
1 

 

Microclimate for Cryptomeria japonica seedlings in treeshelters  1 

 ̶ Mitigation of severe condition by seedling transpiration ̶ 2 

Reiji Yonedaa*, Tatsuya Otania, Tetsuto Abeb and Haruto Nomiyab  3 

a Shikoku Research Center, Forestry and Forest Products Research Institute, Kochi, 4 

Japan; b Kyushu Research Center, Forestry and Forest Products Research Institute, 5 

Kumamoto, Japan 6 

 7 

 8 

 9 

 10 

 *corresponding author: Reiji Yoneda, joneda@affrc.go.jp, Shikoku Research Center, 11 

Forestry and Forest Products Research Institute, 2-915 Asakura-nishi, Kochi, 780-8077, 12 

Japan 13 

 14 

15 



2 

 

Microclimate for Cryptomeria japonica seedlings in treeshelters 16 

  ̶ Mitigation of severe condition by seedling transpiration ̶ 17 

We studied the microclimate inside treeshelters to examine how they affected 18 

growth of Japanese cedar (Cryptomeria japonica) seedlings in western Japan. Air 19 

temperature (T), relative humidity (RH), and photosynthetic active radiation 20 

(PAR) were measured inside and outside of commonly used design of tubular 21 

treeshelters made of translucent polypropylene at a nursery throughout a year. 22 

Vapor pressure deficit (VPD) was calculated from T and RH data. Results 23 

indicated that the inside T and VPD above the seedling foliage were extremely 24 

higher than ambient air. However, T within the seedling foliage showed 2.7 °C 25 

higher than ambient T even though 10.3 °C higher above the foliage in August. 26 

The VPD within seedling foliage was lower than ambient VPD in summer, and 27 

increased with decreasing RH when the precipitation was low. Microclimate in 28 

an empty treeshelter showed higher T and VPD than those in treeshelter with 29 

seedling. These results indicated that high T and VPD were mitigated by 30 

transpiration from needle leaves of seedling, and Japanese cedar seedlings could 31 

grow in treeshelters at sufficient water supply.  32 

 33 

Keywords; air temperature, relative humidity, vapor pressure deficit, 34 

photosynthetic active radiation, weather condition 35 
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Introduction 37 

Treeshelter, a long plastic tube covering a single seedling, was mainly developed 38 

in Europe, especially in England (Potter 1991), and applied to various sites to reduce 39 

browsing damages by herbivores on planted seedlings since the 1970s (Potter 1991; 40 

Kerr 1996). The physical protection by treeshelters decreased the browsing damages by 41 

herbivores (Tuley 1985; Gillespie and Rathfon 1996; Sharpe et al. 1999), and their 42 

installation also enhanced seedling survival and growth (Tuley 1985; Potter 1991; 43 

Sharpe et al. 1999; Barton et al. 2015). In Japan, treeshelters were introduced to the 44 

forestry sector in the 1990s (Nakagawa 1996; Nakamura and Amikura 1998), however, 45 

in the western Japan, some reforestation sites protected by treeshelters received severe 46 

damages while some other treesheltered sites showed good performance (Nomiya et al. 47 

in press). 48 

Treeshelters in the previous studies had diverse specifications on materials 49 

(Sharpe et al. 1999; Maruyama 2001; Devine and Harrington 2008; Oliet et al. 2019), 50 

height (Mayhead and Boothman 1997; Bellot et al. 2002; Chaar et al. 2008), and 51 

ventilation hole (Bergez and Dupraz 2000; Chaar et al. 2008). Such differences in 52 

specifications might affect the failure and success of the installation of treeshelters as 53 

well as differences in environmental conditions. Treeshelters that were applied in 54 

plantations in semi-arid regions helped to maintain humidity around the seedlings, 55 

reducing transpiration and raising the boundary-layer resistance to water movement 56 

within the treeshelter (Kjelgren 1994; Bellot et al. 2002; del Campo et al. 2006). In 57 

contrast, some studies reported that treeshelter installation might increase seedling 58 

mortality due to high temperature (Skousen et al. 2013) and insufficient irradiance 59 

(Bardon et al. 1999). In addition, different seedling species showed different mortality 60 
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and growth responses even in the identical type of treeshelter (Burger et al. 1996; Jones 61 

et al. 1996). Therefore, it is necessary to clarify the species-specific responses in 62 

targeted treeshelter when we evaluate treeshelter installation (Bellot et al. 2002; 63 

Puértolas et al. 2010; Oliet et al. 2019). 64 

The previous studies have focused on the microclimate inside the treeshelter, 65 

measuring variations in light transmittance, air temperature (T), vapor pressure deficit 66 

(VPD), CO2 concentration, and ventilation effects, all closely related to plant gas 67 

exchange and growth. Some studies had confirmed that T and VPD showed higher in 68 

treeshelter than ambient condition (Potter 1991; Bellot et al. 2002; Devine and 69 

Harrington 2008). Excessively high T and VPD were confirmed inside treeshelter, and 70 

it was harmful for seedlings planted in high temperature environment with severe 71 

summer droughts (Kjelgren and Rupp 1997; Oliet and Jacobs 2007).  72 

Japanese cedar (Cryptomeria japonica) is one of popular timber species, and the 73 

planted seedlings were seriously suffered from sika deer (Cervus nippon) browsing in 74 

reforestation sites for a few decades (Masaki et al. 2017). Treeshelters are getting 75 

commonly used in Japanese cedar reforestation sites recently. However, there is still 76 

few studies of microclimate for the cylindrical polypropylene treeshelters that are 77 

commonly used recently in western Japan. In this study, we measured micro climate in 78 

treeshelter for a year-round term at a nursery. From these measuring, we discuss how 79 

the microclimate within treeshelters affected growth of Japanese cedar seedlings. 80 

 81 
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Materials and Methods 82 

Study site 83 

This study was conducted at a nursery of the Shikoku Research Center, Forestry 84 

and Forest Products Research Institute (FFPRI-Shikoku) in Kochi City, Shikoku Island, 85 

Japan (33° 32' 30" N, 133° 28' 33" E, 45 m above the sea level). The mean annual 86 

temperature and annual precipitation during the experimental period (March 2020 to 87 

February 2021) were 17.4 °C and 3144 mm, respectively (Kochi Local Meteorological 88 

Observatory, Japan Meteorological Agency 2021; Figure 1).  89 

 90 

Measuring microclimate in the treeshelter 91 

The treeshelters used in this experiment were circular tubes made of translucent 92 

white polypropylene, 140 cm tall and 10 cm in diameter, with a wall thickness of 0.4 93 

mm. The treeshelter had three ventilation holes of 18 mm diameter positioned at 20, 40, 94 

and 60 cm above the ground. Three Japanese cedar (C. japonica) seedlings were planted 95 

in an open area in 2018 and treeshelters were installed in March 2020. The mean height 96 

and basal stem diameter of the seedlings were 72.7 ± 2.1 cm (± SD) and 1.0 ± 0.1 cm 97 

before measuring microclimate, respectively. 98 

Air temperature (T) and relative humidity (RH) were measured at 10-min 99 

intervals using Ondotori RTR500 series devices (T&D Cooperation, Japan) from March 100 

2020 to February 2021. Three sensors were set at different heights: at 10 cm (below the 101 

seedling foliage), at 80 cm (above seedling foliage), and at 130 cm (near upper end of 102 

treeshelter) in each treeshelter. To avoid heating the sensors by sunlight, they were 103 

covered with a cylinder of plastic mesh (3 cm in diameter) with an aluminum roof. The 104 

sensors were placed at the center of the treeshelter using a stick at each height and held 105 
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horizontally. Vapor pressure deficit (VPD), more suitable indicator than humidity on 106 

physiological processes of plants (Potter 1991), was calculated from the following 107 

equations using simultaneous T and RH data: 108 

VPD = es(T) × (1–h/100) 109 

es(T) = 6.1078 × 10[7.5T/(T+237.3)] 110 

where es(T) is saturated water vapor pressure at air temperature T, and h is RH.  111 

During this study, the positions of the sensors remained unchanged. During 112 

experimental period, the seedlings grew in height, reaching 149.3 ± 8.3 cm (mean ± SD) 113 

in January 2021. The sensors at 80 cm height in treeshelter were covered by needle 114 

leaves of seedlings from July 2020. So, the sensor location changed gradually from 115 

‘above seedling foliage’ to ‘inside seedling foliage’. 116 

We compared the maximum T (Tmax) and VPD (VPDmax) among different 117 

weather conditions, such as sunny, cloudy and rainy days in summer, because previous 118 

study reported that direct sunlight to shelter wall affected air temperature in the 119 

treeshelter (Hisatake 1999). Sunny days were picked up from the meteorological data 120 

which recorded as ‘sunny’, ‘sunny and sometimes cloudy’ and ‘sunny and cloudy’ 121 

throughout a day by the Kochi Local Meteorological Observatory. Likewise, ‘cloudy’, 122 

‘cloudy and sometimes sunny’ and ‘cloudy and sunny’ were categorized as cloudy day; 123 

the data of ‘rain’, ‘rain and sometimes cloudy’, ‘rain and cloudy’, ‘heavy rain’ and 124 

‘heavy rain and rain’ as rainy day. We selected the data in June 2020, because we found 125 

the well-balanced number of sunny, cloudy and rainy days (4, 6 and 5 days, 126 

respectively). The data in July and August, when the ambient air temperature was high, 127 

were not selected for the comparison due to many rainy days in July and few cloudy and 128 

rainy days in August 2020 (Figure 1b). 129 
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In order to clarify effects of physiological activities of planted seedling, T and 130 

RH were measured in an empty treeshelter. The measuring was conducted at the same 131 

height to measuring in treeshelter with seedling. Ambient T and RH were measured at 132 

80 cm height.  133 

Photosynthetically active radiation (PAR, 400 ̶ 700 nm) was measured inside 134 

and outside treeshelter in summer (from August to September 2020) because light 135 

transmittance varied depending on the materials of the shelter wall (Sharpe et al. 1999). 136 

PAR was measured at 80 cm height inside and outside of the empty treeshelter by using 137 

PAR sensors (MIJ-14PAR Type 2/K2; Environmental Measurement Japan Co. Ltd.). To 138 

evaluate PARin:PARout ratio, PAR in clear sunny throughout daytime data was selected 139 

(21 September 2020) (Figure 6a). PAR data in 20 September 2020 was selected for 140 

cloudy because the weather was recorded as cloudy. 141 

During our measuring, we observed that air temperature at 130 cm height inside 142 

treeshelters was approximately 10 °C higher than the ambient air temperature even in 143 

the end of autumn (November 2020). To examine the reason of excessive air 144 

temperature increment in the treeshelter, we forcedly circulated the air inside a 145 

treeshelter with seedling, because many studies mentioned the importance of air 146 

circulation and ventilation for air temperature increment inside treeshelter (Swistock et 147 

al. 1999; Bergez and Dupraz 2000; Bellot et al. 2002; Bergez and Dupraz 2009). We set 148 

an electric fan of 10 cm diameter connected to DC 12 V battery (Bigfan120U; Timely 149 

Ltd.) on the top of the treeshelter for 2 consecutive sunny days (from 1 to 2 December 150 

2020). The fan was operated for 24 hours. Then we measured T and RH inside and 151 

outside treeshelter.  152 

 153 
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Results 154 

Seasonal change of microclimate inside and outside treeshelters 155 

The monthly means of daily maximum T (Tmax), minimum T (Tmin), minimum 156 

RH (RHmin), and maximum VPD (VPDmax) were shown in Figure 2. Seasonal change of 157 

the Tmax and Tmin in the treeshelters followed a trend similar to that of the ambient T 158 

(Tout) (Figure 2a, 2b). Tmax at a height of 130 cm in the treeshelter (Tmax-130) showed the 159 

highest values among measuring heights (Tmax-10, Tmax-80), and 8.2 ̶ 14.9 °C higher than 160 

the maximum ambient T (Tmax-out) throughout the year. The Tmax-130 showed the highest 161 

value in August 2020 (47.9 ± 1.8 °C (± SD), n = 93), and exceeded 30 °C even in winter 162 

(December 2020 and February 2021). Differences between the Tmax-80 and Tmax-out were 163 

significant in all months (t-test, p < 0.05), but the difference was only 2.7 °C in August 164 

2020 (Figure 2a). Tmin inside treeshelter were lower than ambient Tmin throughout the 165 

experimental period, but no significant difference was detected between inside and 166 

outside treeshelter (t-test, p > 0.05) (Figure 2b). Variation of Tmin was high in winter 167 

(ex. ̶ 7.6  ̶  10.2 °C in ambient Tmin in January 2021). The RHmin at 10 cm and 80 cm in 168 

treeshelter (RHmin-10, RHmin-80) were higher than ambient RHmin (RHmin-out) during the 169 

experimental period (t-test, p < 0.05) (Figure 2c). Difference between RHmin-130 and 170 

RHmin-out was not significant from March to September 2020 (t-test, p > 0.05) (Figure 171 

2c). The VPDmax at 130 cm height in the treeshelter (VPDmax-130) fluctuated parallel with 172 

the ambient VPDmax (VPDmax-out), with 0.9 ̶ 2.0 kPa higher than VPDmax-out and the 173 

maximum value (5.3 ± 0.8 kPa, n = 93) in August 2020 (Figure 2d). The VPDmax-80 174 

showed in similar values to VPDmax-130 at the beginning of measuring (March 2020), and 175 

fluctuated parallel with the VPDmax-10 (Figure 2d). In August 2020, remarkable 176 

increments of VPDmax were observed at all measuring heights.  177 
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The monthly means of the maxium RH and the minimum VPD showed almost 178 

100 % and 0 kPa at each measuring height throughout the measuring period, 179 

respectively.   180 

 181 

Microclimate in treeshelters under the different weather conditions 182 

In cloudy days, mean Tmax-130 reached 42.3 ± 3.8 oC and the value was not 183 

significantly different with Tmax-130 in sunny condition (Tukey’s HSD test, at α = 0.05 184 

level) (Figure 3a). Similar results were observed in Tmax-10 and Tmax-80 (Figure 3a). In 185 

rainy days, Tmax at each measuring height ranged from 25.0 ± 2.9 to 28.1 ± 5.2 oC and 186 

the values were not significantly different among the measuring points (Figure 3a).  187 

In similar to Tmax, means of VPDmax were not significantly different between 188 

sunny and cloudy days when we compared at the same measuring height, except for 10 189 

cm height inside the treeshelters (Figure 3b). In rainy days, the values were not 190 

significantly different among the measuring points (Figure 3b).  191 

 192 

Diurnal change of microclimate inside and outside treeshelters in summer 193 

Diurnal changes of T, RH and VPD in sunny and cloudy days in August 2020, 194 

when the ambient T (Tout) showed the highest value in the year (Figure 1), were shown 195 

in Figure 4. The number of the days recorded as sunny and cloudy in August 2020 were 196 

9 and 1 day, respectively. Diurnal change of each environmental factors showed small 197 

fluctuation in sunny days, and large in cloudy days. T at 130 cm height in treeshelters 198 

(T130) increased rapidly from 06:00 and exceeded 40 °C for more than 9 hours (07:50 to 199 

17:30) for both sunny and cloudy days (Figure 4a, 4b). The T130 was approximately 200 

10 °C higher than Tout, and recorded the maximum value as 47.4 ± 1.6 °C (n = 27) and 201 
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47.5 ± 0.8 °C (n = 3) in sunny and cloudy days, respectively (Figure 4a, 4b). T80 also 202 

increased from 06:00 and was 2 ̶ 3 °C higher than Tout during midday (Figure 4a, 4b). 203 

RH at 10, 80, and 130 cm height in treeshelter (RH10, RH80 and RH130) showed almost 204 

100 % during night time, and decreased rapidly from 06:00 until 09:00 (Figure 4c, 4d). 205 

RH10, RH80 and RH130 had less fluctuation in daytime, and the mean values in the 206 

midday (12:00 ̶ 14:00) were 55.0 ± 1.0, 71.3 ± 0.5 and 54.5 ± 0.4 % in sunny days, 207 

respectively (Figure 4c). The VPD at 130 cm height in treeshelter (VPD130) was the 208 

highest value among the measuring heights and the highest value was 5.0 ± 0.8 kPa (n = 209 

27) in sunny days. The VPD80 was the lowest value among the measuring heights and 210 

lower than VPDout (Figure 4e). The VPD80 increased until around 09:00 and then 211 

remained at around 2 kPa until 16:30. 212 

 213 

Microclimate inside treeshelters with and without seedling in summer 214 

At 80 cm height in an empty treeshelter, T and VPD were higher than those in 215 

treeshelters with seedling and the ambient condition in August 2020 (Figure 5a, 5c). 216 

The maximum T and VPD in empty treeshelter reached to 45.7 °C and 6.3 kPa, 217 

respectively. RH in no seedling treeshelter was lower than that in treeshelter with 218 

seedling and the ambient condition, and the value decreased until 36 % (Figure 5b) 219 

 220 

Light conditions inside and outside treeshelters 221 

Inside PAR (PARin) increased rapidly in parallel with ambient PAR (PARout) and 222 

reached 1100 µmol m−2 s−1, and remained around 1000 ̶ 1100 µmol m−2 s−1 during 223 

midday (Figure 6a). The ratio of PARin to PARout was 0.86 ̶ 0.94 from 07:30 to 08:20 224 

and around 0.6 during midday in the sunny day. In the cloudy day, PARin frequently 225 
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fluctuated in parallel with PARout, and reached approximately 800 µmol m−2 s−1 (Figure 226 

6b). Then the ratio of PARin to PARout was 0.51 ̶ 0.69 from 7:00 to 18:00. 227 

 228 

Air circulation effect on microclimate in treeshelter 229 

 During the electric fan activated on the top of the treeshelter, mean T10, T80 and 230 

T130 in midday (11:00 ̶ 14:00) were 18.6 ± 1.1, 21.5 ± 1.4 and 22.9 ± 1.8 °C, 231 

respectively. Mean T10, T80 and T130 in treeshelter without the fan in the midday of the 232 

same day were 22.5 ± 2.4, 26.0 ± 3.8 and 33.8 ± 2.6 °C, respectively. The ambient T 233 

was 19.3 ± 1.3 °C at that time. We confirmed that air temperature difference between 234 

inside and outside treeshelter decreased by the forced air circulation.   235 

 236 

Discussion 237 

PARin increased until 10:00 and kept less fluctuation around midday in sunny 238 

days (Figure 6a). Solar radiation angle to shelter wall decreased with increasing solar 239 

zenith angle, then relatively stable PAR might be occurred by decreasing light 240 

transmittance (Bergez and Dupruz 2009). Even in cloudy days, PAR in the treeshelter 241 

reached 800 µmol m−2 s−1 (Figure 6b). This PAR value almost reached light saturation 242 

point for photosynthesis on Japanese cedar (Kusano et al. 2007). So, sufficient sunlight 243 

irradiance reached to Japanese cedar seedlings located inside the treeshelter. 244 

Above seedling foliage inside the treeshelters, Tmax, RHmin, and VPDmax were 245 

always higher than the ambient values (Figure 2a, 2c, 2d). These results corresponded 246 

with the previous studies (Potter 1991; Kjelgren 1994; Kjelgren and Rupp 1997; Oliet 247 

and Jacobs 2007; Devine and Harrington 2008; Bergez and Dupruz 2009). After 248 

sunrise, PARin increased rapidly, in parallel with PARout with high light transmittance in 249 
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the morning in sunny day (Figure 6a). Air temperature increased rapidly inside 250 

treeshelter in the morning (Figure 4a). This result also corresponded with Bergez and 251 

Dupruz (2009) which reported that rapid increase of air temperature in morning might 252 

be influenced by the high transmittance of solar irradiation through shelter wall when 253 

the sunlight perpendicularly irradiated to the shelter wall from low solar zenith angle.  254 

Also, we observed the rapid temperature increment in the treeshelter even in cloudy 255 

days with lower light transmittance from low PAR. This result meant that scattered light 256 

and occasional direct light in cloudy days also increased the air temperature in the 257 

treeshelter.  258 

After warming the air in treeshelter, ventilation might affect thermal condition. 259 

Several studies reported that ventilation reduced increment of air temperature in 260 

treeshelter (Swistock et al. 1999; Bergez and Dupraz 2000; Bellot et al. 2002). The 261 

treeshelters used in this study had three ventilation holes at the lower part (from 20 to 262 

60 cm above the ground), but there were no holes in the upper part. In this study, we 263 

confirmed the decrease in air temperature inside the treeshelter due to the enhancement 264 

of air circulation by the electric fan. This result indicated that air temperature increment 265 

in the upper part of treeshelter might be caused by less air circulation even though the 266 

measured points (130 cm height) were near to the upper end of treeshelter. Bergez and 267 

Dupruz (2009) mentioned that seedling foliage offered significant resistance to air flow 268 

and degreasing ventilation rate in treeshelter. Thus, air retention might be one of the 269 

reasons for air temperature increment in the treeshelter. 270 

The Tmax in the upper part of the treeshelter was recorded as 47.9 °C in August 271 

2020 (Figure 2a). Extremely high air temperature affects the physiological processes in 272 

the plants. Thylakoid membranes are especially sensitive to heat. As air temperature 273 

rises, photosystem II is inhibited and then carbon metabolism becomes unbalanced 274 
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(Larcher 2003). In this study, the upper part of the seedling foliage was exposed to high 275 

temperature exceeding 40 °C for 9 hours in August (Figure 4a). These conditions might 276 

give heat stress on the photosynthesis of the Japanese cedar seedlings. This condition 277 

occurred in the treeshelters not only in sunny days but also in cloudy days (Figure 3, 4, 278 

6). It seemed severe condition for Japanese cedar seedlings to grow, as Negisi and Satoo 279 

(1961) reported that the photosynthetic rate of Japanese cedar rapidly decreased and the 280 

net assimilation rate was reduced to zero when air temperature exceeded 40 °C. 281 

However, Tmax-80 and VPDmax-80 in treeshelter did not increase remarkably in the 282 

seedling foliage (Figure 4a, 4b, 4e, 4f). Temperature difference between Tmax-80 and 283 

Tmax-out was only 2.7 °C in August 2020 and VPDmax-80 was lower than VPDmax-out from 284 

July to November 2020 (Figure 2a, 2c). In constant, Tmax-130 showed remarkably higher 285 

values than ambient air during the periods (Figure 2a, 2c). Kjelgren (1994) reported that 286 

air temperature in treesheltered seedling foliage showed intermediate values between 287 

the ambient and the inside treeshelter, and mentioned that leaf transpiration might affect 288 

decrease in temperature in treeshelter. Several studies have stated that transpirational 289 

cooling could effectively prevent overheating if sufficient water was available, with 290 

leaves remaining 4 ̶ 6 °C cooler and in extreme cases even 10 ̶ 15 °C cooler (Larcher 291 

2003). We confirmed that T and VPD in the empty treeshelter were higher than those in 292 

the treeshelter with seedling (Figure 5a, 5c). These results meant that Japanese cedar 293 

seedling reduced the increment of air temperature and VPD in a treeshelter. Even in 294 

August, the hottest month, the Tmax-80 remained below 40 °C in the seedling foliage 295 

(Figures 1a and 4a). Thus, increases in air temperature and VPD in the seedling foliage 296 

might be prevented by transpirational cooling.  297 

From September, the air temperature difference between Tmax-80 and Tmax-out 298 

increased, with the difference being 10 °C by January 2021 (Figure 2a). In Kochi City, 299 
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there tends to be high precipitation during summer and low precipitation during winter 300 

(Figure 1a). Previous studies reported that Japanese cedar did not change the water use 301 

efficiency under dry treatment, and tended to close their stomata to regulate 302 

transpiration and avoid drought-induced damage (Nagakura et al. 2004; Kenzo et al. 303 

2021). Low precipitation might affect stomatal opening and hence low transpiration on 304 

Japanese cedar seedling. Air temperature in the seedling foliage was higher than that in 305 

the ambient air in winter (Figure 2a), perhaps because transpirational cooling might be 306 

limited in drought conditions. Monthly precipitation was much lower in August 2020 307 

(92 mm month−1) than in July and September 2020 (952 and 455 mm month−1, 308 

respectively) (Figure 1a). This few precipitation in August might cause the decrement of 309 

RH and increment of T and VPD in August 2020 (Figure 2c, 2d). When drought 310 

conditions occur in a high temperature season, air temperature and VPD in the seedling 311 

foliage would also increase and perhaps exceed the critical temperature through 312 

limitations on transpirational cooling. Our results also indicated that seedlings might not 313 

suffer from severe conditions providing that the moisture conditions were satisfactory, 314 

while low rainfall and low irrigation might result in temperature and VPD increases 315 

through reduced seedling transpiration. Therefore, it was necessary to examine carefully 316 

to install treeshelters in Japanese cedar reforestation sites at soil xeric sites in low 317 

precipitation areas. 318 

The Tmax-130 and Tmax-80 during winter (from December to February) reached 319 

29.8 ̶ 33.3 °C and 23.9 ̶ 26.8 °C, respectively (Figure 2a). Warmer temperature might 320 

elongate the growth period of the seedlings due to earlier spring flush and later growth 321 

halt (Yamamoto et al. 2004). Increment of growth period might affect the growth 322 

pattern of Japanese cedar. On the other hand, some studies reported that earlier spring 323 

flush and late growth halt sometimes lead to heavy damage on seedlings when it gets 324 



15 

 

colder temperature than usual in treeshelter not only in cool temperate (Akashi and 325 

Fukuchi 2003) but also in warm temperate zone (Gillespie and Rathfon 1996). In this 326 

study, low temperature below zero degree occasionally occurred at research site in 327 

winter (recorded  ̶ 7.6 °C in January 2021). So, there is a risk that seedlings have 328 

damage in winter even in warm temperate zone in western Japan. To evaluate the 329 

effects of treeshelter installation on Japanese cedar seedlings, it was important to clarify 330 

how the warmer condition throughout a year changes the growth pattern and cold 331 

resistance on Japanese cedar.  332 
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Figure legends 446 

 447 

Figure 1. Monthly precipitation and means of the maximum and the minimum air 448 

temperatures in Kochi City from March 2020 to February 2021 (Kochi Local 449 

Meteorological Observatory, Japan Meteorological Agency, 2021) 450 

 451 

Figure 2. Seasonal changes in the monthly means of the daily (a) maximum air 452 

temperature (Tmax), (b) minimum air temperature (Tmin), (c) minimum relative 453 

humidity (RHmin), and (d) maximum vapor pressure deficit (VPDmax) in three 454 

treeshelters during March 2020 to February 2021. ‘Outside,’ ’10,’ ’80,’ and 455 

‘130’ show the measurements for ambient air, 10 cm, 80 cm, and 130 cm heights 456 

inside treeshelters, respectively. Asterisks represent significant difference at p = 457 

0.05 level and NS represents no significant difference between RH at 80 cm 458 

height and ambient condition (t-test). 459 

 460 

Figure 3. Mean values of (a) maximum air temperature (Tmax) and (b) maximum vapor 461 

pressure deficit (VPDmax) in sunny (4 days), cloudy (6 days) and rainy days (5 462 

days). ‘Outside,’ ’10,’ ’80,’ and ‘130’ show the measurements for ambient air, 463 

10 cm, 80 cm, and 130 cm heights inside treeshelters, respectively.  Different 464 

letters are significantly different at α = 0.05 level (Tukey’s HSD test). Error bars 465 

represent standard deviation. 466 

 467 

Figure 4. Diurnal changes in mean (a) air temperature (T), (c) relative humidity (RH), 468 

and (e) vapor pressure deficit (VPD) in three treeshelters in sunny days (9 days) 469 

in August 2020. Diurnal change of (b) T, (d) RH and (f) VPD in cloudy day (1 470 

day) in August 2020. ‘Outside,’ ’10,’ ’80,’ and ‘130’ show the measurements for 471 

ambient air, 10cm, 80cm, and 130cm heights inside treeshelters, respectively. 472 

 473 

Figure 5. Diurnal changes in mean (a) air temperature (T), (b) relative humidity (RH), 474 

and (c) vapor pressure deficit (VPD) at 80 cm height inside treeshelters with and 475 

without a seedling, and ambient condition in sunny days in August 2020. 476 

 477 
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Figure 6. Diurnal changes in photosynthetic active radiation (PAR) at 80 cm height 478 

inside and outside a treeshelter on a (a) sunny day (21 September 2020) and (b) 479 

cloudy day (20 September 2020). 480 

 481 
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