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ABSTRACT
Sustainable forest management promotes financial revenues while keeping the forest cover and 
environmental services. Nevertheless, the logging operation causes changes in the forest and 
canopy horizontal and vertical structure. Our objective is to evaluate the changes in the forest 
canopy and its consequences to the forest management, following logging in a secondary Atlantic 
Rainforest. We used hemispherical photography to determine the Canopy Openness (CO), Leaf 
Area Index (LAI) and the radiation absorption (fAPAR) in nine experimental plots before and 
after logging. We did not find a clear correlation between the forest horizontal structure and the 
canopy architecture. Despite this, there was an increase in CO and decrease in LAI and fAPAR 
after logging. The variation in CO and fAPAR were affected by logging intensity, but LAI did 
not show the same pattern. We suggest a conservative maximum logging intensity of 30% of the 
basal area and tree density.
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1. INTRODUCTION

Tropical forests are key components of the 
biosphere. They accommodate more than half of the 
forest carbon of the planet, of which 42% is stored in 
live biomass. Secondary forests represent an important 
CO2 sink, absorbing 1.7 ± 0.5 Pg C year–1 between 2000 
and 2007 (Pan et al., 2011). Most of Santa Catarina’s 
native vegetation is composed of small fragments of 
secondary forests with less than 50 ha, representing 
about 40% of the original forest cover of the state 
(Vibrans et al., 2013). Moreover, they are under big 
pressure to convert to other land uses, in part, because 
of the low value attributed to native forests (Siminski 
& Fantini, 2010). In this context, assigning value to the 
forest through sustainable management may become 
an important strategy of environmental conservation 
(Rockwell et al., 2007). Managed forests maintain much 
of the environmental services and forests biodiversity 
(e.g. Putz et al., 2012; Bicknell et al., 2014; Luke et al., 
2017). Therefore, they have a very high ecosystem value 
in relation to other land uses, such as agriculture and 
reforestation (Edwards et al., 2014).

At the Atlantic Forest Domain, the Brazilian 
legislation is very brief and restrictive in terms of 
selective logging and forest management. The Decree 
6660/08 (Brasil, 2008) determines the possibilities 
of selective logging in the Atlantic Forest domain. 
The  legislation allows selective logging of pioneer 
species in secondary forests in the “middle stage” of 
regeneration if the pioneer species represents more 
than 60% of the local trees with diameter at breast 
height (DHB) ≥ 5 cm. Still according to the decree, the 
maximum logging intensity cannot change the stand’s 
characteristics, and measures to minimize impacts must 
be taken. Forests at advanced stage of regeneration or 
mature cannot be subject of selective logging, as well 
as pioneer species that characterize mature forests, 
like Araucaria angustifolia, or endangered species 
(Brasil, 2008).

The selective logging may cause changes in canopy 
architecture, generating greater canopy openness 
(CO) at different levels, depending of the intensity 
of logging. CO is a determining factor in the forest 
microclimate, especially relating to light amount and 
quality available in the understory (Hardwick et al., 
2015). It is one of the main factors on the floristic 

composition of natural regeneration (Jurinitz et al., 
2013), along with the presence of litter, soil revolving, 
and distance of mother trees (Karsten  et  al., 2013; 
Corrià-Ainslie  et  al., 2015). Thus, logging should 
occur in an intensity to provide a CO that allows the 
regeneration of economic interest species without an 
intense colonization by pioneer species.

Canopy openness is defined by the percentage of 
sky seen throughout the hemisphere from a single 
point below the canopy (Gower et al., 1999). From 
obtaining the CO measure at different zenith angles, 
it is also possible to estimate leaf area index (LAI) 
and the fraction of photosynthetically active absorbed 
radiation (fAPAR). LAI (unitless) is defined as half of 
the total leaf area per unit of horizontal soil surface area 
(Chen & Black, 1992). fAPAR (unitless) is defined as the 
fraction of the total photosynthetically active radiation 
absorbed by the canopy (arboreal stratum), which may 
also include understory and herb layer, depending 
of the height of measurement (Gower et al., 1999). 
These factors influence several ecosystem processes, 
such as light availability, rainfall interception and CO2 
absorption (Schleppi et al., 2007), and are commonly 
used in CO2 and climate models (Zheng & Moskal 
2009; Piayda et al., 2015).

In forest management areas, it is usual to observe 
a large increase in CO after the logging, both in areas 
with Reduced Impact Logging (RIL) and areas with 
Conventional Logging (CL) (Schulze & Zweede 2006). 
CO tends to increase with the logging intensity and in 
rugged terrain (Guitet et al., 2012). Moreover, areas 
with RIL generally show less change in the CO in 
relation to CL areas with similar cut intensity (Schulze 
& Zweede 2006). Therefore, the different levels of logging 
intensity and canopy openness have direct influence on 
the regeneration that will occur (Karsten et al., 2013) 
and consequently, on the future floristic composition 
of the forest (Putz et al., 2008).

Our main objective is to quantify the changes 
in canopy architecture after the selective logging in 
a secondary Atlantic Rainforest in Santa Catarina’s 
north coast. The specific objectives are: a) to identify 
the relationship between the forest structure and 
canopy architecture; and b) to quantify the relationship 
between logging intensity and changes in the canopy 
architecture. The working hypotheses are that the CO 
increases as both LAI ​​and fAPAR decrease following 
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logging, and that these changes vary according to the 
logging intensity applied. We aim to contribute to the 
understanding of the selective logging consequences 
on Atlantic secondary rainforests, and to suggest a 
baseline logging intensity based on canopy parameters. 
To do so, we present a case study regarding logging 
influence on the canopy at a representative secondary 
forest in southern Brazil.

2. MATERIAL AND METHODS

2.1. Study area

The study was conducted in a secondary subtropical 
rainforest (Oliveira, 2009) within a 42-ha farm in the 
northwest of the Estate of Santa Catarina (26°32’10” S 
and 49°02’38” O, Figure 1), with altitude ranging from 
160 to 500 m.a.s.l. According to the Köppen classification, 
the climate in the region is Cfa – mesothermic 
subtropical humid with a hot summer without a dry 
season (Alvares et al., 2013). The study site is in a hilly 
terrain with slopes ranging from 10% to 40%. The soils 
in the region are predominantly cambisol.

The study forest was originated by an enrichment 
plantation in an intensively exploited area in 1978, in 
which saplings of Miconia cinnamomifolia, Hieronyma 
alchorneoides and Nectandra spp. were planted. At that 
time, the area was composed mostly by pasture with some 

patches of forest in the initial phases of development. 
The only silvicultural treatment made to the forest was 
the mowing of the herbaceous vegetation in the first five 
years after plantation. Since then, the forest has grown 
with small and unplanned intervention, like eventual 
cutting of Euterpe edulis for heart-of‑palm production 
and woody species for timber uses. Assessing its structure 
and species composition, one can verify that the forest 
within the study area represents a typical secondary 
rain forest, although most forests of the surrounding 
area were generated by ecological succession after 
abandonment of agriculture and pasture areas, and 
not by enrichment plantations.

2.2. Experimental design and data collection

We randomly placed 12 fixed squares experimental 
plots (EP) of 3,600 m2 with useful area of 1,600 m2 in 
the center of the experimental plot, subdivided into 
16 subunits of 100 m2. The measurements of forest 
structure and hemispherical photographs were recorded 
within the “useful area” of the EP, while the logging 
operation took place in the entire EP. From these, 
we selected nine EP to receive the selective logging. 
The experimental treatment consisted on the application 
of different logging intensities (see  section  2.3). 
We discarded four subunits from the survey due to a 
tree falling before the start of measurements, totaling 
140 subunits (100  m2) measured.

Figure 1. Study location in Santa Catarina state.
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Hemispherical photographs are an efficient way 
to estimate CO, which allows the projection of a 
hemisphere in a surface assigning a system of angular 
coordinates to the image (Rich, 1990). The hemispherical 
photographs were taken with a DSLR Nikon D3100 
camera and a 10.5 mm Nikon Fish-eye Nikkor lens, 
attached to a tripod. The photographs were taken in the 
center of each sample subunit, with the lens leveled at 
1.30 meters from the ground and the upper part of the 
camera facing the magnetic North, according to the 
methodology suggested by Rich (1990). To minimize 
the anisotropy of solar rays and the dispersion fluxes 
in the digital image, the photos were taken on cloudy 
days, or on clear sky days in the early morning (Rich, 
1990; Gonsamo & Pellikka 2009), using the camera’s 
automatic exposure. Photographs were taken before 
and after logging, at an interval that did not exceed 
six months before and two months after the cut, to 
reduce the effect of time and growth of the vegetation 
in the analyses. Seasonality was not a concern, since 
the great majority of the species of the local forest do 
not lose their leaves in the winter.

The tree structure data was determined for the 
useful area of the EP and were obtained through forest 
inventories executed before and after logging, at a 
similar time interval from the photographs. In them, 
we measured the Diameter at Breast Height (DBH) 
and estimated the height with clinometer of every tree 
with DBH ≥ 5 cm. The trees positions in the EP were 
recorded with “x y” coordinates. Trees were identified 
at species level by botanist at the field or afterward, 
at the herbarium. We, then, determined the density 
(N) and basal area (G) of ​​the forest and the logging 
intensity applied to each EP and subunit.

2.3. Logging

The logging was performed on the total area of the 
EP and trees were pre-selected according to pre‑logging 
inventory information. The selection considered 
timber potential, ecological group, minimum cutting 
diameter (MCD, Table 1), and species abundance, giving 
preference to logging commercial species with greater 
number of individuals in the EPs. We also selected trees 
with timber potential under the MCD when those 
trees were senile or when there was severe damage to 
the bole or crown. Climax species with low density 
locally were preserved from logging. We distributed 
the logging as homogeneously as possible throughout 
the EP and between the diametric classes (Figure 2a), 
with planned intensities varying between 20% and 60% 
of the EP’s basal area removed.

After the logging of pre-selected tress and computation 
of the corresponding basal area removed, we returned 

Table 1. Minimum cutting diameter (MCD) for logging 
in a secondary forest in the northwest of Santa Catarina.

Classes MCD
Tree species without timber potential > 5 cm
Pioneer and early secondary species with 
timber potential > 25 cm

Late secondary species with timber potential > 35 cm
Climax species with timber potential > 40 cm

Figure 2. Diameter distribution of the original stand and felled trees (a) and logging intensities (b) at the EP level in 
a secondary forest in the northwest of Santa Catarina.
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to the EP to complement the logging. Trees found with 
the stem broken or with irreversible damages, canopy 
completely broken, or totally fallen, were then felled 
and extracted from the forest. Thus, the final logging 
intensity was given by the sum of pre-selected trees with 
the trees extracted for presenting irreversible damages. 
In practice the logging intensities varied between 18% 
and 56% of the basal area at the EP level (Figure 2b), 
while at the subunit level the logging intensity ranged 
from 0% to 98% of the basal area.

The logging was carried out in semi-mechanized 
way, the felling was executed with chainsaw and the 
extraction with tractor equipped with winch. The trees 
were extracted with the tree-length system, with the 
debranching done inside the forest. Twigs and log parts 
with diameter less than what is used for sawmills was 
extracted as firewood.

2.4. Data analysis

The hemispherical photographs were processed 
using the software CAN_EYE v6.3.8 (Weiss & Baret, 
2010), with supervised classification determining the 
sky and vegetation strata. The classification was then 
used as the basis for the calculation of CO, LAI and 
fAPAR. To calculate the fAPAR, only diffuse radiation 
was considered, since it was more stable throughout 
the year.

We verified the normality of the data through 
visual analysis of the qqplot graphs and the presence of 
outliers through the Cleveland’s dotplot, according to 
methodology suggested by Zuur et al. (2010). For the 
comparisons between the canopy parameters before 
and after logging, we choose the Wilcoxon signed rank 
non-parametric test, because of the small number of 
repetitions and non-normal distribution of the data.

To verify the existence of a relation between the 
horizontal structure and the structure of the canopy 
before and after logging, we used Pearson correlations. 
In each correlation analyses we used a horizontal structure 
variable (basal area or density) and a canopy variable 
(CO, LAI or fAPAR). To determine the interference of 
the logging intensity on the canopy structure, we used 
a simple linear regression containing the percentage 
of basal area or density felled as independent variables 
and the canopy parameters after logging as dependent 
variables. All analyses were performed using the R 
environment, with significance of p = 0.05.

3. RESULTS

The average forest CO increased from 8.4% before, 
to 21.6% after logging (Figure 3a), which resulted in 
statistically significant difference (W = 45; n = 9; p < 0.01). 
The same way, the reduction from 0.93 to 0.81 in fAPAR 
was statistically significant (W = 45; n = 9; p < 0.01, 

Figure 3. (a) Canopy Opening (CO), (b) Leaf Area Index (LAI) and (c) fraction of absorbed photosynthetically 
active radiation (fAPAR) before and after logging in a secondary forest in the northwest of Santa Catarina.
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Figure 3c). The average LAI reduction, from 5.3 to 4.5, 
was not significant at the tested level in a first analysis 
(W = 37; n = 9; p = 0.09), however, the difference 
becomes significant when we exclude an outlier value 
from the analysis (W = 32; n = 8; p = 0.05, Figure 3b). 
This outlier value was derived in part from the presence 
of understory individuals just above the camera lens 
in some of the photographs in the EP, which caused 
an unrealistic increase in LAI. We chose to present 
the results with and without this value.

Both CO and fAPAR showed bigger data dispersion 
after logging (Figure 3). CO had a standard deviation of 
1.8% before logging and 5.8% after the operation, and 
fAPAR had 0.016 and 0.051, respectively. On the other 
hand, LAI presented less dispersed data after logging, 
with a standard deviation of 5 and 4.5 before and after 
logging, respectively. None of the canopy parameters 
showed a statistically significant correlation with the forest 
horizontal structure before or after logging (Table 2). 
Before logging, CO had a moderate correlation with the 
forest basal area, but the relation was not significant at 
the tested level (p = 0.1). LAI and fAPAR had weaker 

correlations, especially after logging. The correlations 
with forest density were more consistent among the 
canopy parameters before logging, presenting similar 
values, although very low. After logging, CO and fAPAR 
increased their correlation with the forest tree density, 
but still not significant at the tested level.

The logging intensity, described by the percentage 
of trees extracted, presented a statistically significant 
coefficient of determination for CO and fAPAR (Figure 4).

About 41% of the CO and 35% of fAPAR variation 
after logging were explained by the intervention intensity. 
Contradictorily, LAI did not show a significant relation 
with the logging intensity, even with the outlier value 
exclusion. The logging intensity described by the 
percentage of basal area extracted was not successful in 
explaining the canopy structure variation after logging 
(data not shown), that is, no regression presented a 
statistically significant coefficient of determination at 
the tested level. Figure 5 shows the interactions between 
the logging intensity (number of trees and basal area) 
and the canopy architecture after the intervention in 
the experimental plots.

Figure 4. Relation between (a) CO (canopy opening), (b) LAI (leaf area index) and (c) fAPAR (fraction of absorbed 
photosynthetic active radiation) after logging and logging intensity (% of trees felled, L) in a secondary forest 
northwest Santa Catarina. Values of LAI excluding the outlier.

Table 2. Correlation coefficient between basal area (G), density (N) and the canopy parameters in a secondary forest 
before and after the logging in northwest Santa Catarina.

G (m2ha-1) N (tree.ha-1)
Before After Before After

r ρ r ρ r ρ r ρ
CO -0.58 0.1 -0.14 0.71 0.17 0.66 -0.59 0.09
LAI 0.27 0.47 0.24 (0.23) 0.52 (0.57) 0.11 0.76 0.12 (0.26) 0.75 (0.53)

fAPAR 0.17 0.67 0.13 0.74 0.25 0.52 0.59 0.09
Values between brackets represent the correlation excluding the outlier.
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4. DISCUSSION

Canopy architecture can be used to identify degradation 
gradients, and link forest structure to environmental 
parameters (e.g. Pfeifer  et  al., 2016; Pfeifer  et  al., 
2018), in addition to have a strong influence in forest 
microclimate (Hardwick et al., 2015). Our results before 
logging showed low data dispersion in both CO and 
fAPAR, but, contradictorily, LAI showed great data 
dispersion. If the first two parameters suggest a more or 
less homogeneous light environment inside the forest, 
the third one suggests the existence of a heterogeneous 
distribution of canopy openings. The results demonstrate 
the inherently complex architecture of tropical forest 
canopies, and all three variables are coherent with 
preliminary results from the Santa Catarina Forest 
Inventory, that shows values of CO varying between 
3.5% and 26.1% for secondary rainforests. After logging, 
we observed an inversion of this pattern, with CO and 
fAPAR showing an increase in data dispersion and a 
decrease in LAI dispersion. This change represents the 
variation in logging intensities applied, which created 
areas with very high CO and areas that retained a CO 
similar to the pre-logging state. In counterpoint, the 
decrease of tree layers and simplification of the vertical 
structure of the forest causes a consequent decrease 
in LAI dispersion.

The study area operational and topographic 
conditions favor the appearance of impacts from the 

logging. The absence of RIL techniques, high logging 
intensity and rugged relief, have potential to increase 
the magnitude of the impacts generated by the 
intervention (Van Der Hout, 1999; Guitet et al., 2012). 
Besides representing a relevant part of the remaining 
tropical forests, very little is known about secondary 
forests management, even less about its impact on the 
canopy architecture, making it difficult to compare 
our results with other forest management sites. Even 
so, our CO measurements after logging was similar to 
those observed in forest management areas in mature 
tropical forests, which generally occur in flatter areas 
and applies much lower logging intensities using 
Reduced Impact Logging techniques (Van Der Hout, 
1999; Guitet et al., 2012). Much of this similarity can 
be explained by the difference in size of the trees felled 
on both situation; while in our site we felled a large 
number of small trees, in primary forests it is usually 
felled a small number of large trees. The size of the tree 
felled has an obvious positive relation with the CO, 
even though in our site this relation was supplanted 
by the high logging intensity.

The logging intensity had an influence on the 
CO variation after the intervention, confirming what 
was observed in other management areas, that higher 
intensity logging produces larger canopy openings 
(Van Der Hout, 1999; Guitet et al., 2012). In areas with 
logging intensity and spatial distribution controlled, 
Van Der Hout (1999) observed a correlation coefficient 

Figure 5. Interaction between logging intensity (percentage) and canopy architecture (fAPAR values transformed to 
percentage, for better visualization) after the intervention on the EP in a secondary forest northwest Santa Catarina.
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as high as R2 = 0.92, showing a clear relation between 
intensity, in this case basal area felled, and CO after the 
intervention. In our study, only the number of trees 
felled had a significant determination coefficient on the 
variation in CO, while the basal area was not significant. 
An explanation for this result is the accounting in 
the logging intensity of trees from the understory, 
which make a large part of the felled trees (Figure 1), 
but represent only a small portion of the total basal 
area. Although the reduced DBH and crown, these 
individuals may cause a considerable influence on CO 
and, this way, weaken its relationship with the basal 
area and strengthen with the number of trees felled.

Factors such as the spatial distribution, size and 
architecture of felled trees also influence the canopy 
openness. In the study area, we observed a high variation 
on the spatial distribution and on the sizes of the 
felled trees, which contributed to the large variation 
in CO after the intervention, as can be observed in 
Figures 3 and 5. In areas with concentration of marked 
trees for logging, for example, a clearing opened by the 
felling of a tree can be used for the felling of others, 
not causing more canopy opening. This situation was 
quite common in the study area because of the high 
density of trees felled. In addition, trees with the same 
basal area can cause damages to distinct extensions, 
depending on the shape and size of its crown. These 
added factors influence negatively on the correlation 
between logging intensity and CO after the intervention. 
Our methodology did not allow us to measure variables 
such as crown size or felling location and direction 
of individual trees. The hilly terrain and small area of 
the farm did not allow for bigger and more numerous 
EPs. These added factors also decrease our capability 
to capture the relationship between logging intensity 
and changes in the canopy structure and must be taken 
into account when interpreting the results of the study.

Logging intensity had influence on fAPAR, but it 
did not have on LAI. We expect this result analyzing 
the data dispersion of the variables after logging. It is 
possible to observe a decreasing tendency in LAI 
with higher logging intensities, but not enough to be 
statistically significant at the level tested. We suspect 
there are two main causes influencing this result: the 
large heterogeneity of LAI before logging, and the lack 
of slope correction in LAI estimation. In terrains with 
rugged and variable relief, like in our study site, the 
slope can play an important role in LAI estimation 
(Walter & Torquebiau, 2000), potentially masking 

the results. Nevertheless, we believe that with more 
repetitions and/or larger plots we would get a similar 
result as the other variables.

The absence of correlation of these parameters 
with the forest horizontal structure may be a reflection 
of the high biodiversity and consequent variety in 
architectures and arrangements of a tropical forests 
canopy. The increased CO and decreased LAI caused by 
the logging increases the luminosity and temperature and 
decrease the humidity in the understory (Hardwick et al., 
2015), as well as decrease the CO2 absorption rates 
(Miller  et  al., 2011). These changes, however, tend 
to be reversed in the first years after logging, due to 
the quick colonization of clearings and high growth 
rates observed on the regeneration (Medjibe  et  al., 
2011). Moreover, the greater heterogeneity in the 
forest microclimate created by the different logging 
intensities allows different groups of species to colonize 
these areas, and, as a side effect, can create an increase 
in local biodiversity (Karsten et al., 2013).

From a management point of view, it is important to 
determine a maximum logging intensity to increase the 
productivity without bringing the forest back to an initial 
stage. The strong influence the canopy architecture has 
on the forest microclimate, and the influence the logging 
intensity has on the canopy, allow us to suggest an ideal 
logging intensity for the desired light conditions in the 
understory. In the area, the increase in canopy opening 
causes an increase in pioneer species regeneration, with 
CO as low as 20% already showing a considerable effect 
on the pioneer’s density (data not shown). In terms of 
logging intensity, this means that limiting the logging 
to 30% in both basal area and density (see Figure 5) 
may hold the pioneer species colonization and favor 
the secondary species regeneration with the increase 
in light availability in the understory.

5. CONCLUSIONS

The main conclusions of our study are: the canopy 
parameters were not correlated to the forest horizontal 
structure before or after logging; CO significantly 
increases, and fAPAR decreases, after logging according 
to the logging intensity; LAI decreases after logging, 
but its link with the logging intensity is weaker than 
the others. We suggest a conservative maximum 
logging intensity of 30% of the basal area and density, 
in order to keep the CO low enough to not induce an 
over-colonization of pioneer species.
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The study provides a baseline of impacts caused 
by the logging operation on the canopy architecture. 
The monitoring of the area will allow us to verify 
the dynamics of the canopy architecture in the years 
following the intervention and clarify the ecological 
consequences of the impacts and the level of impact 
that is acceptable for a given sustainability goal.
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