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Abstract 
 Soil respiration (Rs) plays a key role in regulating the terrestrial carbon cycle. The nature of this 
role is determined by the different responses of root respiration (Rr) and microbial respiration (Rm) 
to environmental factors such as precipitation, soil moisture and temperature. Understanding these 
responses is fundamental to improving our predictions of climate change impacts on carbon 
cycling processes. In this study, the ratio of root respiration to soil respiration (Rr/Rs) was studied 
to improve our understanding of soil CO2 emissions. The study aimed to improve our knowledge 
of Rr in relation to rainy season soil environmental factors in a dry dipterocarp forest in northern 
Thailand. With values of Rr ranging from 41.04-61.97 mgCO2 m-2 hr-1, with a Rr/Rs ratio from 23-
48%, the results suggest that soil moisture was a main driver for emitted CO2 from Rr while soil 
temperature was only weakly related with Rr during the rainy season. However, longer-term 
studies are needed, including measurements of root biomass to improve accuracy and under-
standing of the dynamics of root respiration and their linkages with CO2 emissions. 
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Introduction 
 Soil respiration (Rs) plays a key role in regu-
lating the terrestrial carbon cycle, and includes 
respiration by both plant roots and soil micro-

organisms [1-2]. Root respiration (Rr) is a major 
contributor to total CO2 emissions from soil [3]. 
CO2 losses from Rr and rhizosphere activities 
implicate with consumption of organic compounds 
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supplied by aboveground plant’s organ [4]. The 
separation of these two components of soil res-
piration helps to improve our understanding of 
the carbon dynamics and responses to environ-
mental change [5]. Previous studies have reported 
that the ratio of root respiration to total soil 
respiration (Rr/Rs) was about 10-90% depending 
on its spatial and temporal variation [6]. The 
results of 39 studies of Rr/Rs in the temperate 
zone found a wide range in Rr/Rs; the minimum 
rate was 5% in a Fagus forest [7] with a maximum 
of 90% in Picea mariana and Quercus forests [8-
9]. In tropical forest soils, which have been less 
closely studied, Rr/Rs ranged from 43-55% [6].  
 In general, several techniques are available for 
estimating root respiration, including component 
integration, root exclusion and isotope method 
[6]. Component integration involves separation 
of soil components (i.e. root, sieved soil and litter). 
The potential limitation of this method is that root 
respiration is usually measured in vitro. Root 
respiration is directly estimated by measuring Rs 
with and without the presence of roots. The iso-
tope method can allow partitioning of Rs between 
root respiration and microbial respiration in situ 
better than component integration and root exclu-
sion. However, the method is disadvantaged by 
the complexity of experimental setup and cost of 
analytical radioactive or stable C isotopes [6].  
 Tropical forests represent the largest area of 
global forest biomes (~50%) and play a vital role 
in the global carbon cycle [10]. Dry dipterocarp 
forests are found only in continental Southeast 
Asia (Vietnam, Laos, Cambodia Thailand, Myan-
mar, India, and south China) in a region referred 
to as the Indo-Burma Biodiversity Hotspot [11]. 
Root respiration studies are crucial to explaining 
the variability of carbon dynamics. The variation 
of soil respiration and its components are con-
trolled by environmental factors such as soil 
temperature and moisture. Temperature regulates 
substrate transportation and metabolism, while 
soil moisture influences soil respiration directly 
though physiological processes of roots and 

microorganism, and indirectly via diffusion of 
substrates and O2 [12]. The study of soil respire-
tion and its components was conducted in 
Thailand’s, such as the Skaerat dry evergreen 
forest in Nakhonratsrima, Maeklong mixed 
deciduous forest in Mae Klong, watershed re-
search station, Kanchanaburi and dry dipterocarp 
forest in Ratchaburi province [13]. Dry diptero-
carp forest is commonly found in Thailand and 
delivers a range of non-timber benefits to adjacent 
communities, including wood and charcoal, tim-
ber, mushroom and hunting. Though dry diptero-
carp forest is typified by rapid carbon turnover in 
each season, there are few studies of carbon 
dynamics for this type of forest. A study of Rr/Rs 
in dry dipterocarp forest was found only for the 
Ratchaburi site, where Hanpattanakit et al. [13] 
reported an average Rr/Rs ratio of 29% during the 
rainy seasons over a 4-year study period. The 
authors found that growth of fine roots was 
strongly correlated with root respiration in the 
rainy season and soil moisture was closely linked 
to the Rr/Rs. To improve our understanding on the 
variability of Rr/Rs in dry dipterocarp forests, the 
current research aimed to evaluate the contribu-
tion of soil respiration by using the trenching 
method. Trenching involves installation of a 
barrier to restrict plant root growth and has been 
widely used to partition soil respiration compo-
nents [5-6, 13-15]. This method blocks carbon 
supply from tree to soil [16] and maintains the 
conditions in study plots in their original state 
with respect to soil temperature and moisture. 
Trenching is in-expensive and a generally ac-
cepted method for partitioning Rs components 
[5]. The aim of this study was to investigate envi-
ronmental factors affecting soil respiration in dry 
dipterocarp forest during rainy season in dry 
dipterocarp forest, northern Thailand. 
 
Materials and methods 
1) Site descriptions 
 The study was carried out in a dry diptero-
carp forest at Phayao Province, northern Thai-
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land (Figure 1a). The site was located in Dry 
Dipterocarp Forest Flux Phayao Site Thailand 
(DPT) (Latitude: 19°02’14.38”N, Longitude: 
99°54’10.96”E, altitude 512 m). The topography 
was sloping, and dominant species were Shorea 
obtusa, S. siamensis, Dipterocarpus tuberculatus 
and D. obtusifolius. Based on tree density ob-
servation, standing trees were mainly found in 
the forest, with relatively fewer saplings (1,821 
and 600 tree ha-1, respectively) [17] (Figure 1b). 
This forest has been previously regenerated 
through forestry concessions to generate secon-
dary forest [18]. In 2015, the age of trees was 
15-20 years old. The site has a tropical monsoon 
climate with 936 mm of average annual pre-
cipitation and mean air temperatures of 18.64 to 
31.62 °C. Soil temperature ranged from 19.07-
31.86 °C, while soil moisture ranged from 
11.84-30.82 %WFPS (measured in 2013-2016 
at DPT station). The main texture of topsoil was 
sandy loam (0-10 cm depth) and sandy clay 
loam in lower layers. Soil bulk density ranged 
from 1.40 to 1.89 g cm-3, and organic carbon 
content ranged from 0.67 to 3.89% [17]. 
 
2) Soil respiration (Rs) and root respiration (Rr) 
 Soil respiration was measured by closed 
chamber technique during June to October 2016. 
The measuring system contains a analysis and 
recording system and chamber (Figure 2a). Rs 
and its components was measured at 10 minute 
intervals in each chamber and analyzed by in-
frared gas analyzer (Li-820, Licor Corporation, 

Lincoin, Nebraska, USA). Data were stored in a 
data logger (CR1000, Campbell Scientific, Logan, 
Utah, USA). The chamber had two parts (cover 
and base), constructed from polyvinylchloride 
(PVC), with base diameter of 21.5 cm and height 
of 22.0 cm (Figure 2b). Nine chambers of Rs were 
installed into the soil to a depth of 7 cm. Rr was 
evaluated from the difference of total soil res-
piration and microbial respiration (Eq. 1). The 
separation between microbial respiration and root 
respiration was performed by trenching method 
(Figure 2c). For this method, roots were exposed 
by digging a trench into the soil about 100 cm 
around study plot size 100 cm x 100 cm [12, 16] 
and inserting a polycarbonate sheet as a barrier to 
prevent further root growth. Nine chambers of 
microbial respiration were installed as the Rs. 
Chamber temperature was measured at 0, 5 and 
10 minutes. In addition to these measurements, 
soil and air temperature, rainfall and soil moisture 
were continuously measured. Soil temperature 
and soil moisture were measured at a depth of 5 
cm using a thermocouple and CS616 model 
(Campbell, Scientific, Logan, Utah, USA), res-
pectively. Air temperature and rainfall were 
measured by WXT520 (Campbell Scientific, 
Logan, Utah, USA). 
 

Rr= Rs- Rm    (Eq. 1) 
 

Where Rr, Rs and Rm are the value of root 
respiration, soil respiration and microbial respi-
ration, respectively. 

 
Figure 1 (a) Dry Dipterocarp Forest Flux Phayao Site Thailand and (b) Dry Dipterocarp forest. 
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Figure 2 (a) Soil respiration measurement system, (b) Closed chamber and (c) Trenching method. 

 
3) Soil CO2 flux calculation 

Soil respiration rate were calculated using the 
linear portion of gas concentration change during 
chamber closing time. Only data showing a sig-
nificant correlation of the measurement points 
were taken into account to calculate the CO2 flux 
followed by equations 2 and 3 [16]. Correlation 
and regression analysis were used to test the 
relationship between Rr and soil environmental 
factors (soil moisture and soil temperature). 

 

                Ci =
qiMP
RT

                                 (Eq. 2) 

 
Where Ci is mass per volume concentration 

(gCO2 m-3), qi is volume per volume concentra-
tion (m3 m-3), M is molecular weight of CO2  
(44 g mol-1), P is atmospheric pressure (1 atm),  
R is the gas constant (8.2058 x 10-5 m3.atm K-1 
mol-1), T is the average temperature inside the 
chamber (K). 
 

F= 
dCiV

dtA
      (Eq. 3) 

  
Where F is flux on the aerial basis (g m-2 min-1), 

V is volume of the chamber’s headspace (m3),  
A is area of soil enclosed by the chamber (m2) and 
dci/dt is rate constants of CO2 concentration 
increase with time (gCO2 m-3 min-1) 

 

 
Results and discussion 
1) Meteorological data 

Meteorological measurement during June to 
October 2016 included all information on air 
temperature, rainfall, soil temperature and soil 
moisture at 5 cm depth (% water-filled pore space; 
%WFPS). Mean air temperature ranged from 
24.9-25.9 °C, with the highest in June and lowest 
in October. Mean soil temperature at 5 cm depth 
ranged from 25.4-26.4 °C (Figure 3a) while 
average soil moisture during the same period was 
24.67, 24.33, 25.34, 30.97 and 30.82 %WFPS, 
respectively (Figure 3b). The seasonal variation 
of the soil moisture at a depth of 5 cm depth was 
a response to the rainfall pattern during the year. 
Total precipitation (June - October) was 733.3 mm. 

 
2) Total soil respiration (Rs) and root respira-
tion (Rr) 

Accumulative Rs in rainy season was 0.11 
kgCO2 m-2 month-1. The annual average of Rs 
during June to October 2016 was 121.72±91.65 
171.41±65.91 147.54±67.65 178.39±140.34 and 
138.72±79.64 mgCO2 m-2 hr-1, respectively. 
Estimated Rm values during June to October 
2016 were 63.32±35.60, 118.55±51.22, 85.57± 
22.02, 137.35±110.56 and 92.97±47.74 mgCO2 
m-2 hr-1, while, accumulated Rr was 0.038 kgCO2 
m-2 month-1. The means of Rr for five months 
were 58.40±56.06 52.86±14.69 61.97±45.63 
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41.04±29.78 and 45.74±31.90 mgCO2 m-2 hr-1, 
respectively (Figure 4a). The average ratio of 
Rr/Rs was 35% or between 23-48% (Figure 4b). 
Compared with Ratchaburi site, root respiration 
of the dry dipterocarp forest during the wet sea-
sons of 2008-2011 in Ratchaburi ranged between 
112-205 mgCO2 m-2 hr-1, and the ratio of Rr/Rs 
was about 21-33% [13]. The ratio of Rr/Rs was 
similar with our study. Although the trees at 
Ratchaburi site were younger than at the Phayao 
site [19]. However, Hanpattanakit [13] suggested 
that dry dipterocarp forest at Ratchaburi may 
have adapted to actively transport the majority of 
fixed carbon to aboveground biomass instead of 
the roots after past invasion. Age of trees have 
affect to respiration from root activity directly 
[20]. However, when we compared the Rr/Rs 

with older forests. Example, Rr/Rs of needle leaf 
mixed forest at Chongqing was 26.75% [21], 
evergreen broad-leaf forest, pine forest and broad-
leaf mixed forest at Guangdong ranged 26-35% 
[22], and old-growth subtropical evergreen forest 
at Yunnan was approximately 16% [23]. These 
results presented that our Rr/Rs was nearly with 
the ratio of the forests, although age of our forest 
had younger age due to the difference of plant 
community’s activities. Moreover, the previous 
study about the Rr/Rs of other forest types found 
50-93%, 62-89%, 33-50% and 35-62% in arctic 
tundra, boreal forests, broad-leaved forests and 
pines forests, respectively [3]. For this reason, the 
different types of forest and climate conditions, 
especially soil temperature and moisture were 
affect to CO2 emission from root activity [24].

 

 
Figure 3 (a) Air temperature (Ta), soil temperature (Ts) and (b) total monthly rainfall  

and soil moisture from June to October 2016 
 

 
Figure 4 (a) soil, microbial and root respiration and (b) the ratio of root respiration to  

soil respiration during June to October 2016. 
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3) Soil factors and root respiration 
Normally, soil moisture and soil temperature 

are influential factors in the CO2 efflux of forest 
ecosystems, especially through their mediation of 
soil respiration and its components. In our study, 
both factors influenced CO2 emissions from soil 
microbial and root respiration. Soil moisture and 
Rr were negatively correlated, though the rela-
tionship was not statistically significant (Figure 
5a). High soil moisture reduced CO2 emission 
through root respiration due to the prevailing 
anaerobic conditions in the soil pores. However, 
Bryla et al. [25] reported that Rr rate in wet soils 
was higher than at high temperatures under dry 
soil conditions, while Rs (R2=0.17, p<0.05) and 
Rm (R2=0.29, p<0.01) were positively correlated 
with soil moisture. This was explained by the 
presence of several groups of soil micro-
organisms adapted to the changing environment. 
Microorganisms represent the main source of 
CO2 release in this dry dipterocarp forest (67-
79%). The relationship between soil temperature 
and Rs showed weak positive correlation and  
no significantly (R2=0.11). While, relationship 
between soil temperature and soil respiration 
components (Rm and Rr) found weak positive 
correlation significantly in Rm (R2=0.12, p<0.05) 

and no significant in Rr (R2=0.09, p<0.05). 
Generally, temperature affects the increase of 
root respiration [12]. The relationship of Rr in this 
study has similar with previous studies. For 
example, the Rr and temperature in a secondary 
forest of Japan was no significant correlation [26]. 
Rr of old-growth Ailaoshan subtropical forest in 
Yunnan, broadleaf and needle leaf mixed forest 
and bamboo forest in Chongqing was least sensi-
tive to temperature [21, 23]. However, the increase 
of Rr with soil temperature was exponential  
but it increase only takes a short time [27-28]. 
Hanpattnakit [16] presented soil respiration and 
its components in dry dipterocarp forest can 
response well in soil temperature less than 26 °C. 
At the temperature over 35°C, it may affect to 
protoplasm system to break down [12]. In addi-
tion, the direct factor affect to Rr is photosyn-
thesis which is an important to root growth and 
synthesis of new tissue [29-30] and the indirect 
factors are salinity, water stress, nutrient supply 
and pH value [29]. Thus, further studies should 
be observed continuous for increase our under-
standing about the response of Rr to soil tempera-
ture, and conducted root biomass and other 
factors for accuracy of the information.

 

 
Figure 5 Relationships between (a) soil moisture and (b) soil temperature  

with soil respiration and its components. 
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Conclusion 
Soil CO2 emissions from root respiration, 

measured during June to October 2016 in dry 
dipterocarp forest, northern Thailand was re-
corded at 0.038 kgCO2 m-2 month-1 with a range 
of 41.04 - 61.97 mgCO2 m-2 hr-1. Soil respiration 
accounted for 23-48% of the total, with soil 
temperature as the main factor determining root 
respiration rate during the rainy season. Rs and 
Rm were positively correlated with soil tempera-
ture and soil moisture. However, further study  
on soil respiration and root biomass is needed. 
The results of this study can be used to explain 
the mechanism of soil carbon cycling and CO2 
emission transport from root to atmosphere. 
Additionally, the obtained data can be also used 
to support the mechanism of carbon stock and  
the initiative program on Reducing Emission 
from Deforestation and Forest Degradation in 
Developing Countries (REDD+) in the future. 
 
Acknowledgements 

This study was supported by funding from 
University of Phayao. The authors express their 
thanks to the Atmospheric Pollution and Climate 
Change Research Center (APCC) and members 
of Micrometeorology Laboratory (MiLab) and 
School of Energy and Environment (SEEN), 
University of Phayao, Phayao, Thailand for their 
strong support throughout this project. The au-
thors would like to acknowledge Assoc. Prof. Dr. 
Amnat Chidthaisong from The Joint Graduate 
School of Energy and Environment (JGSEE), 
King Mongkut’s University of Technology Thon-
buri, Dr. Wonsik Kim from the National Institute 
for Environmental Studies and Assoc. Prof. Dr. 
Daisuke Komori from Tohuku University, Japan 
for their support and collaboration throughout. 

 
References  
[1]  Schlesinger, W.H., Andrews, J.A. Soil res-

piration and the global carbon cycle. Bio-
geochemistry, 2000, 48, 7-20. 

[2] Wang, W., Feng, J., Oikawa, T. Contri-
bution of root and microbial respiration to 
soil CO2 efflux and their environmental 
controls in a humid temperate grassland of 
Japan. Pedosphere, 2009, 19(1), 31-39. 

[3] Raich, J.W., Tufekcioglu, A. Vegetation 
and soil respiration: Correlations and con-
trols. Biogeochemistry, 2000, 48, 71-90. 

[4] Horwart, W.R., Pregitzer, K.S., Paul, E.A. 
14C allocation in tree-soil systems. Tree 
physiology, 1994, 14, 1163-1176. 

[5] Bond-Lamberty, B., Wang, C., Grower, S. 
A global relationship between heterotro-
phic and autotrophic components of soil 
respiration? Global Change Biology, 2004, 
10(10), 1756-1766. 

[6] Hanson, P.J., Edwards, N.T., Garten, C.T., 
Andrews, J.A. Separating root and soil mi-
crobial contributions to soil respiration: A 
review of methods and observations. Bio-
geochemistry, 2000, 48, 115-146. 

[7] Phillipson, J., Putman, R.J., Steel, J., Woodell 
R.J. Litter input, litter decomposition and 
the evolution of carbon dioxide in a beech 
woodland-Wytham Woods, Oxford. Occo-
logia, 1975, 20, 203-217. 

[8] Flanagan, P.W., Van Cleve, K. Microbial 
biomass, respiration and nutrient cycling in 
a black spruce taiga ecosystem. Ecological 
Bulletins, 25, 261-273. 

[9] Thierron, V., Laudelout, H. Contribution 
of root respiration to total CO2 efflux from 
the soil of a deciduous forest. Canadian 
Journal of Forest Research, 1996, 26, 
1142-1148. 

[10] Pan, Y., Birdsey, R.A., Fang, J., Houghton, 
R., Kauppi, P.E., Kurz, W.A., Phillips, 
O.L., Shvidenko, A., Lewis, S.L., Canadell, 
J.G., Ciais, P., Jackson, R.B., Pacala, S.W., 
McGuire A.D., Piao, S., Rautiainen, A., 
Sitch, S., Hayes, D. A large and persistent 
carbon sink in the world’s forests. Science, 
333, 988-993. 



26                                                                                                                                App. Envi. Res. 40 (3): 19-27 

[11] Bunyavejchewin, S., Baker, P.J., Davis, 
S.J. The ecology and conservation of sea-
sonally dry forests in Asia. In: edited by 
McShea, W.J., Davies, S.J., Bhumpak-
phan, N., Seasonally dry tropical forests in 
continental Southeast Asia. Washington 
D.C.: Smithsonian Institution Scholarly 
Press 2011, 9-35. 

[12] Luo Y, Zhou X. Soil respiration and the 
environment. USA: Academic Press. 2006. 

[13] Hanpattanakit, P., Leclerc, M.Y., Mcmil-
lan, A.M.S., Limtong, P., Maeght, J., 
Panuthai, S., Inubushi, K., Chidthaisong, 
A. Multiple timescale variations and con-
trols of soil respiration in a tropical dry 
dipterocarp forest, western Thailand. Plant 
Soil, 2015, 390(1), 167-181. 

[14] Bowden, R.D., Nadelhoffer, K.J., Boone, 
R.D., Melillo, J.M., Garisson, J.B. Contri-
butions of aboveground litter, belowground 
litter, and root respiration to total soil 
respiration in a temperate mixed hardwood 
forest. Canadian Journal of Forest Research, 
1993, 23, 1402-1407. 

[15] Zhang, Q., Lei, H.M., Yang, D.W. Sea-
sonal variations in soil respiration, hetero-
trophic respiration and autotrophic respire-
tion of a wheat and maize rotation cropland 
in the North China Plain. Agricultural and 
Forest Meteorology, 2013, 180, 34-43. 

[16] Hanpattanakit, P. Temporal variation of 
soil respiration in dry dipterocarp forest, 
Thailand. Ph.D. Thesis, King Mongkut’s 
University of Technology Thonburi, 2013.  

[17] Intanil, P., Sanwangsri, M., Suwannapat, 
P., Panya, M., Limsakul, A., Boonpoke, A. 
Assessment of carbon stock and parti-
tioning in dry dipterocarp forest, Northern 
Thailand. In Proceeding of SEE 2016 in 
conjunction with ICGSI 2016 and CTI 
2016 on “Energy & Climate Change: 
Innovating for a Sustainable Future”, 
Bankok, Thailand 28-30 November 2016. 
452-455. 

[18] Fukushima, M., Kanzaki, M., Hara, M., 
Ohkubo, T., Preechapanya, P., Choocha-
reon, C. Secondary forest succession after 
the cessation of swidden cultivation in the 
montane forest area in Northern Thailand. 
Forest Ecology and Management, 2008, 
255, 1994-2006. 

[19] Sanwangsri, M., Hanpattanakit, P., Chid-
thaisong, A. Variation of Energy fluxes and 
ecosystem evapotranspiration in a young 
secondary dry dipterocarp forest in wes-
tern Thailand. Atmosphere, 2017, 8, 152. 

[20] Saiz, G., Black, K., Reidy, B., Lopez, S., 
Farrel, E.P. Assessment of soil CO2 efflux 
and its components using a process-based 
model in a young temperate forest site. 
Geoferma, 2007, 139, 79-89. 

[21] Yu, L., Wang, Y., Wang, Y., Sun, S., Liu, 
L. Quantifying components of soil respi-
ration and their response to abiotic factors 
in two typical subtropical forest stands, 
Southwest China. PLoS ONE, 2015, 10(2), 
e0117490. 
doi:10.1371/journal.pone0117490.   

[22] Yi, Z., Fu, S., Yi, W., Zhou, G., Mo, J., 
Zhang, D., Ding, M., Wang, X., Zhou, L. 
Partitioning soil respiration of subtropical 
forests with different successional in south 
China. Forest Ecology and Management, 
2007, 243, 178-186. 

[23] Tan, Z.H., Zhang, Y.P., Liang, N., Song, 
Q.H., Liu, Y.H., You, G.Y., Li, L.H., Yu, 
L., Wu, C.S., Lu, Z.Y., Wen, H.D., Zhao, 
J.F., Gao, F., Yang, L.Y., Song, L., Zhang, 
Y.J., Munemasa, T., Sha, L.Q. Soil respi-
ration in an old-growth subtropical forest: 
Patterns, components, and controls. Journal 
of Geophysical research: atmospheres, 
2013, 118, 2981-2990. 

[24] Raich, J.W., Schlesinger, W.H. The global 
carbon dioxide flux in soil respiration and 
its relationship to vegetation and climate. 
Tellus, 1992, 44B, 81-99. 



App. Envi. Res. 40 (3): 19-27                                                                                                           27 

[25] Bryla, D.R., Bouma, T.J., Eissenstat, D.M. 
Root respiration in citrus acclimates to 
temperature and slows during drought. 
Plant Cell and Environment, 1997, 20(11), 
1411-1420. 

[26] Lee, M.S., Nakane, K., Nakatsubo, T., 
Koizumi, H. Seasonal changes in the 
contribution of root respiration to total soil 
respiration in a cool-temperate deciduous 
forest. Plant Soil, 2003, 255, 311-318.     

[27] Atkin, O.K., Edwards, E.J., Loveys, B.R. 
Response of root respiration to changes in 
temperature and its relevance to global 
warming. New Phytologist, 2000, 147, 
141-154. 

[28] Berry, L.J. The influence of oxygen 
tension on the respiration rate in different 
segments of onion roots. Journal of Cel-
lular and Comparative Physiology, 1949; 
33(1), 41-66. 

[29] Lambers, H., Chapin, III F.S., Pons, T. 
Plant physiological ecology, 2nd edition. 
USA: Springer. 1998. 

[30] Hanson, P.J., Wullschleger, S.D., Bohl-
man, S.A., Todd, D.E. Seasonal and topo-
graphic patterns of forest floor CO2 efflux 
from an upland oak forest. Tree Physio-
logy, 1993, 13, 1-15.

 


