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Abstract: Polylepis woodlands, endemic to the Andean Mountains, are critical for biodiver-
sity and ecosystem services but face threats from anthropogenic disturbances and climate
change. This study employed sonic tomography (ST) to assess the structural integrity
of three relict Polylepis stands on the western slopes of the Peruvian Andes. A total of
192 tomograms from 48 trees across three sites revealed substantial variation in internal de-
cay (2.5–70%), with mean decay levels of 11.6% (Z1), 16.6% (Z2), and 10.5% (Z3). Although
the initial generalized linear mixed models (GLMMs) suggested tree diameters at breast
height (DBH) as a potential predictor of decay, subsequent non-parametric Spearman’s
correlation analysis found no significant relationship between DBH and decay (r < 0.001,
p > 0.05) or between altitude and decay (r = 0.187, p = 0.204). No significant differences
were detected among species or zones. The study demonstrates the efficacy of ST for
noninvasive health assessment in high-altitude ecosystems and underscores the need for
long-term monitoring to guide conservation strategies.

Keywords: acoustic waves; Andean-forests; conservation; decay; endangered; non-destructive

1. Introduction
The Andes Mountains exert a profound influence on species connectivity, distribution,

and spatiotemporal dynamics [1], functioning as a major biogeographical barrier [2,3] of
significant ecological importance [4,5] that promotes speciation processes and high levels
of endemism [6].

The Peruvian Western Slope (PWS), stretching from the southern border with Chile
to the northern border with Ecuador, comprises a narrow region between the coastal
strip and the summit line of the Western Andes [7]. This area harbors diverse ecosys-
tems along an altitudinal gradient, from sea level to mountain ranges, including lomas
formations, hills, xerophytic riparian forests, montane dry forests, shrublands, Andean
grasslands, and wetlands [8]. Relict patches of Polylepis woodlands—locally known as
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queñua woodlands [9]—persist in the altitudinal belt between headwaters and periglacial
zones [10,11].

The genus Polylepis, endemic to South America, comprises woody species with arbo-
real or shrubby habits, characterized by their multi-stemmed growth form and a maximum
height of 20 m [12–14]. These trees exhibit remarkable longevity, with documented speci-
mens exceeding 100 years and some individuals estimated to reach 1000 years [15–17].

Polylepis woodlands occur between 900 and 5000 m a.s.l. on mountain slopes and
rocky ravines throughout the Andean Cordillera [13,18], with a distribution extending
from the Venezuelan Andes to Northern Chile and Western Argentina [19,20]. Peru hosts
the highest diversity and endemism of the genus [13,20], with populations documented
in 19 of the country’s 24 departments and the highest concentrations in the central and
southern highlands, particularly in Cuzco and Ayacucho [21,22].

Ecologically, Polylepis woodlands play a fundamental role in Andean ecosystems, with
their distribution closely tied to watersheds [23], which provide the moisture conditions
necessary for their establishment and persistence [24]. These woodlands facilitate hydrolog-
ical regulation, maintaining continuous water flow in streams and rivers while contributing
to slope stabilization and erosion control [25]. They also drive soil formation [26,27], thriv-
ing in rocky areas, and enhance substrate quality through nitrogen retention and nutrient
cycling [28–30]. Additionally, Polylepis woodlands deliver critical ecosystem services, in-
cluding carbon sequestration [31] and hydrological regulation [32,33], while providing
habitats for endemic and threatened flora and fauna [34,35].

Despite the ecological significance of these woodlands [36], the health status (inter-
nal structure) of their populations remains poorly understood. These ecosystems have
experienced significant degradation from anthropogenic activities, leading to substantial
reductions in their extent and ecological integrity [13,37]. The primary threats to Polylepis
woodlands include burning for agricultural expansion [38], livestock grazing [39], road
infrastructure development [40], and firewood extraction by local communities [41–43].

Forest stand assessment protocols enable the evaluation of tree health and early
detection of structural defects [44]. Approaches include multispectral remote sensing [45],
satellite imagery analysis [46], and, increasingly, unmanned aerial vehicle (UAV) technology
integrated with deep learning models for rapid, large-scale evaluations [47,48]. These
aerial methods are complemented by field-based assessments [49] or invasive techniques
such as wood drilling [50,51] and visual inspections of roots, trunks, and stems [52,53].
Recent advances in UAV-based methods using convolutional neural networks and other
deep learning architectures have demonstrated high efficiency in detecting, locating, and
quantifying structural defects and diseases across expansive forests [47,48].

Monitoring the internal tree structure is critical for detecting pathogens, fungal infec-
tions, and decay [54,55]. Internal cavities and decay zones significantly compromise the tree
integrity, necessitating non-destructive assessment methods [56]. While hybrid deep learn-
ing approaches combined with UAV imagery excel at external defect detection [47], sonic
tomography (ST) has emerged as a reliable, non-invasive tool for quantifying and visualiz-
ing internal decay in trunks, palm stems, and branches [57–60]. ST serves as a diagnostic
tool for mapping decay, assessing tree failure risk in public areas [61,62], and guiding man-
agement planning [63,64]. It also supports evidence-based silvicultural decisions [65–67],
complementing large-scale remote sensing for forest health monitoring [48].

To date, no studies have employed ST to evaluate the structural integrity of vul-
nerable natural populations such as Polylepis woodlands, leaving a critical knowledge
gap for these ecologically vital Andean forests. This study addresses this gap by demon-
strating the efficacy of acoustic tomography as a non-destructive health assessment tool
for Andean forests, where species face varying threat levels according to the Peruvian



Forests 2025, 16, 957 3 of 22

Red Book of Endemic Plants [68]. Focusing on Polylepis woodlands under anthropogenic
pressure, we provide baseline data on internal decay patterns in these climate-vulnerable
ecosystems [69]. Understanding their structural health is urgent, as these forests face esca-
lating conservation challenges, including habitat fragmentation, climate change impacts,
and human disturbance [70,71]. The aim of this study was to assess the internal structural
integrity of trees across three Polylepis woodland patches subjected to differing anthro-
pogenic pressures, establishing ST as a viable conservation tool for monitoring threatened
Andean ecosystems.

2. Materials and Methods
2.1. Study Sites

The study was conducted during the dry season (June–July 2024) in three relict wood-
lands of Queñua (Polylepis spp.) situated in the Huaura Watershed, Oyón Province, Lima
Department, Peru. The study sites are distributed along western slopes of the Andes,
adjacent to the Raura mountain range, at elevations ranging from 4000 to 4500 m a.s.l.
(Figure 1). The sites experience variable climatic conditions [72], with mean temperatures
ranging from 5.7 ◦C (minimum) to 16.8 ◦C (maximum) and a mean monthly precipitation
of 2.45 mm [73].

Figure 1. Geographical location of Polylepis relict woodlands in the province of Oyón, Huaura River
Basin, between 4000 and 4500 m a.s.l.

Three relict Polylepis woodlands were selected for study (Figure 2). The first study
site (Z1), located at 4350–4400 m a.s.l., is adjacent to the Oyón–Cajatambo Highway near
Cashaucro in a landscape dominated by herbaceous vegetation with scattered shrubs.
Above 4000 m elevation, there is a distinct edaphic transition from compacted soil with
grassland cover to terrain increasingly dominated by rocky outcrops and loose stones.
The second study site (Z2), situated at 4500 m a.s.l. along the Cajatambo–Raura Mine
road, is surrounded by grassland dominated by Calamagrostis sp. and Stipa sp. Road
construction has fragmented this woodland into three patches, resulting in selective tree
removal. The third study site (Z3), occurring at 4000–4050 m a.s.l., is bisected by the Ushpa
River and the main road, creating upper and lower woodland segments. Recent evidence
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of anthropogenic disturbance includes the extraction of Polylepis trunks, as confirmed by
the presence of several large, felled specimens.

 

Figure 2. (A) General view of the mountains from the top of the Polylepis woodland. (B) Steep
mountains of study site 1. (C) Fragmentation of the Polylepis woodland in the vicinity of the Oyón–
Cajatambo Road, corresponding to study site 2. (D) Polylepis woodland at a lower elevation, with an
adjoining road and adjacent Ushpa River on the lateral margin, in study site 3.

Three study sites (blocks) were considered for sampling. In each site, four plots
(10 × 10 m) were established, and within each plot, four trees (DBH > 10 cm) were selected
for measurement. For each tree, sensors were placed at four designated height levels on the
trunk. This sampling design resulted in 64 observations per block and 192 observations
overall. Tree selection followed four criteria: (i) accessibility to each tree, (ii) ensuring
researcher safety by minimizing accident risks, (iii) preliminary visual assessment of the
tree trunk to detect signs of external structural damage, and (iv) a minimum DBH > 10 cm.

2.2. Sonic Tomography

Prior to installation, all sensors were disinfected using a 70% alcohol solution followed
by application of a broad-spectrum insecticide. Ten sensors and five transmitter boxes
(connected to a laptop for data acquisition) were positioned at equidistant intervals around
the circumference of each selected tree [65]. Each tree with DBH > 10 cm was assessed at
four standardized height levels (10 cm, 30 cm, 50 cm, and 70 cm aboveground) (Figure 3A,B),
enabling cross-sectional analysis by layer and subsequent generation of 3D tomograms [74].

Tomograms were generated by lightly tapping each sensor with a specialized hammer
(Figure 3C), producing acoustic waves that propagated transversely through the trunk.
Wave velocity was recorded by the sensors [75,76], with structural anomalies (cavities
or decay) detected as perturbations in the wave trajectory and transmission speed. This
methodology allowed precise quantification of the internal damage extent as a percentage
of the trunk cross-sectional area [74,75].

Decay percentages for each height level were calculated using Arborsonic 3D v5.3.162
software (Figure 3D), yielding the average structural damage per tree. Damage severity
was classified into three risk categories following Helmanto et al. [77]: high (>60% de-
cay), moderate (30–60% decay), and low (<30% decay). Layer-specific damage averages
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were computed for each plot. Geographic coordinates were recorded using a Garmin
GPSMAP® 67i unit (Garmin Ltd., Olathe, KS, USA). Comprehensive photographic docu-
mentation of the sampled trees was conducted, and botanical specimens were collected
for taxonomic verification through comparison with herbarium vouchers and specialized
literature [43,78,79]. The nomenclature followed W3-Tropics (www.tropicos.org, accessed
on 1 August 2024), while the conservation status was assessed using IUCN Red List Criteria
and Peruvian threatened species classifications (Decreto Supremo No. 043-2006-AG).

 

Figure 3. (A) Representation of Polylepis trunk layers. (B) Acoustic tomograph setup and sensor instal-
lation at the marked section of the trunk. (C) Measurements initiated by gently tapping the sensors
with a hammer. (D) Software processes the data to identify potential areas of internal deterioration.

2.3. Data Analysis

The analytical approach began with exploratory data visualization to examine the
relationships between independent variables (species, zones, plots, DBH, and altitude)
and the dependent variable (average damage) across the four measurement layers. Box
plot visualizations facilitated a preliminary assessment of how these factors influenced
the damage patterns, providing initial insights into zonal and plot-level variations in
tree health. For more robust statistical evaluation, we implemented non-parametric tests,
including the Mann–Whitney U test for pairwise comparisons and the Kruskal–Wallis test
for multi-group analyses. Complementary scatter plots elucidated potential associations

www.tropicos.org
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between DBH, altitude, and average damage while also examining the interactions between
spatial variables (zone and plot) and tree morphological characteristics.

Prior to formal hypothesis testing, we conducted normality diagnostics on all quantita-
tive variables to verify the appropriateness of the non-parametric methods. This assessment
confirmed the need for the Spearman’s rank correlation coefficient to evaluate bivariate
relationships. Subsequently, we constructed a linear mixed effects model to assess the
combined influence of the predictor variables. Diagnostic plots revealed violations of
homoscedasticity and normality assumptions in the model residuals, prompting the appli-
cation of a Box–Cox transformation to the response variable (average damage) to meet the
parametric requirements while preserving the interpretability of the results.

All statistical computations and visualizations were performed in RStudio (version
4.3.0) using specialized mixed-modeling packages. The glmmTMB package [80] provided
flexible tools for generalized linear mixed model specification, while lmer [81] facilitated
traditional linear mixed effects model fitting. This dual-package approach ensured rigorous
evaluation of both transformed and untransformed variable relationships while accounting
for the hierarchical structure of our sampling design.

3. Results
3.1. Tomograms and Level of Wood Decay

The sonic tomography analysis generated 192 tomograms across three study sites,
revealing considerable variation in internal decay among the 48 assessed trees. The decay
percentages ranged from minimally affected individuals (2.5–7%) to severely compromised
specimens (maximum 70% decay) (Table 1).

Table 1. Data from the evaluation of the internal structures in Polylepis by sonic tomography.

Study
Area Plot Tree DBH

(cm)
Altitude
m a.s.l. Layer 1 Layer 2 Layer 3 Layer 4 Average Damage.

%

1 1 1 94 4484 9 3 4 6 5.5
1 1 2 79 4484 4 3 1 2 2.5
1 1 3 60 4484 14 15 16 15 15
1 1 4 156 4484 22 21 3 2 12
1 2 1 55 4522 10 10 3 29 13
1 2 2 37 4522 8 12 16 14 12.5
1 2 3 48 4522 26 7 4 16 13.25
1 2 4 55 4522 19 44 23 58 36
1 3 1 120 4482 11 0 5 8 6
1 3 2 52 4482 7 6 4 5 5.5
1 3 3 77 4482 10 7 25 4 11.5
1 3 4 53 4482 32 40 12 4 22
1 4 1 36 4501 6 23 6 15 12.5
1 4 2 29 4501 6 4 15 4 7.25
1 4 3 40 4501 2 6 2 3 3.25
1 4 4 41 4501 13 15 1 0 7.25
2 1 1 97 4470 11 9 3 8 7.75
2 1 2 32 4470 29 10 2 51 23
2 1 3 65 4470 15 1 20 13 12.25
2 1 4 187 4470 60 67 74 79 70
2 2 1 52 4433 5 2 4 3 3.5
2 2 2 23 4433 14 13 17 5 12.25
2 2 3 48 4433 2 5 9 7 5.75
2 2 4 50 4433 25 22 10 0 14.25
2 3 1 100 4496 10 12 18 7 11.75
2 3 2 100 4496 3 6 3 2 3.5
2 3 3 114 4496 25 28 41 37 32.75
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Table 1. Cont.

Study
Area Plot Tree DBH

(cm)
Altitude
m a.s.l. Layer 1 Layer 2 Layer 3 Layer 4 Average Damage.

%

2 3 4 102 4496 3 2 6 10 5.25
2 4 1 52 4500 10 14 14 6 11
2 4 2 154 4500 4 19 34 28 21.25
2 4 3 116 4500 3 6 11 7 6.75
2 4 4 131 4500 48 25 15 11 24.75
3 1 1 64 4043 4 1 5 6 4
3 1 2 70 4043 0 8 10 9 6.75
3 1 3 97 4043 15 18 10 3 11.5
3 1 4 43 4043 5 5 5 13 7
3 2 1 40 4036 10 4 6 3 5.75
3 2 2 33 4036 11 27 5 5 12
3 2 3 20 4036 6 18 12 15 12.75
3 2 4 34 4036 8 6 4 9 6.75
3 3 1 72 4024 11 7 7 9 8.5
3 3 2 147 4024 30 48 41 37 39
3 3 3 110 4024 4 5 7 3 4.75
3 3 4 63 4024 8 4 10 2 6
3 4 1 57 4025 6 2 7 0 3.75
3 4 2 55 4025 19 13 6 2 10
3 4 3 14 4025 24 2 12 55 23.25
3 4 4 49 4025 4 1 4 13 5.5

Site Z1 exhibited a mean decay of 11.6%, with the most affected tree showing a distinct
vertical decay gradient: 19% (basal layer), 44% (second layer), 23% (third layer), and 58%
(uppermost layer). This pattern was primarily detected by sensors 2, 3, 4, and 10 (Figure 4A).
In contrast, the least affected specimen maintained consistently low decay (1–4%) across all
stem layers (Figure 4B). Site Z2 demonstrated the highest mean decay (16.6%) among all
sites. The most compromised tree exhibited extensive damage (60–79%), concentrated in
areas monitored by sensors 3, 7, and 8 (Figure 5A), while the healthiest specimen showed
only minor decay (2–5%) (Figure 5B). Site Z3 displayed the lowest mean decay (10.5%), with
the damage predominantly localized in the middle stem sections. The most affected tree
showed peak decay in layer 2 (48%), followed by layers 3 (41%) and 4 (37%), consistently
detected by sensors 1, 2, and 3 (Figure 6A). The least damaged specimen exhibited minimal
decay (0–7%) with small, localized affected areas (Figure 6B).

Figure 4. Cont.
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Figure 4. Multilayer model of the Polylepis trees in study site 1. (A) Tomogram showing internal
structural defects. (B) Tomogram of a healthy tree.

Figure 5. Multilayer model of the Polylepis trees in study site 2. (A) Tomogram showing internal
structural defects. (B) Tomogram of a healthy tree.
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Figure 6. Multilayer model of the Polylepis trees in study site 3. (A) Tomogram showing internal
structural defects. (B) Tomogram of a healthy tree.

3.2. Data Analysis Results

The box plot analysis for both Polylepis species revealed similar damage distributions,
with median values ranging between 10% and 15% decay. However, outliers were present
in both species, including one particularly extreme case in Polylepis weberbaueri Pilg, where
the damage approached 70% (Figure 7a). Zone-level analysis (Figure 7b) showed that Z1
maintained damage levels between 10% and 15%, while Z2 exhibited both the highest
median damage (15–20%) and greatest dispersion. In contrast, Z3 displayed the lowest
median damage (approximately 10%). Notably, Z2 contained an extreme outlier near 70%
damage, while Z1 and Z3 showed less severe outliers ranging between 35% and 40%.

Normality testing of the quantitative variables confirmed non-normal distributions in
all cases. Extremely low p-values were obtained for both Polylepis species (p < 0.001) and all
three study zones (p < 0.001), justifying the use of non-parametric statistical approaches,
including the Mann–Whitney and Kruskal–Wallis tests.

Non-parametric testing revealed no statistically significant differences in the average
damage either between species or among the study zones. The Mann–Whitney test com-
paring damage between Polylepis weberbaueri Pilg. and Polylepis incana Kunth indicated
insufficient evidence for interspecific differences in damage (p = 0.2246). Similarly, the
Kruskal–Wallis test comparing damage across the three zones (Z1, Z2, and Z3) confirmed
no significant zonal differences in the average damage (p = 0.4181; chi-square = 1.744;
df = 2).
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Figure 7. Comparative analysis of the damage percentages in Polylepis species across different zones.

Analysis of the average damage per plot revealed distinct zonal patterns. Zone Z1
showed the lowest and most homogeneous damage values, though Plots 1 and 3 exhibited
greater dispersion while remaining below 25% damage. Zone Z2 demonstrated the highest
variability, particularly in Plot 1, where the average damage reached 60%, with other plots
showing less dispersion but consistently higher values than Z1. In contrast, Zone Z3
maintained a relatively uniform damage distribution below 30%, despite some plot-level
outliers. Collectively, these results identify Z2 as both the most variable zone and the area
with the highest damage levels (Figure 8).

Figure 8. Effect of zone and plot on the average damage (%).

Species-specific patterns emerged when examining the damage distribution across the
zones (Figure 9). P. weberbaueri displayed considerable inter-zonal variability, with Zone
Z2 exhibiting the highest median damage, broadest range, and most prominent outlier.
Conversely, P. incana showed consistently low average damage with minimal variation
across all zones.
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Figure 9. Effect of species and zone on the average damage.

Stratification by trunk layer revealed further spatial patterns (Figure 10). Zone Z1
maintained lower damage levels compared to Z2, which showed particularly high variabil-
ity and damage values in Layers 3 and 4. Zone Z3 exhibited uniformly low damage with
limited dispersion across all layers. Notably, Layers 1 and 2 displayed more stable damage
values with lower variability, while Layers 3 and 4—especially in Z2—demonstrated greater
dispersion, indicating non-homogeneous damage distribution across both zones and plots.

Figure 10. Zone and plot effect on Layers 1, 2, 3, and 4.

Layer-specific analysis by species (Figure 11) showed that, for Layers 1 and 2, P. weber-
baueri maintained similar median damage across the zones but with increased variability
and outliers in Z2 and Z3. P. incana sustained low damage with minimal variation in these
layers. In Layers 3 and 4, P. weberbaueri showed slightly elevated median damage in Z2,
with outliers present in both Z2 and Z3, while P. incana continued to exhibit consistently
low damage values, particularly in Z3.
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Figure 11. Species and zone effect on Layers 1, 2, 3, and 4.

The relationship between DBH and average damage shows a clear positive trend
in Figure 12a, with the red line indicating that damage tends to increase with larger
tree diameters. Data points display considerable scatter across the observed DBH range
(25–175 cm), with most damage values falling between 0% and 40%, though several outliers
approach 60%. Figure 12b presents the altitude–damage relationship, revealing a nearly
flat trend line that suggests no meaningful association. The data cluster between 4000 and
4500 m above sea level showed similar damage ranges (0–40%) but even greater dispersion
than seen with DBH.

 

Figure 12. Relationship between DBH, altitude, and average damage.

Analysis of the DBH effects by zone (Figure 13a) reveals distinct patterns across the
plots. Plots 1 and 2 show a curvilinear increase in damage for larger trees (DBH > 100 cm)
in Zone Z2, while Z1 and Z3 maintain more stable damage levels. Plot 3 displays a unique
pattern in Z1, with the damage peaking at intermediate DBH values (~60 cm) before
decreasing, unlike the minimal variations in Z2 and Z3. Plot 4 again shows Z2’s increasing
damage trend in larger trees, though the observations in Z1 and Z3 remained limited. The
altitude–damage relationship (Figure 13b) confirms minimal influence across all zones,
with the data tightly clustered in the 4000–4500 m range and no clear trends emerging
despite occasional higher damage values in Z2.
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Figure 13. Relationship between DBH, altitude, and average damage by zone and plot.

These results collectively suggest that DBH serves as an important predictor of damage
patterns, particularly in Zone Z2, where larger trees consistently show elevated decay. The
limited altitudinal variation within the study sites (500 m total range) appears insufficient
to significantly influence the damage levels, as evidenced by the absence of consistent
elevation-dependent patterns across all analyses. Zone Z2 emerges as particularly distinc-
tive, showing both the strongest DBH–damage relationship and the highest overall damage
levels among the three study areas.

Figure 14a illustrates the relationships between DBH and average damage and be-
tween altitude and average damage, for both P. weberbaueri and P. incana across the study
zones. Polylepis incana exhibits a weak tendency toward increased damage with greater
DBH, though the relationship remains modest and damage levels stay consistently low.
P. weberbaueri, conversely, demonstrates substantially greater variability and a more pro-
nounced DBH–damage relationship, particularly evident in Zone Z2, where damage
increases sharply with the tree diameter. Regarding altitudinal patterns (Figure 14b),
P. incana—primarily occurring at lower elevations (4000–4100 m a.s.l.)—maintains uni-
formly low damage values. P. weberbaueri, found at higher elevations (4400–4500 m a.s.l.),
shows more variable damage patterns. Zone Z1 displays increasing damage with the
altitude, while Zones Z2 and Z3 exhibit both high and highly variable damage values
regardless of elevation.

The Shapiro–Wilk normality tests confirmed non-normal distributions for all three
key variables. For DBH, the test yielded W = 0.9125 (p = 0.001634); for altitude,
W = 0.67073 (p = 4.185 × 10−9); and for average damage, W = 0.69672 (p = 1.162 × 10−8).
With all p-values below 0.05, we reject the null hypothesis of normality for each variable,
justifying the use of non-parametric methods like Spearman’s rank correlation. Spear-
man’s analysis revealed no significant correlation between DBH and the average damage
(ρ = 0.00733, p = 0.9605), indicating essentially no monotonic relationship. The altitude–
damage correlation, while showing a faint positive trend (ρ = 0.18653), similarly failed
to reach statistical significance (p = 0.2043). In both analyses, we cannot reject the null
hypothesis that the true correlation equals zero, suggesting neither tree size nor elevation
significantly predicts the damage levels in these Polylepis woodlands.
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Figure 14. Relationship between DBH, altitude, and average damage by species and zone.

3.3. Conservation Status

The taxonomic identification revealed distinct species distributions across the study
sites, with P. weberbaueri comprising all the sampled trees in Sites Z1 and Z2, while Polylepis
incana was exclusively documented in Site Z3 (Table 2). Both species are recognized as
vulnerable under the IUCN Red List Criteria and are protected under Peruvian conservation
legislation (Decreto Supremo No. 043-2006-AG), reflecting their threatened status in these
high Andean ecosystems.

Table 2. Polylepis species recorded in the study area and their conservation status.

Z1 Z2 Z3 Conservation Status

Polylepis weberbaueri Pilg. ✓ ✓ ✗ aNT, cVu
Polylepis incana Kunth ✗ ✗ ✓ bLC, dCR

Conservation status: aNT: Near-Threatened, bLC: Least Concern, cVu: Vulnerable, and dCR: Critically Endangered;
IUCN Red List Criteria, Peruvian categorization of threatened plant species No. 043-2006-AG.

4. Discussion
4.1. Sonic Tomography

Sonic tomography (ST) has become an established non-destructive technique for eval-
uating wood internal properties [82,83], with its most common applications in the timber
industry and forest management of both plantations and natural stands [64,76,84–86]. The
method’s primary strength lies in its ability to assess wood quality and mechanical proper-
ties while preserving structural integrity [85–87], making it particularly valuable for conser-
vation applications. While ST has been widely employed for physiological studies, commer-
cial assessments, and public safety evaluations [76,82,83,88], recent years have seen growing
interest in its ecological applications [89,90], including health assessments of ecologically
significant non-timber species [91–93]. However, the technique remains underutilized in
natural forest ecosystems outside of managed plantations, botanical gardens, or nursery
settings [82,83], with particularly limited applications in high-altitude environments like
Polylepis woodlands where it could provide crucial data on these vulnerable ecosystems.

Our study encountered multiple challenges when applying ST in relict Polylepis wood-
lands, primarily stemming from the extreme environmental conditions and difficult terrain.
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The combination of steep slopes, unstable soils, and rugged topography—compounded by
low temperatures, intense solar radiation, and strong winds—created substantial logistical
barriers to assessing tree health in these ecosystems. These constraints highlight the broader
difficulties facing researchers studying Andean woodland conservation, particularly when
investigating internal tree conditions. Traditional methods for evaluating internal decay, in-
cluding core sampling, decay detection drills, increment borers, borescopes, resistographs,
and fractometers [94–97], proved unsuitable due to their destructive nature and the imprac-
ticality of transporting bulky equipment to remote locations. These limitations ultimately
prevented the assessment of a Polylepis stand near Cordillera, underscoring the need for
alternative approaches like ST in such environments.

The unique growth morphology of Polylepis trees presented additional methodological
considerations. Characterized by irregular contours and frequent basal branching [13],
many specimens required exclusion from our study due to the risk of infection from branch
removal or their inaccessible locations among rocks and steep slopes. We consequently
focused on trees with predominantly cylindrical forms in moderately accessible areas,
recognizing that trunk geometry significantly influences decay assessment accuracy [98].
This challenge is particularly relevant for tropical species like Polylepis that often exhibit
irregular growth forms, which can complicate tomographic interpretation and structural
damage evaluation [99]. Our data interpretation relied on established principles of stress
wave propagation [60,100,101], where velocity differences (represented by color scales)
reflect the mechanical properties of wood, with sound wood transmitting waves faster
than compromised tissue. These technical considerations underscore both the promise and
limitations of ST applications in complex natural systems like Polylepis woodlands.

4.2. Wood Decay in Study Sites

The Polylepis woodland at study site 1 (Z1) is situated on a slope approximately 200 m
from the Oyón–Cajatambo Road, with the density increasing markedly above 4000 m a.s.l.
in association with steeper terrain [23]. While the complex topography limits accessibility
and reduces anthropogenic pressure, the slope position may increase vulnerability to soil
erosion in areas with sparse vegetation cover, potentially compromising tree health and
regeneration dynamics [102].

Study site 2 (Z2) shows the most significant damage range (10–20%) and highest
anthropogenic impact due to road infrastructure fragmenting the woodland. Recent road
maintenance activities substantially altered the plant community structure [103], removing
at least 10 trees and causing severe crown damage through improper pruning. This distur-
bance proves particularly significant for Polylepis populations, given their high sensitivity
to habitat fragmentation [104], as evidenced by the discontinuous distribution pattern [42]
and elevated mean damage (>16%) in trees under permanent stress conditions, especially
those located between road curves, where spatial constraints limit development.

Study site 3 (Z3), bisected by both the road infrastructure and the Ushpa River, ex-
periences increased anthropogenic pressure through solid waste accumulation, livestock
grazing, and selective fuelwood extraction. Despite greater accessibility from proximity
to the road and relatively level terrain (contrasting with steep topography at Z1 and Z2),
Z3 showed the lowest damage levels. This suggests either greater resistance in P. incana to
environmental conditions and anthropogenic activity or beneficial microclimatic conditions
from higher tree density favoring plant community development [105].

Detailed species analysis revealed P. weberbauri’s higher damage incidence (up to 70%)
and variability compared to P. incana’s consistently low damage levels. The broader
distribution of P. incana throughout the Peruvian Andes to Ecuador and Colombia
(2800–5000 m a.s.l.) [106,107] contrasts with P. weberbauri’s restricted high-altitude distri-
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bution (>4200 m) [108], potentially explaining its greater vulnerability to disruption and
higher damage rates.

While Toivonen et al. [109] suggested forest accessibility directly correlates with
degradation levels, our tomographic analyses indicate tree structural integrity responds
to multiple interacting factors [110,111]. Decay patterns primarily initiate at exposure
points like anthropogenic wounds from pruning and partial stem removal that facilitate
fungal colonization [112,113]. Wood decay fungi critically influence the tree failure risk
through cellulose degradation [114] and structural integrity compromises [115,116]. Our
results showed no significant vertical stratification of the decay patterns, contrasting with
previous studies documenting higher incidence in lower trunk sections [65,74,103], though
the observed peripheral distribution aligns with infection patterns originating from branch
wounds or junctions [65]. Beyond fungal decay, internal damage is frequently associated
with insect activity [44,117], particularly xylophagous species (Diptera, Coleoptera, and
Lepidoptera) that directly feed on trunk tissues [118–120].

Polylepis woodlands face sustained anthropogenic pressure [121,122], with Peru and
Bolivia having lost over 90% of their original coverage since the Spanish conquest [41],
resulting in population decline, genetic erosion [123], and community degradation through
associated species loss [104]. Historical evidence suggests the Polylepis woodlands once ex-
tensively covered the Andean highlands, with some populations restricted to microclimatic
refugia [124], with both historical and contemporary environmental changes contributing
to decline through climatic shifts and geomorphological variations [24,125].

Current climate change scenarios [126] amplify vulnerability, particularly through
altered hydrological regimes and precipitation patterns affecting cloud water capture, with
cascading biodiversity effects [127]. Temperature fluctuations and severe drought events
compromise tree structural integrity [128], with impacts magnified by extreme conditions
and habitat modification [129]. While Polylepis species possess adaptations to high-altitude
conditions, the current environmental perturbations may exceed the physiological resilience
thresholds in fragmented populations [130].

Statistical analysis revealed non-significant differences, potentially reflecting method-
ological limitations, including inadequate sample size [131] and asymmetric species distri-
bution across sites. The non-normal data distributions suggest either uncontrolled variables
or measurement limitations, indicating the need for future studies with increased sam-
ple sizes, additional health indicators, improved tomographic protocols, and alternative
statistical models.

Polylepis woodlands face compound risks from fragmentation sensitivity, anthro-
pogenic disturbance, and structural deterioration [7,13,104,120], placing them in critical
conservation status [132] and necessitating ongoing monitoring with expanded health as-
sessments and community-based approaches. We recommend implementing standardized
sensor disinfection protocols between tree assessments to prevent pathogen transfer, a
currently undocumented but crucial precaution for studies of threatened taxa.

5. Conclusions
This study represents the first application of sonic tomography to assess internal

decay in threatened Polylepis woodlands, providing crucial baseline data on their structural
health. Our findings reveal substantial variation in decay patterns (2.5–70%) across the
three study sites, with P. weberbaueri showing greater susceptibility than P. incana. While
the Peruvian government has yet to implement comprehensive conservation policies for
these ecosystems, some local communities have begun restricting access in response to
habitat loss. The development of targeted conservation strategies must consider both the
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species-specific vulnerabilities identified in this study and the complex environmental
factors influencing woodland health.

The non-invasive approach demonstrated here offers valuable tools for the ongoing
monitoring and assessment of these fragile ecosystems. Future conservation efforts should
integrate sonic tomography with community-based management practices and policy in-
terventions to address the multiple threats facing Polylepis woodlands. Particular attention
should be given to areas experiencing road construction and other anthropogenic pressures,
where we documented the highest decay levels. This research establishes a foundation for
evidence-based conservation planning while highlighting the need for expanded studies to
fully understand the ecological dynamics of these unique high-altitude forests.
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