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Abstract: Forest degradation continues to increase globally, threatening biodiversity and the survival
of species. In this context, identifying intact, old-growth forest stands is both urgent and vital to
ensure their existence and multiple contributions to society. Despite the global ecological importance
of the Valdivian temperate rainforests, they are threatened by forest degradation resulting from
constant and intense human use in the region. Identification of remnant intact forests in this region
is urgent to global forest protection efforts. In this paper, we analyzed whether forests-canopy
alterations due to logging produce a distinctive canopy gap structure (e.g., a gap area and a fraction
of canopy gaps in the forest) that can be used to remotely distinguish intact from altered forests. We
tested this question by comparing the canopy gap structure of 12 old-growth temperate rainforests in
south-central Chile (39–40◦ S), with different levels of canopy alterations due to logging. At each
stand, we obtained aerial or satellite very high spatial-resolution images that were automatically
segmented using the Mean-Shift segmentation algorithm. We validated the results obtained remotely
with ground data on the canopy gap structure. We found that the variables, canopy gap fraction, gap
area frequency distribution, and mean gap area could be measured remotely with a high level of
accuracy. Intact forests have a distinct canopy gap structure in comparison to forests with canopy
alterations due to logging. Our results provided a fast, low-cost, and reliable method to obtain
canopy gap structure indicators for mapping and monitoring intact forests in the Valdivian ecoregion.
The method provided valuable information for managers interested in maintaining and restoring
old-growth forest structures in these southern-temperate rainforests.

Keywords: forest degradation; uneven-aged forest structure; human-induced disturbances; treefall
canopy gaps; remote sensing

1. Introduction

In recent decades, the concern about deforestation and forest degradation has in-
creased due to the global decline in primary forests and the high percentage (82%) of
degraded forest cover [1,2]. On a global scale, the loss of forest cover has accelerated since
the 1990s [3,4]; remaining forests are more frequently converted to other land uses or are
cut down and maintained in early successional stages [5]. This global trend endangers the
remaining intact forests and the services that they provide to society, such as climate change
mitigation and biodiversity [6]. For example, cumulative carbon dioxide (CO2) emissions
from forest felling currently account for 24% of global anthropogenic greenhouse gas
emissions [7]. Therefore, slowing deforestation and forest degradation is relevant to reduce
CO2 emissions and prevent further human intervention in the climate system [7,8]. We
need to develop methods to detect alterations in the remaining intact forests to effectively
map changes, prevent conversion, and facilitate conservation efforts.
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Forests, lacking remotely detected signs of human alteration in the last 50 years
(hereafter referred to as intact forests [2]), can be used to test hypotheses on complexity,
stability, resilience, and ecosystem change [6,9–11]. They are, therefore, key sites for
ecological monitoring. These forests often present structural characteristics, e.g., unevenly
aged forest structures, which could be measured using ground-based sampling and used
to differentiate intact from altered and young-secondary forests [10,12–15]. Based on these
findings, in this paper, we hypothesized that the forest canopy gap structure could be used
as an indicator of intact forests. The forest canopy gap structure refers to the amount of
gaps in the canopy, the frequency of gap areas, and the average gap area [16]. In contrast
to other forest structural data, the canopy structure can be measured remotely for large
areas (>1000 km2) [17]. This is possible because the identification of canopy gaps and
the measurement of their area is a detectable and easy-to-measure variable that can be
monitored by remote sensors [18] and, therefore, used for mapping forest degradation [3].
For example, the Landsat satellite has a pixel resolution of 900 m2, so canopy gaps above this
size can be distinguished using spectral data and specialized algorithms. Other products
with a higher resolution (e.g., satellite images with a pixel resolution of 50 m) can identify
canopy gaps >90 m2 [19,20]. A very high spatial resolution is needed (<4 m [21]) to quantify
key canopy-structural attributes such as small treefall canopy gaps produced by selective
logging. Currently, this spatial resolution can be obtained with unmanned aerial vehicles
(UAV) or very high spatial-resolution satellite imagery (VHSR-SI). These technologies can
promptly detect the status of canopy alterations due to logging; this information is crucial
for management decisions aimed at reducing carbon emissions due to forest degradation.

The Valdivian Ecoregion (37–43◦ S) provides an exceptional opportunity for the study
of the forest canopy gap structure of intact, temperate rainforests. This region contains
the second-largest remnant of coastal temperate rainforests in the world [22], made up of
broad-leaved temperate forests high in biodiversity and species endemism [23]. Human
intervention in the region has been intense in the last 200 years and generated significant
alterations to native forests [24,25]. Human activities such as the expansion of forestry
plantations and agriculture, housing, hydropower dams, and new roads are likely to
continue putting pressure on remnant intact forests in this region in the next decade.
Given their global ecological relevance [9,10,23], we need to develop strategies for the
preservation of intact forests that address the increasing degradation of these unique
ecosystems. Preventing the degradation of intact forests in the Valdivian Ecoregion also
reduces carbon emissions because of old-growth forests in this region store higher amounts
of carbon in their biomass than tropical and boreal forests (>300 tC/ha [26–30]).

To the best of our knowledge, there is no validated approach to accurately map intact
forests in the Valdivian Ecoregion. According to estimates, 45% percent of this original
forest cover still remains and may contain intact forests [31]. Yet, we lack key information
such as rate of loss, location, and exact remnant area for intact forests in the Valdivian
ecoregion. In the same region, structural components of old-growth forests have been
documented, such as the presence of long-lived and large trees, high accumulation of basal
areas, high accumulation of trunks, and dead woody material, complex vertical structures,
among others [9,10,30,32–34]. However, these structural components are difficult and
expensive to measure, which limits their use in large areas (>1 km2). Furthermore, few
studies have assessed the forest canopy gap structure in Valdivian temperate rainforests.
Therefore, it is necessary to develop criteria for the detection of intact forests in this region
using the currently available remote sensing technology.

Here, we propose that intact forests in the Valdivian ecoregion have a distinct canopy
gap structure in comparison to forests with canopy alterations due to logging. In other
words, logging modifies forest canopy gap structures, e.g., by increasing the size of gaps,
which would generate changes in the gap area frequency distribution. We analyzed whether
these changes in forest canopy gap structure are detectable and measurable with remote
sensors and can be used to distinguish intact forests from altered forests in this region. We
developed an approach to detect the forest canopy gap structure remotely using VHSR-SI
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and UAV data of the Valdivian ecoregion. Using this approach, we addressed the following
question: Do intact forests have a distinct canopy gap structure (e.g., gaps, a fraction of
gaps in the forest, etc.) that can be used to distinguish them from altered forests?

2. Materials and Methods
2.1. Study Area

Our study focused on an area of the Valdivian Ecoregion that contains the highest
richness of vascular plant species in temperate South America [23]. In this region (39–
40◦ S), the annual rainfall tends to exceed 2000 mm year−1 with a low annual-temperature
oscillation, conditions which allow temperate rainforests to dominate [35–37]. In the An-
des, these forests are dominated by evergreen Nothofagus tree species. Other broad-leaved
tree species such as Eucryphia cordifolia, Weinmannia trichosperma, and a large number of
tree species of the Myrtaceae family are common in the coastal rainforests [10]. These
species also occur in mixtures with conifers of the Cupressaceae and/or Podocarpaceae
families, dominating as the altitude increases in the mountain ranges [38]. Nothofagus
pumilio is the prevalent tree species in tree lines in this region [38]. The soil in the Andes
originates mainly from volcanic ashes, whereas soils in the Coastal Range originate from
sedimentary and metamorphic rocks [38]. In this region, old-growth forests with different
degrees of alteration represent approximately 74% of the native forest cover (539,000
ha) [39].

2.2. Forests Studied

We studied 12 old-growth forests representing intact stands and stands altered due
to logging (Table 1). Selected intact forests had no evidence of logging or human-set fires
and were protected before 1960 due to their inclusion in national parks, private reserves, or
protected by their landowners. Inside these protected areas, we made sure to select forest
stands where logging was unfeasible due to the lack of access routes. We verified with
the landowners and park rangers that these forest stands had not been logged. We used
available Google Earth images to ensure that the selected stands had not been altered in
the recent decades. We also searched in the field for forest stands lacking signs of logging
such as stumps, sprout cuttings, any evidence of recent felling, absence of fire scars on
trees, and axes scars in stems. We checked structural attributes such as tree size structure,
presence of large trees, among others, to ensure that the selected stands represented intact,
old-growth forests [10,40]. We selected intact forests representing the main forest types
found in the study area, i.e., mixed broad-leaved forests composed of Nothofagus dombeyi,
Nothofagus alpina, and Laureliopsis philippiana (hereafter Nothofagus-Laureliopsis forest type),
Andean forests with the pure composition of Nothofagus pumilio, and coastal evergreen
forests with a mixed canopy of broadleaved tree species such as Eucryphia cordifolia, Drimys
winteri, and Amomyrtus sp. (Table 1). In addition, for each forest type, we selected forest
stands altered by logging (hereafter referred to as altered forests). We selected altered
forests from the National Forest Service (CONAF) database of logged stands, where legal
and illegal cuttings are registered along with their intervention dates. We checked with the
landowners to ensure that altered forest stands were logged after 2000. Although logged,
all altered forest stands were in a mature state, i.e., >12 m canopy height, with remaining
old trees and removed basal <80%.

2.3. Ground-Based Measurements

In each forest stand, we delimited an area with a homogenous canopy structure, as
assessed by photointerpretation. In the delimited area, we set up a 1000 m long transect
designed to systematically cover the whole selected area. For those canopy gaps crossing
the transect, we obtained their GPS position and measured their area and expanded area.
We obtained the gap and expanded the gap area by fitting their length (largest distance
from gap edge to gap edge) and width (largest distance perpendicular to the length) to
the formula for an ellipse [41]. We recorded the distance of the transect in the gap and
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expanded the gap to calculate the ground-based gap fraction of each stand (i.e., the total
gap distance in the transect divided by the transect length [42]). For each canopy gap, we
also recorded the cover of Chusquea bamboos (estimated qualitatively in 5 cover classes),
the identity and size of the gap makers, and the presence of saplings in a plot of 1 m radii
in the center of the gap. We defined the saplings as individuals of tree species with a stem
height of 1.3 m and a diameter (dbh) in the range of 0.1–5 cm. For all intact forests and a
subset of the altered forests, we conducted a forest inventory to measure stem structure.
We used 20 circular plots of 500 m2 (1 ha total per stand) distributed along the same
transect and regularly spaced every 50 m. In each plot, we measured all individuals with
dbh ≥ 5 cm (referred to as trees). It is very difficult to carry out the same sampling protocol
in altered forests since the understory is generally packed with Chusquea bamboos at very
high densities (Figure 1b). Thus, we limited the forest inventory to a subset of four altered
forests. In all altered forests, however, we performed the gap transect and qualitatively
estimated the removed basal area.

Table 1. Forest stand characteristics and remote-sensing data used in this study. UAV: unmanned aerial vehicle mosaic;
VHSR-SI: very high spatial-resolution satellite imagery.

Forest Stand Name Latitude Longitude Elevation Stand Area
(ha)

Alteration
Status

Remote
Sensing Data

Coastal evergreen
Cutipay −39.84 −73.36 340 8.9 Altered UAV

Hueicolla −40.16 −73.61 270 57.5 Intact VHSR-SI
Llancahue −39.85 −73.13 330 86.7 Altered UAV

Lomas del Sol −39.83 −73.14 290 45.4 Altered UAV
Pilolkura −39.70 −73.34 480 147.4 Altered VHSR-SI
Raulintal2 −40.24 −73.39 600 17.8 Altered UAV

Nothofagus—Laureliopsis
Ankacoihue −39.78 −71.87 1010 16.2 Altered UAV
Epulafquen −39.76 −71.75 720 106.1 Intact VHSR-SI
Raulintal1 −40.22 −73.37 680 25.9 Altered UAV

San Pablo de Tregua −39.60 −72.09 900 81.8 Intact VHSR-SI
Nothofagus pumilio

Choshuenco −39.94 −72.12 1010 5.7 Altered UAV
Antillanca −40.78 −72.19 1230 50.2 Intact VHSR-SI

2.4. Gap Fraction Analysis

We searched for the best available high spatial-resolution remote sensing data for all
sites. Not all the sites presented safe conditions for flying a UAV system. For this reason, we
also searched for VHSR-SI that included the stands under study and corresponded or were
taken close to our field sampling dates. For stands without suitable satellite images (e.g.,
without clouds) but located in areas where we could fly the UAV, we used a DJI Phantom 3
UAV to generate a photogrammetric mosaic with a resolution of 50 cm of the area covered
by the transect in each forest (Figure 1). The photogrammetric flights were programmed
using the free application Pix4D (https://pix4d.com, accessed on 20 September 2016). We
flew the UAV at the height of 100 m from the ground and at fixed flight speed. We ensured
an overlap between the photographs of 95% frontal and 80% lateral. All images were
radiometrically corrected to transform the digital levels to reflectivity values using the
methods described in [43].

https://pix4d.com
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Figure 1. Example of intact forest canopies in Hueicolla (a) and San Pablo de Tregua (c) compared to
altered forest canopies due to logging in Lomas del Sol (b) and Raulintal2 (d). Note how treefall gaps
are small in size in (a) with a greater influence of shadows, whereas canopy gaps in the altered stand
(b) are filled by Chusquea bamboos. Examples of the segmentation results are shown in (c) and (d).

In order to distinguish the gaps in the canopy of each forest, we segmented the images
using the Mean-Shift method [44]. This method groups colored pixels into segments
(polygons, Figure 1c,d) considering the following criteria: (1) homogeneity (range-radius
parameter), (2) the distance between the resulting objects (spatial-radius parameter), and
(3) the minimum size of the resulting segment (minimum region-size parameter) [44].
These parameters were adjusted by visually interpreting the segmentation results of each
image. We then checked the segmentation results using the average value of the enhanced
vegetation index (EVI) for each segment extracted from the multispectral bands of Landsat
imagery (downloaded for dates closest to the field sampling). This allowed the segments
to be classified as potential gaps based on the following four assumptions: (1) The gaps
have an EVI > 0, which allowed us to discard water bodies or other objects. (2) The EVI
of the gaps is lower than the EVI of the forest because the areas covered with forest have
greener biomass, even when the gaps are covered by other types of vegetation (e.g., a
pasture, Chusquea bamboos). (3) To distinguish the EVI from the gap, we obtained the
EVI for all segments where a gap was found in the field. We found that gaps represented
less than 5% probability in the density function of all EVI values of segments included in
our sampling transects. We used this threshold value to confirm potential gaps. In other
words, all segments with values less than 5% probability were classified as a potential
gap. (4) A gap must be completely surrounded by forest. This allowed us to discard
areas of low EVI that are outside the forest. Using a neighborhood analysis, we classified
all potential segments that were 100% surrounded by segments classified as a forest as
canopy gaps. We selected VHSR-SI images with the limited off-nadir angle to minimize
internal canopy shadowing. Therefore, big, shadowed areas are in fact part of canopy
gaps (e.g., Figure 1c) and were considered as such in the segmentation process. The results
were exported as a vector layer, which we used to calculate the segmented gap area, gap
frequencies, and total gap fraction for each forest stand. For each segmented gap, we
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also calculated the mean of EVI pixels found in the gap. We analyzed the similarities and
differences between the gap metrics obtained from ground-based and image segmentation
data for the stands. We used the Kolmogorov–Smirnov test to evaluate the differences in
the gap area distributions between ground-based and segmented data of intact forests. We
used the paired statistics Shapiro–Wilk and Lilliefors to determine significant differences
in the frequency distributions [45,46]. We determined the distribution associated with
each data set using a maximum likelihood adjustment [47].

We fitted a nonlinear model to study the relationship between the canopy gap area
detected and the values of a spectral index of the stand in the Landsat grid [48]. To ensure
that there were no mismatches, we georeferenced the UAV photomosaic and Landsat
images using distinguishable geographic elements such as roads, water bodies, and other
clear landmarks. Finally, we fitted logistic regression models to analyze the canopy gap
structure into altered and intact forests. As explanatory variables, we used: (1) the gap
area, measured from the canopy gaps identified remotely, and (2) the mean EVI obtained
from the Landsat grid. As dependent variables, we used the forest type and the degree
of alteration (altered/intact). We evaluated the models using the Akaike Information
Criterion (AIC), the goodness of fit (i.e., the difference between the observed and the
predicted values of the dependent variable), the model chi-square (offering a significance
test of the model), and the pseudo r2 (1 − (ln L/ln L0) [48–51]. All statistical analyses were
conducted in R [52].

2.5. Canopy Alteration Index

We developed a canopy alteration index using the segmentation gap metrics for each
forest stand, which was calculated as follows:

IA = (%AC − utpf)/(top − utpf)

where IA is the canopy alteration index, %AC is the gap area percentage calculated using
the segmentation results, utpf is the gap area percentage found in the intact forests for each
forest type under analysis, and top is the gap area percentage required to consider a forest
with the highest level of alteration. We also considered that IA = 0 when %AC = utpf and
IA = 1 when %AC = top. The top parameter was arbitrarily set at 75% of the gap area for all
forest types. We obtained the utpf parameter from the minimum value of the gap fraction
along the ground-based transect from intact forests for each forest type.

3. Results
3.1. Accuracy of the Remotely Sensed Data

The percentage of the ground-detected canopy gap that we identified remotely was
>60% (percentage of agreement in Table 2), in accordance with the expected trend (Spear-
man correlation, rho = 0.87, p < 0.001) but generally lower with respect to the values
obtained in the ground-based sampling. In fact, Coastal evergreen forests presented the
lowest agreement between the ground-based and segmentation data, probably due to the
lesser number of gaps and their smaller size compared to the other forest stands (Table 2).
The Kolmogorov–Smirnov test for gap area distributions in intact forests showed no signif-
icant or marginal differences between the ground-based and segmented data (p ranging
from 0.037 to 0.5, where p < 0.05 indicates significant differences).
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Table 2. The forest canopy gap structure of the stands studied in the Valdivian ecoregion. Accuracy refers to the percentage
of ground-detected canopy gaps identified remotely using very high-resolution data.

Forest Type Site Name
Canopy-
Alteration
Index (-)

Ground-Based Data Image-Segmentation Data
Basal
Area

Stand
Density

Forest
Gap Area

Number
of Gaps

Forest
Gap Area

Mean Gap
Area Accuracy

(m2/ha) (Trees/ha) (%) (Count) (%) (m2) (%)

Coastal evergreen
Hueicolla 0 88.2 3127 9 10 2 79.2 60
Llancahue 0.08 68.9 1009 32.5 21 15 156.9 88
Lomas del

Sol 0.32 40.8 1393 43 27 30 366 58
Cutipay 0.51 33 3020 42.3 31 43 385.9 75
Pilolkura 0.66 no data no data 63.4 30 52 368.4 73.3
Raulintal2 0.85 no data no data 66.4 39 65 554.4 63

Nothofagus—Laureliopsis
San Pablo
de Tregua 0 142.4 878 28.8 21 24 194.6 78

Epulafquen 0.13 148.1 720 31.3 19 35 200.8 84
Ankacoihue 0.51 50.8 1111 68.2 39 52 291.6 94.9
Raulintal1 0.57 no data no data 66.4 39 65 554.4 100

Nothofagus pumilio
Antillanca 0 55.6 2480 11.8 20 3 64.9 70
Choshuenco 0.22 no data no data 30.8 31 39 384.1 90.3

3.2. Comparison of Altered vs. Intact Forests

Intact forests had the lowest values in the percentage of gap area, but these values
differed between the forest types (Table 2). We found that intact Coastal evergreen forests
had the lowest gap area values (9%), whereas the intact Nothofagus-Laureliopsis forest type
had the highest gap area values (29%). All intact forests had gap area density distributions
following a log-normal distribution, but their mean and standard deviation varied among
forest types (Figure 2). In accordance with their log-normal distributions, small gaps were
more common (<100 m2) than large gaps (400–900 m2) in all intact forests. We did not
detect any gap >900 m2 in intact forests (Figure 2). The basal area and tree density differed
in the altered compared to intact forests of the same forest type (Table 2). The frequency
distributions varied between the intact and altered forests of the same forest type, with
evident changes in the median of the distributions as well as in the density and dispersion
of the gap areas (Figure 2). For example, in stands of the Coastal evergreen forest-type,
the mean gap areas increased from 79 m2 in the intact forest to 366 m2 in the altered
forest. We observed that as the forests had higher mean gap areas, their gap area frequency
distribution tended towards a Gaussian type distribution (Figure 2). Chusquea bamboos
were present in 55% of the gaps in the intact forests and covered <70% of their area. All
canopy gaps were important places for regeneration in intact forests, with saplings present
in >60% of the gaps. The exception was the N. pumilio forest, where 25% of the gaps had
saplings due to the high cover provided by Gaultheria sp. shrubs.

We found a strong relationship between the mean EVI values obtained from the Landsat
sensor and the gap area for intact forests, but this relationship was lost for altered forests (gap
area = 443.329× exp (EVI *−8.235955), r-Spearman =−0.74, p < 0.001, Figure 3). For example,
the N. pumilio and Coastal evergreen forests had mean EVI values > 0.4 with relatively small
gap areas, whereas the Nothofagus-Laureliopsis forests had a mean EVI < 0.4 with larger gap
areas. Both gap area and mean EVI were related to the degree of alteration of the forest stands
(Table 3), but the explanatory power of the gap area was stronger than that of the mean EVI.
In fact, the explanatory power of these relationships increased when the stands were analyzed
by forest type (Table 3), with the Nothofagus-Laureliopsis forest-type having a stronger effect
on the gap area than other forest types.
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Figure 2. Comparison of the gap area frequency distributions in altered and intact forests.

Figure 3. The relationship between the mean EVI calculated in the Landsat grid for each forest stand
studied and the gap area percentage in each cell. Blue, black, and green dots indicate data from intact
forests. The red line is the best nonlinear model adjusted to data from intact forests.
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Table 3. Univariate and multiple logistic regression models that explain the variation of the total gap area and mean EVI
with the degree of alteration (intact/altered) and forest type. AIC: Akaike information criterion. See also the Materials and
Methods Section for an explanation of the statistical analysis. * indicates p < 0.01, *** indicates p < 0.001.

Explanatory Variables
Gap Area Mean EVI

Univariate models
Regression coefficients Estimate Pr(>|z|) Estimate Pr(>|z|)

Intercept −2.19 <2 × 10−16 *** −3.0737 9.62 × 10−8 ***
Slope 1.14 × 10−3 <2 × 10−16 *** 7.7544 1.37 × 10−8 ***

Model statistics
AIC 811.0 1075.1

Goodness of fit 298.4 34.20
Model chi-square 7.51 × 10−67 4.97 × 10−9

Pseudo r2 0.27 0.03
Multiple models

Regression coefficients
Intercept −1.851 4.06 × 10−11 *** 0.4107 0.6204
Variable 0.003 <2 × 10−16 *** 4.8665 0.0118 *

Nothofagus-Laureliopsis −7.243 <2 × 10−16 *** −3.0086 <2 × 10−16 ***
Nothofagus pumilio −8.329 0.064 −4.0522 <2 × 10−16 ***
Coastal evergreen - - - -

Model statistics
AIC 307.2 709.3

Goodness of fit 806.2 404.0
Model chi-square 2.00 × 10−174 2.99 × 10−87

Pseudo r2 0.73 0.37

4. Discussion

Our results expanded the current knowledge on the forest canopy gap structure of
temperate rainforests in the Valdivian ecoregion and revealed that intact forests (1) have
distinctive canopy gap structure characteristics that are distinguishable from those of
logged forests and (2) their canopy gap structure can be identified using remote sensors.
Below, we discuss (1) the importance of the canopy gap structure of intact forests, (2) how
our approach can be expanded to map the intact forest cover in this region, and (3) how
the canopy gap structure can complement the analysis of forest degradation in this region.

4.1. Canopy Structure of Intact Forests and Their Alterations by Logging

Our results on gap area distributions in intact forests were similar to those described
in other studies [53,54], which show that old-growth forests have a high frequency of
small canopy gaps produced by individual treefalls. We propose that log-normal gap area
distribution (Figure 2) is a distinct characteristic of intact forests in the Valdivian ecoregion
since we did not find such a distribution in any of the altered forest stands. Additionally,
we found that intact forests in the Valdivian ecoregion had gap areas <900 m2 (Figure 2),
which is consistent with mature forests elsewhere, such as the North American temperate
rain forests [55]. We found that the intact Coastal evergreen forests had a smaller gap-fraction
and mean gap area compared to previously reported values for temperate rainforests
(Table 3). This result reflects the capability of the very high spatial-resolution remote
sensing data and the image segmentation method to explore large, forested areas, even
when different remote sensing data sets are combined. In spite of using these two different
kinds of remote sensing data, our study shows that the intact canopy gap structure differs
among forest types in our study region (Table 3). The gap characteristics for the Nothofagus
forests fell within the range reported in previous studies (Tables 2 and 4). Other gap metrics
obtained in our study were also comparable with data reported for other forests, although
larger gap areas have been found in southern temperate forests (Table 4). Based on our
results (Figure 2), we propose that treefall gaps with areas >900 m2 are very uncommon in



Forests 2021, 12, 1183 10 of 15

intact forests of the Valdivian ecoregion. Altogether, our results on the canopy gap structure
of intact forests can be used to complement the evaluation of structural characteristics found
in old-growth forests in this region [10,56].

Table 4. Gap characteristics found in the forests of the world. Data obtained from [53–55,57–59].

Forest Type Gap Fraction Mean Gap Area Maximum Gap Area
(Range %) (Range m2) (Range m2)

Northern Hemisphere
Boreal and subalpine 6–77 25–176 12–1245
Temperate hardwood 2–20 28–400 144–2009
Temperate coniferous 14–46 19–131 380–734

Tropical forests 0.8–8 10–120 135–700
Southern Hemisphere

New Zealand subalpine montane 2.5 40–68
South American temperate

rainforest 3.3–8.6 151–432 1532

South American old-growth
Nothofagus temperate rainforests 4–35 61–898 3462

South American old-growth
Fitzroya temperate rainforests 143 736

South African plateau 2–10 20–38 122

Our results support the hypothesis that the forest gap fraction, gap area frequency
distribution, and mean gap area are variables that can be used to distinguish intact from
altered forests in the Valdivian ecoregion. Managers and researchers could, therefore, use
these variables to easily detect and measure structural changes in the canopy of altered
forests via low-cost technology such as UAV images. The alteration index presented here
could facilitate the classification of forests in this region according to their degree of canopy
alteration and is applicable to forest types adjacent to our study area. Future research
could also explore the effectiveness of this approach for other highly endangered forests in
south-central Chile, such as the Mediterranean-type broadleaved Nothofagus forests.

4.2. Identifying and Mapping Intact Forests in the Valdivian Ecoregion

Previous studies have estimated deforestation and land-use change rates in the Valdi-
vian ecoregion [60]. However, mapping intact, old-growth forests in this region remains
a challenge because of their high forest structural heterogeneity [10] and topographic
complexity [38]. Further, mapping intact forests requires the detection of small spatial-scale
logging (e.g., removing just one tree) that is continuously degrading forests in this region.
The structural attributes of the canopy in intact forests identified herein (e.g., Figure 2)
provided a baseline to map intact forests in the Valdivian ecoregion, which presumably
cover >500,000 ha on the Chiloé Island and the Chilean coastal range [22]. Additionally, the
canopy gap structure described here can inform restoration programs of highly degraded
forests and management strategies aimed at uneven-aged forest structures.

In this study, we demonstrated that, as expected, gaps > 200 m2 were more common
in altered forests due to logging and can be perceived using either UAV or VHSR-SI
(Figures 1 and 2). In addition to patterns found in gap area frequency distributions
(Figure 2), we showed that variations in a spectral vegetation index (EVI) derived from
coarser spatial resolution satellite images of altered forests are related to gap areas of
intact forests (Figure 3, Table 3). The EVI gap area relationship for intact forests could
be influenced by the small size of treefall gaps, with a greater influence of shadows
reducing the EVI value (Figure 1a). This relationship holds for intact forests of different
forest types, although EVI mean and gap area values vary according to forest types
(Table 3). However, the EVI mean did not change significantly for altered forests due to
their higher gap area, and possibly due to the cover of Chusquea bamboos and other
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shrubs in the gaps (e.g., Figure 1b). Therefore, the relationship between mean EVI and
gap area should be used with caution to distinguish altered from intact forests.

We propose that remote sensing data with fine spatial resolution can be used as an
efficient and low-cost method to detect and monitor intact forests in the Valdivian ecoregion.
Our field validation results (e.g., accuracy in Table 2) support the use of the available remote
sensing datasets to quantify forest gaps in Chilean forests, where few studies exist, assessing
canopy structure. We did not attempt to validate with other indirect approaches such as
Digital Surface Models (DSM) from UAV images because some of our studied stands were
not flown by UAV images. It would have been ideal to use only one type of data (VHSR-SI
or UAV). Nevertheless, VHSR-SI was not available for all our forest stands. Moreover, many
of the forest stands were inaccessible and/or presented harsh weather conditions during
our fieldwork that did not allow us to use a UAV system. Considering these limitations,
future research could explore the use of DSM from UAV images to identify canopy gaps.
Such an analysis could potentially expand the validation of our results. In addition, future
research could focus on the spatially upscaling of these results and explore EVI trajectories,
which can be related to spatiotemporal changes in biomass [61–63]. LiDAR data, spectral
mixture analysis, texture analyses of images, and machine learning techniques can enhance
or complement this approach to produce maps of forest degradation [64–69]. In addition
to the application presented here, these techniques could also be used to estimate variables
such as the height of the upper canopy, height profiles of forests, and the estimation
of aboveground biomass, among other applications [69]. However, for many forests
in the world, LiDAR is not available, or UAV flights are difficult to implement due to
accessibility. In those cases, VHSR-SI is the only choice. The constellation of such satellites
has been growing, providing worldwide coverage with a higher temporal resolution (e.g.,
the Pleiades constellation). Implementing VHSR-SI to monitor forest degradation would
generate significant savings in economic and human resources, both of which are in short
supply in countries such as Chile and Argentina.

4.3. Detecting Logging and Complementing Forest Degradation Criteria

Our method to detect intact, old-growth forests could be extended, as discussed above,
to detect illegal logging. In Chile, approximately 90% of logging activities are illegal,
causing degradation in native forests of high diversity and high carbon density [24,70].
Despite its pervasiveness, we lack both yearly and regional quantitative data on illegal
logging in Chile. As shown in our research, the monitoring of intact forests through
remote sensing data with fine spatial resolution has a high potential for photogrammetry
since it is possible to map the horizontal and vertical structure of the forest and identify
treefall gaps in detail (e.g., Figure 1c,d). This approach is a cost-effective tool both to
quantify illegal logging and to supervise forest management plans focused on sustainable,
selective loggings in uneven-aged forests (e.g., producing small canopy gaps). One of the
main advantages of using either VHSR-SI or UAV images is their potential to reduce the
sampling time in degraded forests that are hard to access and transit. Using the methods
proposed in this research, managers can make high-precision measurements based on
images obtained from UAVs. Furthermore, as forest canopy gaps play a fundamental
role in the potential recovery of the structure of an altered forest [71], the analysis of the
canopy gap structure using remote sensing data with fine spatial resolution can assist in
decision-making processes to evaluate the best silvicultural strategies for forest recovery.

Forest degradation is a process that derives from the anthropic alteration of ecosystems
and generates a loss of productivity, biodiversity, and structure [72]. Degradation implies
the alteration or persistent change of ecosystem attributes due to direct or indirect human
activities such as logging, fires, introduction of exotic species, land-use changes, etc. [72,73].
Since these processes act synergistically, managers need to address them in combination.
Thus, identifying changes in the canopy gap structure should be complemented with other
criteria for assessing forest degradation in the Valdivian ecoregion.
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5. Conclusions

Intact forests in the Valdivian ecoregion have a distinguishable canopy gap structure
that can be used to develop criteria for their detection. The alterations of the canopy of
intact forests due to logging in this region are associated with the distribution of the canopy
gap area and are detectable using very high spatial resolution images. These results are
steps forward in the refinement of criteria to evaluate the state of alteration of forests. Such
an effort will help curtail the loss of unique biodiversity, changes in biogeochemical cycles,
and carbon emissions to the atmosphere in a region which still has extensive, intact forest
landscapes. The approach developed in this study is a fast, low-cost, and reliable method
to obtain canopy structure indicators that are useful for identifying intact forest canopies
and for managers interested in maintaining and restoring uneven-aged forests in southern
temperate rainforests.
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