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Sapele, pine, limba, iroko, beech, and oak wood species are important 
species used indoors and outdoors, as supplied by furniture companies. It 
is known that the color changes in wood material when exposed to the 
external environment. This is an important factor for the outdoor use of 
wood material. In this study, the color parameters of Scotch pine (Pinus 
sylvestris L.), oriental beech (Fagus orientalis L.), limba (Terminalia 
superba Engl. et Diels), sapele (Entandrophragma cylindricum), sessile 
oak (Quercus petraea L.), and iroko (Milicia excelsa) wood species, which 
are used in both indoor and outdoor woodworking industries in Van city, 
Turkey were investigated after exposing them to natural weather 
conditions for 9 months in outdoor conditions. Each type of wood exhibited 
a different color behavior in outdoor conditions. In sapele and limba wood 
species, b* and a* values increased and L* values decreased with 
increasing weathering time. It was observed that ∆E* increased with 
increasing time of exposure in all tree species. At the end of 9 months of 
weathering, the highest ∆E* value was determined in pine wood, followed 
by beech, sapele, limba, iroko, and oak wood species, respectively. 
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INTRODUCTION 
 

When products, such as terraces, fences, garden furniture, facades, flooring, etc. are 

used outdoors, they are exposed to snow, rain, sunlight, intense changes in humidity and 

temperature, as well as photochemical and biological processes (Roux et al. 1988).  

Weathering is the general term used to describe the slow degradation of materials 

when exposed to combinations of ultraviolet (UV) light and rainfall. It can be affected by 

various factors such as biological factors, of cyclic wetting and drying, sunlight, humidity, 

hot/cold, wind, or air pollutants (Williams 2005; Kropat et al. 2020). The surface 

deterioration that occurs when wood is used outdoors, and above ground is called 

weathering. Weathering should not be confused with decay caused by microorganisms. For 

example, Basidiomycete fungi can significantly reduce the strength of structural timber 

(Feist 1990).  

During decomposition in wood, chromophoric groups can absorb ultraviolet (UV) 

light to form free radicals that can react with oxygen and cause surface changes in wood 

(Lin and Kringstad 1970). It is well known that natural untreated wood is susceptible to 

environmental degradation caused by weather conditions, such as temperature, solar 

radiation (infrared light and UV) (Vitt et al. 2020), moisture (dew, snow, rain, etc.), and 
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oxygen (Feist et al. 1990). Unlike other kinds of degradation, weathering only affects the 

surface of the wood (Hartwig 2018). 

Lignin degradation implies the production of free radicals (Evans et al. 2002)  that 

degrade lignin as well as affecting the composition of wood, hemicellulose, and cellulose 

(Evans et al. 1996). Weathering is a type of natural degradation of wood when exposed to 

sunlight (or UV) (Mohebby and Saei 2015) in addition to wetting. Weathering of wood is 

a degradation process involving a complex series of reactions (Rowell 2005). 

The natural weathering process often causes discoloration (Budakçı and 

Karamanoğlu 2014), physical deterioration of the wood surface, and loss of paint-holding 

properties. The change in color is the first obvious indicator of chemical changes in wood 

during weathering (Jirous-Rajkovic et al. 2004). Rich colors have made wood aesthetically 

appealing in buildings, furniture, and other items (Surminski 2007; Karamanoğlu and 

Kaymakçı 2018). Color has an impact on the aesthetic properties of wooden surfaces 

(Karamanoğlu and Akyıldız 2013), and color changes affect everyone’s perception of 

wooden building materials (Schnabel et al. 2009). 

In this study, surface changes in sapele, pine, limba, iroko, beech, and oak wood 

species used in indoor and outdoor woodworking industrial establishments were examined 

after exposure to natural weathering conditions for 9 months under outdoor environmental 

conditions in the Van province, Turkey. Thus, the interaction of six different tree species, 

which have not been investigated before in the literature, with outdoor conditions in Van 

province (38.562354°N; 43.292386°E, 1726 m altitude) and their behavioral color 

characteristics in the outdoor environment were determined. 

 

 
EXPERIMENTAL 
 

Obtaining Wood Samples  
 The test material was obtained from a commercial enterprise in Bursa/İnegöl 

district in first class quality with dimensions 85 × 300 × 25 mm. Scotch pine (Pinus 

sylvestris L.), limba (Terminalia superba Engl. et Diels), sapele (Entandrophragma 

cylindricum), sessile oak (Quercus petraea L.), iroko (Milicia excelsa), and oriental beech 

(Fagus orientalis L.), wood species, which are frequently used in furniture, joinery, 

building materials, and manufacturing industries, were selected. The samples were 

randomly selected, knot-free, crack-free, straight fiber, test sample surfaces were taken 

from radial sections and were prepared in accordance with TS ISO 13061-1 (2021).  

 

Natural Weathering 
The outdoor weathering test was completed in a total of 9 months between 

28.06.2022 and 28.03.2023 in the city of Van (38.562354°N; 43.292386°E, 1726 m 

altitude), located in the east of Turkey. In Van province, the daily average sunshine 

duration is 7.9 h, the annual average temperature is 9.4 °C, the minimum temperature (-

28.7 °C) and the maximum temperature (37.5 °C) (MGM 2023/ https://tr.weatherspark. 

com/). The samples were positioned outdoors, facing south, at 45° inclination, and at a 

height of one meter from the ground according to the ASTM D1641 (2004) standard. These 

samples were subjected to technical drying at a temperature of 20 °C ± 2 °C with a relative 

humidity of 65% ± 3% to achieve an air-dried moisture content of 12%, as per TS ISO 642 

554 (1997). 
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Determination of Optical Properties 
A CS-10 (CHNSpec Technology Co., Ltd., Hangzhou, China) brand colorimeter 

for measuring color with the CIE L*a*b* system device was used [Illumination system: 8 

d (8°/diffused illumination), CIE D65 light source, CIE 10° standard observer] via ASTM 

D 2244-3 (2007) method (Ayata et al. 2021a,b). Changes in color parameters were 

determined after 3, 6, and 9 months of exposure. 

Analysis usually consists of characterizing a trivariate color. These are: -a*: green, 

+a*: red, L*: lightness, -b*: blue +b*: yellow component (AATCC 1997; MacDougall 

2001; Bristow 2009). Color difference formulas are commonly used to evaluate the color 

difference between two samples (Wang et al. 2012). The following Eqs. 1 through 8 were 

used to calculate the color change (Ayata et al. 2018): 

Hue (ho) angle = [arctan (b*/a*)]       (1) 

Chroma (C*) = [(a*)2 + (b*)2]0.5       (2) 

Δa* = a*weathered - a*control        (3) 

Δb* = b*weathered - b*control        (4) 

ΔL* = L*weathered - L*control       (5) 

ΔC* = C*weathered - C*control]       (6) 

ΔE* = [(Δa*)2 + (ΔL*)2 + (Δb*)2]0.5       (7) 

∆H* = [(∆E*)2 - (∆C*)2 - (∆L*)2]0.5       (8) 

 

Statistical Analysis 
The obtained data were evaluated in a SPSS program (Sun Microsystems, Inc., 

Santa Clara, CA, USA), and the percentage (%) change rates, minimum and maximum 

values, homogeneity groups, standard deviations, and variance analyzes belonging to the 

tests were calculated. 

 
RESULTS AND DISCUSSION 
 

Color measurement results before and after natural weathering for all tree species 

b*, L* and a* are given in Table 1, and h° and C* are given in Table 2. In oak, L* values 

first increased during weathering and decreased at the end of weathering. The a* and b* 

showed an opposite process to the L* value. While those values decreased in the 3- and 6-

month periods of weathering, they increased in the 9-month period. While L* values 

decreased (from 79 to 61), a* (from 9 to 17) and b* (from 26 to 39) values increased after 

weathering in pine wood. In beech wood, L* values increased in the 3-month period of 

weathering and decreased towards the last periods. The a* and b* values showed the 

opposite situation. After weathering, they first decreased and then increased. L* values 

increased with increasing weathering time in sapele wood. Values of b* and a* first 

increased and then decreased. In limba wood, L* values decreased, b* and a* values 

increased by natural weathering. In iroko wood, L* values first decreased and then 

increased compared to control samples. An opposite situation was observed for a* and b* 

values (Table 1). The changes in the a* parameter are mainly related to the changes in the 

chromophoric groups in the extractives (Oberhofnerová et al. 2017). The UV light can able 

to penetrate deep into the wood, causing degradation of the lignin. At that point, lignin 
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degradation products can be leached out by rainfall. This process can repeat itself in 

multiple cycles, such that a substantial layer of the surface of the wood becomes depleted 

of lignin. At that point, the surface will be rich in cellulose, which is not bothered by UV 

light at all. The cellulose will tend to scatter incident light of all wavelengths. (Kropat et 

al. 2020). 

 

Table 1. Results of the b*, L*, and a* Values Testing of All Wood Species 

Test 
Weathering 

Time 

Sessile Oak Scotch Pine 

Mean SD HG % Mean SD HG % 

L* 

Control 62.78 1.77 C - 79.79 0.92 A* - 

3 months 67.08 1.02 B ↑6.85 65.93 2.29 B ↓17.37 

6 months 69.04 1.71 A* ↑9.97 63.05 1.66 C ↓20.98 

9 months 55.38 1.32 D** ↓11.79 61.53 0.94 D** ↓22.89 

a* 

Control 12.24 0.58 B - 9.57 0.63 D** - 

3 months 8.92 0.54 C ↓27.12 11.08 1.78 C ↑15.78 

6 months 7.80 0.32 D** ↓36.27 13.24 0.84 B ↑38.35 

9 months 16.13 0.46 A* ↑31.78 17.32 0.22 A* ↑80.98 

b* 

Control 25.24 0.67 B - 26.70 0.88 C - 

3 months 21.11 1.07 C ↓16.36 25.60 3.10 C** ↓4.12 

6 months 18.43 0.60 D** ↓26.98 29.49 1.68 B ↑10.45 

9 months 37.19 1.10 A* ↑47.35 39.55 0.77 A* ↑48.13 

Test 
Weathering 

Time 
Oriental Beech Sapele 

Mean SD HG % Mean SD HG % 

L* 

Control 66.70 1.89 B - 36.56 1.46 D** - 

3 months 69.68 0.85 A* ↑4.47 38.30 0.57 C ↑4.76 

6 months 62.10 0.67 C ↓6.90 49.41 0.63 B ↑35.15 

9 months 59.56 0.73 D** ↓10.70 53.34 1.22 A* ↑45.90 

a* 

Control 12.10 0.64 C - 16.76 0.86 B - 

3 months 6.78 0.22 D** ↓43.97 19.10 0.49 A* ↑13.96 

6 months 16.52 0.19 B ↑36.53 9.39 0.44 C ↓43.97 

9 months 17.56 0.18 A* ↑45.12 7.01 0.36 D** ↓58.17 

b* 

Control 23.35 1.29 C - 22.20 1.00 B - 

3 months 17.32 0.74 D** ↓25.82 27.64 0.53 A* ↑24.50 

6 months 37.33 0.51 B ↑59.87 18.85 1.04 C ↓15.09 

9 months 42.29 1.03 A* ↑81.11 14.63 0.73 D** ↓34.10 

Test 
Weathering 

Time 

Limba Iroko 

Mean SD HG % Mean SD HG % 

L* 

Control 74.29 1.34 A* - 50.45 2.15 C - 

3 months 73.30 0.86 B ↓1.33 49.21 0.86 C** ↓2.46 

6 months 70.67 0.72 C ↓4.87 54.27 1.44 B ↑7.57 

9 months 69.69 0.98 D** ↓6.19 61.22 2.23 A* ↑21.35 

a* 

Control 7.90 0.73 C** - 12.72 0.72 B - 

3 months 12.13 0.52 B ↑53.54 14.34 0.30 A* ↑12.74 

6 months 13.05 0.56 A ↑65.19 10.28 0.69 C ↓19.18 

9 months 13.33 0.41 A* ↑68.73 7.38 0.80 D** ↓41.98 

b* 

Control 21.92 1.14 D** - 24.96 0.76 B - 

3 months 33.64 0.99 C ↑53.47 29.98 0.66 A* ↑20.11 

6 months 35.00 1.18 B ↑59.67 19.84 1.68 C ↓20.51 

9 months 36.14 0.79 A* ↑64.87 15.59 1.23 D** ↓37.54 

HG: Homogeneity group, SD: Standard deviation, N: Number of measurements,  
For the HG column *: Highest value, **: Lowest value 
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Wood materials of black locust, oak, maple, alder, and poplar were exposed to 

outdoor environmental conditions for 3-, 6-, 12-, and 24-months by Kubovský et al. (2018). 

According to the results, at the end of the 3rd month, L* values increased in oak wood and 

decreased in maple, alder, poplar, and black locust wood species. In addition, it was 

reported that a* values decreased in maple, alder, and oak wood species, increased in 

poplar and black locust wood species. Values of b* decreased in oak, black locust and alder 

wood species, and increased in poplar and maple wood species. In the natural weathering 

study conducted by Ayata (2022), it was reported that while L* and a* parameters 

decreased, h°, C*, and b* parameters increased in red pine wood. The reason for the 

decrease in L* can be attributed to the increase in the surface oxidation degree of the 

weathered samples (Evans et al. 1996). 

 

Table 2. Results of the ho and C* Values Testing of All Wood Species 

Test  
Weathering 

Time  
Sessile Oak  Scotch Pine  

Mean  SD HG % Mean  SD HG % 

C* 

Control  28.06 0.83 B - 28.37 1.03 C - 

3 months 22.91 1.19 C ↓18.35 27.90 3.55 C** ↓1.66 

6 months  20.02 0.66 D** ↓28.65 32.32 1.85 B ↑13.92 

9 months  40.54 1.17 A* ↑44.48 43.18 0.77 A* ↑52.20 

ho 

Control  64.15 0.61 C** - 70.29 0.67 A* - 

3 months 67.11 0.29 A* ↑4.61 66.70 0.90 B ↓5.11 

6 months  67.06 0.36 A ↑4.54 65.33 1.64 C** ↓7.06 

9 months  66.55 0.30 B ↑3.74 66.35 0.29 B ↓5.61 

Test  
Weathering 

Time  

Oriental Beech Sapele 

Mean SD HG % Mean SD HG % 

C* 

Control  26.30 1.42 C - 27.82 1.08 B - 

3 months 18.60 0.75 D** ↓29.28 33.60 0.63 A* ↑20.78 

6 months  40.83 0.53 B ↑55.25 21.06 1.10 C ↓24.30 

9 months  45.79 1.01 A* ↑74.11 16.23 0.77 D** ↓41.66 

ho 

Control  62.61 0.51 D** - 52.94 1.52 C** - 

3 months 68.61 0.63 A* ↑9.58 55.36 0.60 B ↑4.57 

6 months  66.13 0.13 C ↑5.62 63.50 0.67 A ↑19.95 

9 months  67.44 0.32 B ↑7.71 64.40 0.95 A* ↑21.65 

Test  
Weathering 

Time  

Limba Iroko 

Mean SD HG % Mean SD HG % 

C* 

Control  23.30 1.31 D** - 27.93 0.73 B - 

3 months 35.76 1.11 C ↑53.48 33.24 0.71 A* ↑19.01 

6 months  37.35 1.28 B ↑60.30 22.34 1.81 C ↓20.01 

9 months  38.52 0.87 A* ↑65.32 17.25 1.44 D** ↓38.24 

ho 

Control  70.21 0.83 A* - 63.35 0.94 B - 

3 months 70.17 0.29 A ↓0.06 64.48 0.28 A ↑1.78 

6 months  69.55 0.38 B** ↓0.94 62.67 0.64 B** ↓1.07 

9 months  69.75 0.24 AB ↓0.66 64.71 0.94 A* ↑2.15 

HG: Homogeneity group, SD: Standard deviation, N: Number of measurements;  
For the HG column *: Highest value, **: Lowest value 

 
The results of the total color differences calculated for all wood species are shown 

in Table 3. According to these results, it is apparent that ∆E* values increased with 

increasing weathering time (from 3-months to 9-months) in all wood species. At the end 

of 9-months, the highest ∆E* value was obtained in pine (23.63) wood, followed by beech 

(20.96), sapele (20.83), limba (15.90), iroko (15.24), and oak (14.58). It can be said that 
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different results were obtained because of the different anatomical properties of wood 

species. The action of solar radiation, air humidity, and air oxygen provides oxidation of 

lignin, resulting in the formation of chromophoric groups that give the wood surface a dark 

color (Williams 2005) In outdoor conditions with different humidity levels, fungal 

colonization may be the cause, which usually darkens the wood or gives it a dull blue hue 

(Kropat et al. 2020). Understanding of the weathering process contributes to degradation 

behavior and affects the use of materials (Zhang et al. 2022). In the natural weathering 

study conducted by Ayata (2022), ΔE* values were determined as 10.60, 10.58, and 11.65 

at the end of the 1st, 2nd, and 3rd months, respectively, in red pine wood. Wood is known as 

a good light absorber. Visible light penetrates to approximately 200 µm and UV light to 

approximately 75 µm. It initiates photochemical reactions, primarily in lignin. It causes 

photo-degradation and photo-discoloration of cell wall polymers (Hon 1991). It has been 

reported (Oberhofnerová et al. 2017). It was reported by Bobadilha et al. (2021) that b*, 

a*, and L* values decreased at the end of the 3rd month of natural weathering applied on 

large sea fir (Tsuga sp. and Abies sp.) wood. On the other hand, the obtained different 

results regarding the color values of similar woods in different studies may be due to the 

average humidity of the weathering condition and the height of the sea level (1726 m). 

 
Table 3. Results for Total Color Differences 

Wood Type Weathering  ΔL* Δa* Δb* ΔC* ΔH* ΔE* 

Oak  

3 months 4.31 -3.32 -4.14 -5.14 1.31 6.83 

6 months  6.26 -4.44 -6.81 -8.04 1.21 10.26 

9 months  -7.39 3.89 11.95 12.48 1.43 14.58 

Pine  

3 months -13.87 1.50 -1.10 -0.47 1.80 13.99 

6 months  -16.74 3.67 2.79 3.96 2.37 17.37 

9 months  -18.26 7.75 12.85 14.81 2.40 23.63 

Beech  

3 months 2.98 -5.32 -6.03 -7.70 2.33 8.58 

6 months  -4.59 4.42 13.98 14.53 1.99 15.37 

9 months  -7.14 5.46 18.94 19.49 2.93 20.96 

Sapele  

3 months 1.73 2.34 5.45 5.78 1.31 6.18 

6 months  12.84 -7.38 -3.35 -6.77 4.45 15.18 

9 months  16.78 -9.76 -7.57 -11.59 4.24 20.83 

Limba  

3 months -0.99 4.23 11.72 12.46 0.33 12.50 

6 months  -3.62 5.15 13.08 14.05 0.47 14.52 

9 months  -4.60 5.43 14.22 15.22 0.39 15.90 

Iroko  

3 months -1.23 1.62 5.02 5.31 - 5.42 

6 months  3.82 -2.45 -5.13 -5.59 1.01 6.85 

9 months  10.77 -5.34 -9.37 -10.68 1.51 15.24 

 
 
CONCLUSIONS 
 

The following conclusions were derived from this study: 

1. In univariate analysis, the weathering factor of all wood species was determined to be 

significant.  

2. Darkening was obtained at the end of weathering in all wood species that were naturally 

weathered. According to the findings, wood species with different anatomical 

structures showed different results. During weathering, each type of wood exhibited a 

different behavior, especially with UV light. 
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3. Outdoor conditions have had a modifying effect on wood materials. Rates of change 

varied every 3 months. 

4. With increasing weathering time, L* values decreased, b* and a* values increased in 

limba and sapele wood species. 

5. It was observed that the ∆E* values increased with increasing weathering time in all 

wood species. 

6. At the end of 9-months, the highest ∆E* value was obtained in pine wood, followed by 

beech, sapele, limba, iroko, and oak, respectively. 
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