 0.24
12.5 D2 + ANCI -78.97 0.24 0.24
15 D2 + ANCI -78.06 0.23 0.23
175 D2 + ANCI -77.66 0.22 0.22
20 D2 + ANCI -77.45 0.22 0.22
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Figure C.1 : Fitted values vs residuals in the final growth models of eight laurel forest species. Species names
were abbreviated using the first two letters of the genus name followed by the first two letters of the species
name. See abbreviation section for more details.
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Appendix D Spatial distribution and spatial pattern analysis of 8 laurel forest species

Erica arborea
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Figure D.1: Spatial distribution and spatial pattern analysis of Erica arborea in Moquinal 2 and Aguirre 1. Black
circles: saplings, large open circles: adults. Spatial analysis was not carried out in these plots for saplings and in
the other plots for both adults and saplings due to the low number of individuals. Black curves represent
observed values of the index and grey area represent the Clggy, limits of the null hypothesis. N is the number of
points in the plot.

Erica scoparia

Adults/saplings distribution Saplings Adults Interaction
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Figure D.2: Spatial distribution and spatial pattern analysis of Erica scoparia in Aguirre 3. Black circles:
saplings, large open circles: adults. Spatial analysis was not carried out in this plot for saplings and in the other
plots for both adults and saplings due to the low number of individuals. Black curves represent observed values
of the index and grey area represent the Clggy, limits of the null hypothesis. N is the number of points in the plot.
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Heberdenia excelsa

Adults/saplings distribution Saplings Adults Interaction
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Figure D.3: Spatial distribution and spatial pattern analysis of Heberdenia excelsa in Aguirre 1 and 2. Black
circles: saplings, large open circles: adults. Spatial analysis was not carried out in the other plots due to the low
number of individuals. Black curves represent observed values of the index and grey area represent the Clgge,
limits of the null hypothesis. N is the number of points in the plot.
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Ilex canariensis

Adults/saplings distribution Saplings Adults Interaction
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Figure D.4: Spatial distribution and spatial pattern analysis of llex canariensis in Moquinal 1-3 and Aguirre 2
and 3. Black circles: saplings, large open circles: adults. Spatial analysis was not carried out for saplings in
Aguirre 2 an 3 and for both adults and saplings in Aguirre 1 due to the low number of individuals. Black curves
represent observed values of the index and grey area represent the Clggy, limits of the null hypothesis. N is the

number of points in the plot.
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Adults/saplings distribution

Laurus novocanariensis
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Figure D.5: Spatial distribution and spatial pattern analysis of Laurus novocanariensis in the six sample plots.
Black circles: saplings, large open circles: adults. Black curves represent observed values of the index and grey
area represent the Clggy, limits of the null hypothesis. N is the number of points in the plot.
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Morella faya

Adults/saplings distribution Saplings Adults Interaction
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Figure D.6: Spatial distribution and spatial pattern analysis of Morella faya in Aguirre 1 and 3. Black circles:
saplings, large open circles: adults. Spatial analysis was not carried out for saplings in these plots and for both
adults and saplings in the others due to the low number of individuals. Black curves represent observed values of
the index and grey area represent the Clggy, limits of the null hypothesis. N is the number of points in the plot.
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Prunus lusitanica
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Figure D.7: Spatial distribution and spatial pattern analysis of Prunus lusitanica in Moquinal 1-3 and Aguirre 2.
Black circles: saplings, large open circles: adults. Spatial analysis was not carried out for saplings in Moquinal 2
and for both adults and saplings in Aguirre 1 and 3 due to the low number of individuals. Black curves represent
observed values of the index and grey area represent the Clggy, limits of the null hypothesis. N is the number of
points in the plot.

Viburnum rigidum

Adults/saplings distribution Saplings Adults Interaction
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Figure D.8: Spatial distribution and spatial pattern analysis of Viburnum rigidum in Moquinal 2 and 3 and
Aguirre 3. Black circles: saplings, large open circles: adults. Spatial analysis was not carried out for adults in
these plots and for both adults and saplings in the others due to the low number of individuals. Black curves
represent observed values of the index and grey area represent the Clgge, limits of the null hypothesis. N is the
number of points in the plot.
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