Vegetation Structural Complexity across Tenerife’s Zonal Vegetation Types, captured

by Terrestrial Laser Scanning
Abstract

Questions: Vegetation structural complexity, defined as the density and distribution of plants
in three-dimensional (3D) space, is a key ecological property of plant communities,
influencing biodiversity and ecosystem functioning. Yet, how vegetation structural
complexity varies across contrasting vegetation types, and which factors drive this variation
remain poorly understood. This knowledge gap is particularly relevant on oceanic islands,
where diverse vegetation types occur across steep environmental gradients and are often
highly vulnerable to disturbance. Specifically, we asked: (1) how does vegetation structural
complexity vary among and within vegetation types, (2) by which structural dimensions do

the vegetation types most differ, and (3) which climatic factors explain this variation?
Location: Tenerife, Canary Islands.

Methods: With 140 scans in 28 plots covering 6 major zonal vegetation types, we derived the
Stand Structural Complexity Index (SSCI), which measures the 3D arrangement of
vegetation, and other metrics related to vertical stratification, vegetation density, and canopy
openness, captured by terrestrial laser scanning (TLS) 3D point clouds. For each metric,
mean values and coefficient of variation (CV) per plot were analysed with a permutation
Analysis of Variance (ANOVA) and a Principal Component Analysis (PCA). Relationship

with long-term climatic plot data was analysed using robust linear models.

Results: The SSCI differed significantly among zonal vegetation types (permutation
ANOVA, p <0.001). The SSCI ranged from a high mean value and low variability in laurel
forests (mean = 7.00, CV = 10.1%) to the lowest mean value in the summit scrub (mean =
2.65, CV = 65.6%) but highest variability in the tabaibal coastal scrub (mean = 4.93, CV =
91.0%). PCA indicates that vegetation structural complexity in forests was characterised by
high vertical stratification and closed canopy. In contrast, scrub types displayed greater
canopy openness and a high variation in 3D vegetation density. Greater annual precipitation
were associated with linear increased SSCI across zonal vegetation types, positively related
to increased vertical stratification and canopy height and negatively related to canopy

openness and 3D vegetation density.



Conclusions: Our results suggest that TLS-derived metrics of vegetation structural
complexity captures within and across vegetation type variation. The SSCI can provide
meaningful information beyond forests when interpreted alongside other structural metrics.
Our results suggest that differences across vegetation types are associated with climatic
gradients. This study provides a basis for future studies and applications of TLS beyond
forests, that can aid biodiversity monitoring and conservation of environmentally-distinct and

disturbance-prone island vegetation.
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1. Introduction

Vegetation structural complexity is broadly defined by the density and distribution of plants
in three-dimensional (3D) space (Seidel et al., 2016; Ehbrecht et al., 2017). As an emergent
property of vegetation, it influences food web dynamics, species diversity, and primary
productivity (Castafio-Villa et al., 2014; Saint-Béat et al., 2015; Fotis et al., 2018; Ray et al.,
2024), and so helps biodiversity patterns and ecosystem functioning (Braunisch et al., 2019;
Atkins et al., 2023). Modifications to vegetation structural complexity, whether through
natural succession or anthropogenic disturbance, can therefore alter ecosystem processes and
habitat suitability. Quantifying vegetation structural complexity and tracking its change over

time is thus increasingly important for biodiversity monitoring and conservation.

This quantification is particularly important in locations experiencing land-use change and
climate-induced shifts, such as oceanic islands (Otto et al., 2007; Grimm et al., 2013; Otto et
al., 2017; Fernandez-Palacios et al., 2021). On Tenerife and Gran Canaria (Canary Islands),
for instance, over 98% of thermophilous woodland and 99% of laurel forest have been lost,
respectively, (Otto et al., 2012; Fernandez-Palacios et al., 2021). Such habitat degradation
can alter community composition, vegetation density, and canopy cover, potentially
simplifying vegetation structure (Caviedes and Ibarra, 2017). This simplification can affect
ecosystem stability and species habitat suitability, ultimately driving species extinctions or
extinction debts (Caviedes and Ibarra, 2017; Otto et al., 2017; Fernandez-Palacios et al.,
2025). Characterising the vegetation structural complexity of vulnerable ecosystems may

therefore help assess future disturbance, restoration success, and climate-driven vegetation



change (Shugart et al., 2010; Godbold et al., 2011; Fischer et al., 2019; Fernandez-Palacios et
al., 2025).

Although vegetation structural complexity is often treated as a single property, it is inherently
multidimensional. Vertical stratification, vegetation height, canopy layering, vegetation
density, and architectural variation all contribute to the 3D arrangement of plant material
(Ehbrecht et al., 2017; Coverdale and Davies, 2023). New remote sensing approaches have
become useful in the rapid quantification of multiple structural metrics, particularly in forests
(Camarretta et al., 2020). For example, Ehbrecht et al. (2016, 2017) developed the Stand
Structural Complexity Index (SSCI) and the Effective Number of Layers (ENL) — a measure
of vertical stratification — to capture the heterogeneity of plant material distribution in 3D
space using terrestrial laser scanning (TLS). The SSCI has deepened our understanding of the
relationships between vegetation structural complexity, species diversity, and forest
management outcomes (Zemp et al., 2019; Perles-Garcia et al., 2021). Unlike conventional
field measurements that quantify individual structural attributes (e.g., canopy height or total
vegetation cover), TLS captures the 3D distribution of vegetation and allows multiple
structural dimensions to be measured simultaneously (Cimdins ef al., 2026). This gives a
detailed reconstruction of vegetation space occupation that is difficult to quantify with
traditional methods. Furthermore, it allows rapid and more systematic surveying and
monitoring of vegetation (Frey ef al., 2019). However, methods to quantifying vegetation
structural complexity have been developed and tested primarily in forest systems, where

vertical stratification is usually a dominant axis of structural variation.

Low-stature, open vegetation such as shrublands can express structural complexity differently
from forests. In these vegetation types, density, patchiness, and fine-scale architectural
variation contribute more to overall vegetation structural complexity than canopy height
alone (Burrell, 2024). Horizontal structural attributes or 3D structural heterogeneity are
known to matter for biodiversity, likely creating more niche space for a wider range of taxa
by altering light availability and microclimate (Tuolalibieke et al., 2026). Even in tall
vegetation, horizontal heterogeneity has a larger influence on bird species richness than
vertical structure (Carrasco et al., 2019). This contribution suggests the horizontal dimension

is ecologically significant regardless of the habitat type (Bhatta ef al., 2025).

These contrasting structural characteristics suggest that overall vegetation structural

complexity can vary across vegetation types depending on the relative importance of vertical



and horizontal dimensions. These structural components can also vary within vegetation
types, creating gradients of structural complexity (Figure 1). Such variation may arise from
unique combinations of abiotic and biotic drivers (Ehbrecht ef al., 2021). Accordingly, the
relative contribution of structural components to overall vegetation structural complexity in
low-stature and open vegetation may differ fundamentally both from and between forest-
types. Understanding how structural dimensions vary among and within vegetation types is
critical to treating vegetation structural complexity as a general ecological property rather
than a forest-specific metric. Whether integrated indices such as the SSCI can capture this
variability remains poorly understood. Establishing this would strengthen the application of
these metrics in conservation and restoration, enabling ecosystem-specific baselines,
degradation detection, and recovery tracking following restoration to be quantified. This is
essential if we are to adequately conserve the structural integrity in contrasting ecosystems

threatened by disturbance and climate change.
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Figure 1. Cascading effects of abiotic and biotic drivers of vegetation structural complexity
leading to across and within vegetation type variation in vegetation structural complexity.
Figure adapted from Ehbrecht ef al., 2021. Figure created in Canva: ©Media elements designed

by Jea Gaviiia and Ianna Rallonza via Canva.com.



Oceanic islands provide an ideal opportunity to study vegetation structural complexity across
contrasting vegetation types, given their environmental gradients over relatively small spatial
extents. The volcanic origin, complex topography, and often high precipitation variation
(Weigelt et al., 2013; Barajas-Barbosa et al., 2020) may drive high vegetation heterogeneity
at fine spatial scales, producing distinct zonal vegetation types (Mallet et al., 2014). These
conditions provide an opportunity to examine how vegetation structural complexity metrics
vary across contrasting vegetation types within a common biogeographic setting. Quantifying
this structural variation can also provide baseline data for detecting future changes in island

vegetation and supporting biodiversity monitoring and ecosystem restoration (Borges et al.,

2018).

Here, we quantified vegetation structural complexity across the major zonal vegetation types,
whose distribution is largely determined by climatic gradients (del Arco ef al., 2018), across
the oceanic island of Tenerife. Using TLS, we derived several metrics of vegetation structural
complexity across these contrasting vegetation types, including SSCI, ENL, and other metrics
related to vegetation density, and canopy openness. Although numerous structural complexity
indices exist (Seidel, 2018; Reich et al., 2021; Batchelor et al., 2022), we used the SSCI
(Ehbrecht et al., 2017), as it is a well-established indicator of structure linked to management,
micro- and macroclimate, and species diversity (Knuff ez al., 2020; Zemp et al., 2023;

Ehbrecht ef al., 2026; Pierick et al., 2026).

Specifically, we asked (i) to what extent does the SSCI and other metrics vary within and
across vegetation types?, (i1) based on which structural dimensions do the vegetation types
most differ?, and (iii) what is the relationship between the SSCI and its components with
climatic variables across zonal vegetation? We predicted that (H1) forest vegetation would
show greater structural complexity through increased vertical stratification and height
whereas shrub-dominated vegetation would achieve structural complexity primarily through
denser branching architecture and horizontal organisation. We expected (H2) that metrics
related to these vertical and horizontal dimensions would differentiate forests and shrub-
related vegetation types. We further predicted (H3) that SSCI would be positively associated
with wetter environments through increased development of vertical structure, reflecting

greater vegetation structural complexity under favourable climatic conditions.

By exploring vegetation structural complexity patterns, along with the climatic associations

in Tenerife, we aimed to determine how vegetation architecture is organised across a steep



island environmental gradient and advance our understanding of vegetation structural
complexity as a multidimensional ecological property. Further, this is a novel application of
the SSCI and ENL outside forests, and exploration of its capacity to detect variability within
and across vegetation types along environmental gradients. Our quantification provides
baseline data of vegetation structural complexity in primary habitats and builds a foundation
for future conservation applications and biodiversity monitoring of island zonal vegetation

types, utilising TLS LiDAR data.

2. Methods

2.1 Study Site and Island Habitats

Tenerife (28°35°15°- 27°59°59> N and 16°5°27> — 16°55°4>* W) is a 2038 km? large island
located within the Canary archipelago off the northwest coast of Africa. Due to its volcanic
origin, Tenerife has high topographical variation, with a maximum elevation of 3718 m
above sea level (Blanco-Montenegro et al., 2011). Five major zonal vegetation types (Figure

2) occur on Tenerife because of environmental gradients across the island (del Arco et al.,

2018):

1. Coastal scrub — a habitat with lower-lying shrub vegetation dominated by endemic
Euphorbia species, made up of two communities: tabaibal and cardonal. Dominant
species include Euphorbia balsamifera and Euphorbia canariensis respectively. The
vegetation type is adapted to lowland semi-arid environment between 200 — 300 m

(windward slope) and up to 600 m (leeward slope) above sea level (Otto et al., 2001).

2. Thermophilous woodland — open woodland, typically found at mid-elevations of 200
— 800 m on steep windward and leeward slopes, dominated by juniper (Juniperus
turbinata subsp. canariensis), wild olives (Olea cerasiformis) or mastic (Pistacia

atlantica) trees (Otto et al., 2012; Fernandez-Palacios et al., 2024).

3. Laurel forest — a neogene relic broadleaved forest, characterised by high humidity and
dominated by different trees species, including four Lauraceae species, on windward

slopes of elevations between 600 — 1200 m (Ferndndez-Palacios et al., 2017).

4. Canarian pine forest — coniferous forest dominated by Pinus canariensis, found
between 1200 — 2000 m on the windward slope and 800 — 2200 m at the leeward
slope (Parsons, 1997).



5. Summit scrub — restricted to the peak of El Teide surroundings (i.e. summit,
highlands, high elevation above 2000 m), largely consisting of shrub leguminous
vegetation, dominated by Cytisus supranubius and Pterocephalus lasiospermus

(Renner et al., 2023).

Figure 2. The main zonal vegetation types found on Tenerife: A) tabaibal coastal scrub, B)
cardonal coastal scrub, C) thermophilous woodland, D) laurel forest, E) pine forest, and F)
summit scrub. Image credits: Samantha Suter (A, B, C, D, E) and José Maria Ferniandez-

Palacios (F).



2.2 Sampling Design

Between June and November 2024, we surveyed the major zonal vegetation types of
Tenerife, including two distinct coastal scrub types: one dominated by the cactus-like
Euphorbia canariensis (cardonal) and the other by the hemispherical, highly branched
cushion-like Euphorbia balsamifera (tabaibal). The surveyed plots belong to a network
established in previous studies (Otto et al., 2001; de Nascimento et al., 2015; Borges et al.,
2018), selected to cover the most mature stands with low disturbance levels of each
vegetation type. We surveyed three to five plots within each zonal vegetation type (Figure 3),
each 20 x 20 m for shrubby communities or 50 x 50 m in size for forested communities,
determined by the vegetation type accessibility and extent in these previous studies (Table 1).
As the SSCI and its components are scale-independent, i.e., they do not increase with area,
differing plot sizes do not influence the computed indices values.
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Figure 3. Plot locations of terrestrial laser scans taken in the major zonal vegetation types
across Tenerife: coastal scrub (tabaibal and cardonal), thermophilous woodland, laurel forest,

pine forest, and summit scrub.



A FARO Focus M70 terrestrial laser scanner (Faro Technologies Inc., Lake Mary, USA) was
used to scan the plots in each vegetation type. Five single scans in each plot were performed,
one in the centre of the plot and one in each corner. A tripod was used to set the scanner
height at approximately 1.3 m, scanning a field of view of 360° horizontally, 300° vertically,
and a step width of ~0.035° (Soto et al., 2024; Onyiriagwu et al., 2025; Ehbrecht et al.,
2026). A total of 140 scans were performed.

2.3 Vegetation Structural Complexity Computation

The scans were imported into the software FARO SCENE to handle the point cloud data
from the TLS. This enables the exportation of scans into an .xyz format, using the export
function to convert individual points into coordinates and angular information. The .xyz files
were then analysed in R version 4.3.3 (R Core Development Team, 2024). The SSCI is
constructed through two other underlying variables: the mean fractal dimension index

(MeanFRAC) and the effective number of layers (ENL).

The MeanFRAC index incorporates the geometric complexity of vegetation arrangement,
influenced by vegetation packing and architecture, and increases with vegetation density.
Higher MeanFRAC values imply higher vegetation density (sensu Ehbrecht er al., 2026). It is
calculated through the creation of polygons at cross-sections within the 3D point cloud and
averaging the fractal dimensions across these (Ehbrecht ef al., 2017). The ENL captures the
vertical distribution of plant material and increases with increasing stand height and a more
even occupation of vertical layers by plant material. The ENL is based on the diversity of
vertical layers weighted by the vegetation relative space occupation derived from a
Simpson’s Index calculation (Ehbrecht ef al., 2016). Canopy openness and canopy height
were also computed, following the description in Ehbrecht et al. (2021).

Each metric was aggregated from the five scans per plot to calculate plot means, standard
deviations, and coefficient of variation. Distribution of the data at plot level can be visualised

in Figure S1.

Modifications to the script to compute vegetation structural complexity occurred when errors
were encountered in post-processing of the point cloud data. No values of SSCI were
considered as outliers after inspection of 3D point clouds to ensure no artifacts were present.

These points are discussed further in Supplementary Note 1.



2.4 Climate Data

We extracted climatic data from the CanaryClim v1.0 dataset in our analyses (Patifio ef al.,
2023), that incorporates downscaled climatic data for the period 1979-2013 at a 100 m
spatial resolution, to provide long-term climatic averages. We originally extracted all
available climatic variables from the dataset to explore the relationship between vegetation
structural complexity metrics and climate. The full list of variables can be found in Table S2,
further descriptions can be found in Patifio et al. (2023). We subsequently conducted variable

selection outlined in section 2.5.
2.5 Statistical Analysis

We tested differences in vegetation structural complexity metrics across vegetation types
using permutation analysis of variance (ANOVA) (5000 permutations, suitable for small
sample sizes, using the R package “ImPerm” (Wheeler et al., 2016)). We report effect size
(»?), as the proportion of variance in the response variable attributable to vegetation type,
while accounting for sampling error. Pairwise comparisons used permutation tests, reporting
adjusted-p values with the false discovery rate (FDR), which controls for multiple testing.
Given the small number of plots, we ran a linear mixed-effects model (scan ID as random
effect) as a sensitivity analysis to investigate explained variance in SSCI from vegetation type
(Table S1). Within-vegetation type variability in vegetation structural complexity was
quantified using the coefficient of variation (CV: SD of per-scan SSCI, ENL, and
MeanFRAC divided by plot-mean values). Permutation ANOVAs and FDR-corrected

pairwise comparisons similarly investigated differences in within-vegetation type variability.

A principal component analysis (PCA) was used to investigate the organisation of structural
components across vegetation types in reduced (two) dimensions. We used the “prcomp”
function in the “stats” package to compute the PCA (R Core Development Team, 2024). The
variables were scaled for computation of the PCAs. We looked at the variable loadings to
understand how each structural metric was differentiating vegetation types and defining

structural gradients.

To explore how climate is associated with vegetation structural complexity, we initially used
multiple linear regression analysis. A linear mixed-effects model including vegetation type as
a random intercept was initially fitted; however, the random-effect variance was estimated to

be negligible, and the model fit was improved with a linear model (AAIC = 34). Therefore,
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subsequent analyses were conducted using a robust linear model (package “MASS” (Ripley,
2022)) to account for a moderately influential observation identified during model

diagnostics (Cook's Distance = 0.49).

To identify climatic variables most consistently associated with vegetation structure, we fitted
separate single-predictor robust linear regression models for each of the five structural
metrics and each climatic predictor. We used Akaike's Information Criterion corrected
(AICc) for small sample size to evaluate model performance, with models having AAICc <2
considered to have substantial support (Figure S2). We identified and retained the climatic
predictor that showed the most consistent support across structural metrics (weighted across
the five structural metrics), as the common climatic predictor in the final analyses: mean
annual precipitation (Table S2). Visual model diagnostic checks indicated no severe violation
of regression assumptions. Effects were considered indicative of an association when the
robust regression t-statistic was either greater than 2 or less than —2 (i.e., |t| > 2). This was
supported with uncertainty in regression coefficients, quantified using 5000 bootstrap
resamples to obtain percentile-based 95% confidence intervals. Effects were considered
supported when confidence intervals did not cross zero. Model fit was quantified using
pseudo R? values calculated using the residual sum of squares and total sum of squares from
the robust regression models. All analysis was conducted in R version 4.3.3 (R Core

Development Team, 2024) with significance values set to 0.05 where applicable.

3. Results

3.1 Vegetation Structural Complexity across Zonal Vegetation

Types

The SSCI ranged from the lowest mean values per plot exhibited by the summit scrub
(average across plots: 2.65; 95% CI: 0.33 — 4.98) to the highest by the laurel forest (average
across plots: 7.00; 95% CI: 4.67 — 9.33). These differences in the SSCI mean values per plot
were overall significant across vegetation types (permutation ANOVA, p <0.001, 5000
permutations) (Figure 4a), where habitat had a moderate effect size on SSCI (0 = 0.23).
Pairwise permutation comparisons indicated significant differences in the SSCI mean values
per plot specifically between cardonal coastal scrub and laurel forest (F = 75.77, R? = 0.904,
adjusted-p = 0.039), and pine forest and laurel forest (F = 44.04, R? = 0.85, adjusted-p =

11



0.039), and laurel forest and summit scrub (F = 20.59, R? = 0.72, adjusted-p = 0.039). The

full summary of the pairwise comparisons can be found in Table S3.

The other metrics also differed amongst vegetation types (Table 1). Vertical stratification as
calculated by mean ENL values per plot was lowest in tabaibal coastal scrub (average across
plots: 2.38; 95% CI: 0.51 — 4.29), and highest in pine forest (average across plots: 20.80; 95%
CI: 18.91 — 22.69). We found that these differences in ENL mean values per plot were
significant across vegetation types (permutation ANOVA p < 0.001, 5000 permutations) with
a large effect size w* = 0.92. Pairwise comparisons showed that most vegetation type pairs
(12 of 15) differed significantly after FDR correction (Figure 4b; Table S3), with particularly
large effects involving laurel forest and pine forest (R? = 0.57 — 0.92; Table S3). However,
cardonal coastal scrub did not significantly differ from summit scrub or tabaibal coastal

scrub, and summit scrub did not differ from tabaibal coastal scrub.

Vegetation density as measured by MeanFRAC mean values per plot was lowest in pine
forest (average across plots: 1.57; 95% CI: 0.51 — 2.63) and highest in tabaibal coastal scrub
(average across plots: 6.63; 95% CI: 5.76 — 7.87). The MeanFRAC mean values per plot
significantly differed across vegetation types (permutation ANOVA p <0.001, 5000
permutations, ®® = 0.69) (Figure 4c). Pairwise permutation comparisons revealed significant
differences in MeanFRAC mean values plot among seven of the 15 vegetation type pairs
(Table S3). The strongest differences were seen between the pine forest and the tabaibal
coastal scrub (F = 81.715, R?=0.91, adjusted-p = 0.031) as well as the laurel forest (F =
65.329, R? = 0.89, adjusted-p = 0.031), and the laurel forest and tabaibal coastal scrub (F =
57.097, R? = 0.88, adjusted-p = 0.031).

Canopy openness was on average 100% (95% CI: 90.00 — 110.00) for scrubs. For the forests
and woodlands, the lowest canopy openness was observed in laurel forest (average across
plots: 5.01%, 95% CI: 5.00 — 15.00) and the highest in thermophilous woodland (average
across plots: 73.26%, 95% CI: 60.30 — 86.20). The highest canopy height was recorded in the
pine forest at 31.40 m on average across plots (95% CI: 28.33 - 34.47) and the lowest in the
tabaibal coastal scrub of 4.08 m on average across plots (95% CI: 1.01 - 7.15) (Table 1).
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Table 1. Plot information and vegetation type averages (+ 95% confidence intervals (CIs)) of

computed structural measures: Stand Structural Complexity Index (SSCI), Effective Number of

Layers (ENL), Mean Fractal Dimension (MF), canopy openness (CO), and canopy height (CH)

derived from terrestrial laser scanning across Tenerife.

Vegetation Type

Tabaibal Cardonal Thermo-
Summit
Coastal Coastal philous Laurel Forest | Pine Forest
Scrub
Scrub Scrub Woodland
Processed
24 25 15 25 25 25
Scans (n)
Plot Size |50 x 50; (1
50 x50 20x 20 50 x50 50 x 50 50x 50
(m) plot 20 x 20)
SSCI 493CI245-|331CI296—|577CI4.01—-|700CI16.54—-(392CI34—- [2.65CI1.83-
8.96 3.81 7.76 7.63 438 422
ENL 233CI1.66—|3.44CI1271—-|6.89CI4.23 - |14.60 CI 20.80 CI 328 CI2.62—
3.30 4.1 8.59 13.16 —16.24 |17.66 —22.86 |4.27
MF 6.79CI533—-(293CI231—-(282CI1.99—- (2.09CI2.01—-|157CI1.50-|240CI1.61—
8.25 3.59 4.22 2.19 1.62 3.68
co 100 CI 100— [100CI100— [73.26CI18.92 [5.01CI-1.79 |40.21CI 100 CI 100 —
100 100 -137.60 -11.80 19.65 -60.77 | 100
CH 391 CI-0.66 [6.04CI3.64— [16.13CI2.71 [22.56CI 31.40 CI 492 CI2.55 -
—8.478 8.44 -29.56 19.20-2591 |26.67-36.13 |7.29
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Figure 4. Distribution of mean plot (A) Stand Structural Complexity Index, (B)
Effective Number of Layers, and (C) Mean Fractal Dimension Index by zonal
vegetation type across Tenerife. Permutation analysis of variance (5000 permutations)
shows a significant difference in all variables across vegetation types (p < 0.001).
Pairwise permutation comparisons are indicated by the letters above the boxes, where
vegetation types that share the same letter are not significantly different. Pairwise
associations can be found in Supplementary Tables S3.



Relative within-vegetation type variability in SSCI differed significantly among vegetation
types (permutation ANOVA p <0.001, 5000 permutations, ®* = 0.54), with CV values per
plot ranging from 10.1% (95% CI: 0.9 — 12.4) on average across plots in laurel forest to
91.0% (95% CI: 12.4 — 104.2) on average across plots in tabaibal coastal scrub (Table S4).
Specifically, significant differences in CV values per plot for SSCI were found between
cardonal coastal scrub and pine forest, laurel forest and tabaibal coastal scrub, thermophilous
woodland and pine forest, pine forest and tabaibal coastal scrub and summit scrub, and
between laurel forest and tabaibal coastal scrub and summit scrub (all adjusted-p values <

0.050; Figure 5a; Table S5).

The tabaibal coastal scrub also exhibited the greatest relative within-type variation in ENL
(CV =44.7% on average across plots). The smallest within-vegetation type variation in ENL
was found in the laurel forest, resulting in an ENL CV of 13.6% on average across plots
(Figure 5b). Relative within-vegetation type variability in MeanFrac was highest in the
summit scrub (60.6%) and lowest in the pine forest (5.1%) (Figure 5c). Significant
differences in CV values per plot of the ENL and MeanFRAC across vegetation types were
also found (permutation ANOVAs p <0.001, 5000 permutations, ®* = 0.29 and 0.65

respectively). Full pairwise comparisons can be visualised in Figure 5 and found in Table S5.

15



ac
.

Coefficient of Variation of Stand Structural Complexity Index %

) B)
©
[}
g
©
- |
k<]
7}
o
E l;l
=1
4
5.
2
3
E =3
w
k<]
s
5, |
g
kS
=
8 T J
e}
=
[}
Q
S
i C)

Coefficient of Variation of Mean Fractal Dimension %

Zonal Vegetation Type

Figure 5. Within-vegetation type variation represented by the coefficient of variation of the
Stand Structural Complexity Index (A), Effective Number of Layers (B), and Mean Fractal
Dimension (C) across vegetation types. Within-vegetation type variation of structural metrics
significantly differed across vegetation types for all three metrics (permutation ANOVAs p <
0.001, 5000 permutations). Pairwise permutation comparisons are indicated by the letters above
the boxes, where vegetation types that share the same letter are not significantly different. Full

summaries of pairwise comparisons can be found in Table S5.
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3.2 A multi-dimensional perspective of Vegetation Structural

Complexity and its components

The PCA revealed a distinct separation between forest and scrub vegetation types,
demonstrating contrasting structural arrangement in 3D space (Figure 6). The first two
principal components explained 86.5% of the total variation in vegetation structure (PC1 =
64.3%, PC2 = 22.2%) (Figure 6; Table S6). The first principal component was positively
associated with canopy openness (loading = 0.51) and negatively associated with vertical
stratification (represented by ENL, loading = -0.53), and canopy height (loading = -0.54).
Differences between forest and scrub vegetation were mainly associated with PC1, which
represented a structural gradient from open scrub vegetation to vertically stratified and tall
forest vegetation. Specifically, pine and laurel forests have, overall, higher ENL and lower
canopy openness, showing higher variation in components related to both vertical and
horizontal structure. In contrast, scrub habitats had overall lower ENL, higher MeanFRAC,
and canopy openness. For cardonal and summit scrubs, most of the within-vegetation type
variation was related to the PC2, with larger within-vegetation type variation in both PCA

components associated with tabaibal coastal scrub.

PC2 was negatively associated with the 3D structure including the SSCI (loading = -0.84)
together with MeanFRAC (loading = -0.51), distinguishing the sites within the scrub
communities with greater vegetation density. Regarding forest communities, the
thermophilous woodland, although represented by the structural components in both
dimensions, is associated more strongly with MeanFRAC compared to the laurel or pine
forest, suggesting greater horizontal density of vegetation. Contrastingly, the cardonal coastal
and summit scrubs have higher canopy openness. The tabaibal coastal scrub displayed the

greatest variation in MeanFRAC.
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Figure 6. Representation of terrestrial laser scanning variables for vegetation structural
complexity by the first two principal components (PC1 = 64.3%, PC2 = 22.2%) derived from
principal component analyses in vegetation types across Tenerife. The variables include
Effective Number of Layers (enl), Stand Structural Complexity Index (ssci), Mean Fractal
Dimension (mean.frac), canopy height, and canopy openness. Coloured shapes represent the
mean plot values per vegetation type, with ellipses representing the vegetation type clusters.
Each vegetation type centralisation is represented by a larger coloured shape within the plot

distributions.

3.3 Climate drivers of Vegetation Structural Complexity

Robust linear regression identified significant relationships between climate and all metrics
of vegetation structural complexity (Table 2). The robust linear model revealed a positive
relationship between annual precipitation and SSCI (estimate = 0.005, t = 2.545, 95%
bootstrap CI = 0.002 — 0.009) (Figure 7a). Similar patterns were observed with other
structural metrics. There was a significant positive relationship between annual precipitation
and the ENL (estimate = 0.029, t = 6.192, 95% bootstrap CI = 0.021 — 0.035) (Figure 7b).
Conversely, MeanFRAC showed a significant negative relationship with annual precipitation

(estimate = -0.003, t = -2.231, 95% bootstrap CI = -0.009 — -0.001) (Figure 7c).
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Table 2. Results of robust general linear models investigating the relationship between climate

annual precipitation (pmed) and vegetation structural complexity: Stand Structural Complexity

Index (SSCI), Effective Number of Layers (ENL), Mean Fractal Dimension (MeanFRAC),

canopy openness, and canopy height. Significant associations are highlighted in bold.

Response Predictor | Estimate | SE t CI lower | CI upper | Pseudo R’

SSCI (Intercept) 2346 | 0.832| 2.819 1.269 3.389 0.11
pmed 0.005 | 0.002 | 2.545 0.002 0.009

ENL (Intercept) -3.267 | 2.079 | -1.572 -5.909 -0.660 0.57
pmed 0.029 | 0.005| 6.192 0.021 0.035

MeanFRAC (Intercept) 3388 | 0.492 | 6.889 2.196 7.060 0.09
pmed -0.003 | 0.001 | -2.231 -0.009 -0.001

Canopy Height (Intercept) -3.408 | 3.656 | -0.932 -7.313 1.171 0.54
pmed 0.043 | 0.008 | 5.134 0.032 0.052

Canopy Openness | (Intercept) | 130.689 | 10.917 | 11.971 | 117.845 | 146.443 0.58
pmed -0.153 | 0.025 | -6.144 -0.197 -0.110
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Figure 7. Significant associations between mean annual precipitation (mm) (calculated between
1979 — 2013 at 100 m spatial resolution) and mean plot A) Stand Structural Complexity Index (t
=2.55, 95% CI1 0.002 — 0.009), B) Effective Number of Layers (t = 6.20, 95% CI 0.021 - 0.035),
and C) Mean Fractal Dimension Index (t =-2.23, 95% CI -0.008 — -0.001) across zonal
vegetation types in Tenerife. The black lines show the robust linear regression fit with the 95%

confidence interval (shaded area). Each point represents a sampled site, coloured by vegetation

type.
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4. Discussion

We present the first evidence of how vegetation structural complexity varies across and
within native zonal vegetation on Tenerife along a steep environmental gradient. There was
clear differentiation in structural metrics, dependent on the vegetation type. Forest types
achieved the greatest structural complexity through pronounced vertical stratification and
canopy height. In contrast, variation in vegetation 3D density (described by the MeanFRAC)
and greater canopy openness characterise the scrub communities, contributing to lower
overall structural complexity. These differences were associated with increased precipitation,
promoting higher vertical structure development (ENL) and lower 3D density (MeanFRAC).
Overall, this contributed to greater SSCI values in the forested vegetations. Our findings
demonstrate that TLS is a useful tool for differentiating structural complexity within and

across contrasting ecosystems.

4.1 Organisation and Development of Vegetation Structural

Complexity in Zonal Vegetation Types

The higher vegetation structural complexity we observed in pine and laurel forests align with
previous studies and global predictions of the SSCI. Consistent with Juchheim et al. (2020)
and Ehbrecht et al. (2021), vegetation structural complexity was higher in broad-leaved than
coniferous forests. In contrast, scrub communities generally exhibited lower overall
vegetation structural complexity, which varied through changes in vegetation density and
branching architecture, contrasting with the forests and woodlands of Tenerife. Our PCA
results demonstrate that the dominant axis of structural variation among vegetation types
(PC1, 64.3%) represented a gradient from open scrub vegetation to taller and stratified forest
vegetation. In taller habitat stands, such as forests, vertical structure, such as stratification
(ENL) and height, was the main axis of differentiation, consistent with De Conto et al.
(2024), who found positive relationships between forest structural complexity and canopy
height. In scrub, MeanFRAC and canopy openness were more influential. Koller et al. (2025)
underscore the importance of tree branching architecture for vegetation structural complexity,
particularly its contribution to MeanFRAC. This metric captures branching and vegetation
density, as well as fine-scale architectural irregularity — traits that become more important

where vertical stratification is reduced.
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Numerous vegetation traits contribute to vegetation structural complexity. Seidel et al.
(2019a) show that crown size from individual trees has a positive relationship to forest plot
stand structural complexity, whilst tree branching patterns (direction, density, etc.) produce
unique tree morphologies (Seidel ef al., 2019b), strongly influencing overall complexity
(Koller et al., 2025). Community traits such as species abundance and average basal area
(Peck et al., 2014) and canopy height (Atkins et al., 2022) are also influential. Although these
studies are forest based, similar traits likely operate at different scales in our scrub vegetation,

contributing to vegetation structural complexity in these vegetation types.

Various aspects of vegetation structural complexity are closely linked to habitat availability
and niche diversity (Knuff et al., 2020; Tuolalibieke et al., 2026). For example, tall canopies
and high vegetation volume and cover increase avian species diversity (Brahmia et al., 2025),
whilst shrub branching density impacts arthropod abundance (Alfeus et al., 2026). Structural
components beyond vertical stratification may therefore have impacts on biodiversity and

ecosystem functioning.

Notably, we observed high SSCI in one Euphorbia balsamifera-dominated plot (Figure S4),
where dense branching architecture and near-complete canopy cover was present. This is
confirmed by the high cover (100%) of the tabaibal habitat at the northern coast of Tenerife
(Otto et al., 2001), compared to the sparser canopies of the southern coastal and summit
scrubs. Compact branching architecture is similarly seen in Cytisus supranubius in the
summit scrub. These cases emphasise how vegetation density and branching morphology can
generate higher overall structural complexity in a vegetation type independent of vertical

structure.

Assessments of vegetation structural complexity in island scrub and woodland are scarce,
limited to a few characterisations such as shrub height and canopy cover in sagebrush steppe
(Vierling et al., 2013) and biomass and leaf area in Arctic shrub (Greaves et al., 2015). While
TLS can be used for the quantification of shrub biomass, canopy height, and rugosity (for
example, Muumbe ef al., 2021; Bhatta et al., 2025) assessments of structural complexity with
an integrated index such as the SSCI are lacking. Further work is needed to establish links
between vegetation structural complexity, biodiversity patterns, and ecosystem functioning in

these vegetation types.

Our results suggest that structural metrics differentiating zonal vegetation types were

associated with climate, where wetter environments increased vegetation structural
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complexity. Increased precipitation was consistently associated with greater canopy height,
increased vertical stratification (ENL) and higher SSCI, whilst canopy openness and
MeanFRAC declined. This aligns with regional (Soto et al., 2024) and global (Ehbrecht et
al., 2021) analyses that similarly demonstrate how precipitation drives vegetation structural

complexity, particularly through vertical structure development.

Interestingly, the pseudo-R? value for SSCI-climate model was much lower than the pseudo-
R? values for the other structural metrics (Table 2). This suggests that other factors also
explain variation in the SSCI. Building on evidence that seasonality is important for SSCI
development (Ehbrecht et al., 2021), stable climatic environments can lead to higher
vegetation structural complexity. This is consistent with evidence of higher stem turnover in
forests experiencing longer dry periods, higher temperatures, and greater water deficits
(Vilanova et al., 2018): sustained rainfall likely extends growing periods and allows
structural complexity to develop, probably via vertical growth. This is a critical consideration
under current climate change, which is likely to alter patterns of vegetation structural

complexity and, in turn, how ecosystems function.

The climatic conditions that were associated with increased vegetation structural complexity
across zonal vegetation may similarly influence within-vegetation type variation. Although
we could not explicitly test this, the high intra-vegetation type variation in vegetation
structural complexity in the tabaibal coastal scrub is consistent with documented precipitation
gradients on cover, vegetation height, and biomass of well-conserved coastal scrub from the

arid southern to the semi-arid northern coast of Tenerife (Otto et al., 2001).
4.2 Future Considerations

Further research is needed to understand the environmental drivers of the branching
architecture or other structural features in scrubs, where vertical structure is limited. Soil
conditions are also known to influence vegetation growth and structural complexity
(Rodrigues et al., 2018; Ehbrecht et al., 2021; Yang et al., 2025). On volcanic oceanic
islands, spatial shifts in substrate age and composition, driven by recurring natural
disturbances (such as fire and volcanic eruptions (Shatto et al., 2024)), make soil
development a potential driver of vegetation structure. We excluded plots on very young
volcanic substrate and did not test this directly, but edaphic factors likely play a key role in

shaping distinct vegetation types.
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Our study spans vegetation that differs fundamentally in structural composition. In such
systems, climatic drivers likely interact with local disturbance and management regimes,
which we did not test here since plots were selected in areas with minimal human
disturbance. Such interactions likely reduce the dominance of one driver, offering scope for
future research. Fire, logging, and livestock presence are known to alter vegetation structural
complexity (Caviedes and Ibarra, 2017), whilst management practices can either reduce (e.g.
plantations; Ehbrecht et al., 2017; Zemp et al., 2019; Perles-Garcia et al., 2021) or increase
(Saarinen et al., 2021) it.

Successional stage may also determine vegetation structural complexity; for example, cover
and height of coastal scrub increased during secondary succession on abandoned fields on
Tenerife (Otto et al., 2006). While mature, less disturbed habitats accumulate species
richness, vegetation layering, and deadwood presence (Casas ef al., 2016; Perles-Garcia et
al., 2021; Coverdale and Davies, 2023), vegetation structural complexity may peak prior to
maturity, before dominant species eliminate space for greater species richness (Sferra et al.,
2017; Qianwen et al., 2022). The dense, twisted architecture of Morella-Erica heath on
Tenerife, in disturbed or transitional zones, may exhibit high vegetation structural
complexity, illustrating how disturbance-mediated systems could exceed the structural

complexity of mature forests (Bermudez et al., 2007).

All major vegetation zones of Tenerife have experienced significant human disturbance (Otto
et al., 2007; Otto et al., 2012; Fernandez-Palacios et al., 2019, Fernandez-Palacios et al.,
2024). This underscores the value of quantifying vegetation structural complexity, as we have
started to do in our study, to enable future monitoring of these influences, particularly
relevant on islands. While we modelled only climatic drivers, vegetation structural
complexity likely emerges from interacting abiotic and biotic processes across multiple scales

(Figure 1).

We highlight that the SSCI remains an informative measure of vegetation structural
complexity and its components, within and beyond forest ecosystems. TLS enables this rapid
quantification of vegetation structural complexity by combining multiple structural
components that are difficult to capture without fine-detailed scanning. While other remote
sensing approaches exist, such as aerial LIDAR and optical remote sensing (Camarretta et al.,
2020), TLS provides an under-canopy perspective that allows the quantification of 3D
structural arrangement, as with the MeanFRAC and the SSCI.

24



Baseline data of vegetation structure, combined with understanding of biodiversity patterns,
can support conservation decisions (Caviedes and Ibarra, 2017) and help detect spatio-
temporal changes linked to management practices or disturbance (Zemp et al., 2019; Perles-
Garcia et al., 2021; Saarinen et al., 2021; Penman ef al., 2023). Our results provide this
baseline for future studies to explore how disturbance regimes further influence vegetation
structural complexity and monitor climatic change in vegetation types that are defined by

steep environmental gradients.
4.3 Conclusions

Our results suggest that vegetation structural complexity across Tenerife is expressed through
different combinations of vertical and horizontal components depending on vegetation type.
The SSCI and other metrics provides a practical approach to quantifying overall vegetation
structural complexity, yet dominant structural axes differ across vegetation types. These
differences appear to be associated with climatic factors of precipitation, while other factors
that were not tested such as disturbance or soil may have influenced the development and
alteration of vegetation structural complexity across these vegetation types. Oceanic islands
provide ample opportunities for future research to disentangle the direct and indirect drivers
of vegetation structural complexity. This necessitates sampling across environmental and
disturbance gradients, accounting for inter- and intra- species trait variation. Here, we initiate
a baseline quantification across Tenerife and expand our knowledge of vegetation structural

complexity across a steep island gradient, calling for future research in disturbed ecosystems.
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