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Abstract

To better understand the effects of local topography and climate on soil respiration, we

conducted field measurements and soil incubation experiments to investigate various

factors influencing spatial and temporal variations in soil respiration for six mixed-

hardwood forest slopes in the midst of the Korean Peninsula. Soil respiration and soil

water content (SWC) were significantly greater (P5 0.09 and 0.003, respectively) on

north-facing slopes compared to south-facing slopes, while soil temperature was not

significantly different between slopes (P40.5). At all sites, soil temperature was the

primary factor driving temporal variations in soil respiration (r25 0.84–0.96) followed by

SWC, which accounted for 30% of soil respiration spatial and temporal variability.

Results from both field measurements and incubation experiments indicate that

variations in soil respiration due to aspect can be explained by a convex-shaped

function relating SWC to normalized soil respiration rates. Annual soil respiration

estimates (1070–1246 gCm� 2 yr� 1) were not closely related to mean annual air

temperatures among sites from different climate regimes. When soils from each site

were incubated at similar temperatures in a laboratory, respiration rates for mineral soils

from wetter and cooler sites were significantly higher than those for the drier and

warmer sites (n5 4, Po0.01). Our results indicate that the application of standard

temperature-based Q10 models to estimate soil respiration rates for larger geographic

areas covering different aspects or climatic regimes are not adequate unless other factors,

such as SWC and total soil nitrogen, are considered in addition to soil temperature.
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Introduction

In temperate forests, estimates of annual soil respiration

are frequently based on soil temperature (Q10 values)

because soil temperature has been determined as the

primary factor controlling seasonal variations in plot-

scale measurements of soil respiration (Trumbore et al.,

1996; Davidson et al., 1998; Raich, 1998; Russell &

Voroney, 1998; Savin et al., 2001). Valentini et al. (2000),

however, suggested that soil temperature might not be

a major factor controlling annual soil respiration at the

latitudinal scale. For larger geographic scales, soil water

content (SWC) (Davidson et al., 1998; Xu & Qi, 2001a),

soil substrate quality (Taylor et al., 1989; Dyer et al.,

1990; Taylor et al., 1991; Aerts, 1997), vegetation

(Buchmann, 2000; Raich & Tufekcioglu, 2000), and

disturbance regime (Lytle & Cronan, 1998; Striegl &

Wickland, 1998) also affect soil respiration in forested

ecosystems, perhaps more than soil temperatures alone.

Because a variety of factors can influence landscape-

and latitudinal-level variations in soil respiration rates,

estimates of soil respiration at larger spatial and

temporal scales require a better understanding of these

factors to increase the reliability of regional estimates

and improve the understanding of global terrestrial
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carbon fluxes (Raich & Schlesinger, 1992; Grace &

Rayment, 2000; Rustad et al., 2000; Schlesinger &

Andrews, 2000; Savin et al., 2001; Xu & Qi, 2001b).

While it is apparent that factors other than soil

temperature exert some control over larger-scale spatial

and temporal patterns of soil respiration, considerable

debate still exists over which environmental factors are

most influential regarding regional soil respiration

patterns, particularly SWC (Schlentner & Cleve, 1984;

Oberbauer et al., 1992; Davidson et al., 2000).

Topographically induced microclimates can affect

soil respiration rates by constraining microsite factors,

such as soil temperature and SWC (Running et al., 1987;

Western et al., 1998; Kang et al., 2000). Consequently, the

influence of topography on microclimatic conditions

introduces a level of uncertainty in modeling soil

respiration at landscape and larger regional scales.

Because most forests within the Korean Peninsula are

distributed across rugged montane areas and regional

climates vary considerably, interactions between local

topography and climate are likely to have strong

influences on local and regional estimates of soil

respiration rates. In this study, we examined various

topographic and climatic constraints on soil respiration

at local and regional scales for six mixed-hardwood

forest slopes in the midst of the Korean Peninsula. Our

objectives were to (1) identify the factors controlling

seasonal and spatial variation of soil respiration, (2)

collect laboratory and field data to construct regression

models relating SWC to local topography and soil

respiration rates, and (3) examine the relationship

between annual soil respiration estimates and mean

air temperatures across different climatic regimes on

the Korean Peninsula.

Materials and methods

Study sites

We conducted our study at three mixed-hardwood

forested watersheds in central Korea: Mt. Jumbong, Mt.

Nam, and Kwangnung (Table 1). A total of six slopes

were included in our study. Soils within the forested

study areas are classified as sandy loam, while

vegetation is predominantly temperate mixed-hard-

wood forest composed of Mongolian oak (Quercus

mongolica) and Korean maple (Acer pseudo-sieboldianum)

in Mt. Jumbong and Mt. Nam, and Serrata oak (Quercus

serrata) in Kwangnung. The effects of local topography

on soil respiration were characterized using two pairs

of adjacent north- and south-facing slopes (N1, S1 and

N2, S2; Table 1) at the Mt. Jumbong site. The four slopes

were located at similar elevations and shared similar

vegetation structures and disturbance regimes (Ko,

1998; Lee et al., 1999), but differed in the aspect and

length of slope reaches (N1 and S1, 50 m; N2 and S2,

20 m). Vegetation at the Mt. Jumbong site is dominated

by stands that are 30–75 years old with several stands

approximately 200 years old, reflecting the continuous

intensive disturbance by slash-and-burn farms and

local fuel needs during the 1920s through the 1960s

(Ko, 1999). Seasonal patterns for both temperature and

precipitation show distinct hot–humid summer, mild–

dry spring and autumn, and cold–dry winter conditions

as indicated in Fig. 1. Further information regarding

soil, vegetation, and meteorological characteristics for

these sites is provided by Kang et al. (2000, 2002).

We collected additional data from one slope at each

of the Mt. Nam and Kwangnung sites to investigate soil

Table 1 Summary of site characteristics: local topography, vegetation, and climate of six study slopes

Mt. Jumbong

Mt. Nam KwangnungN1 S1 N2 S2

Latitude 38120N 371330N 371450N

Longitude 128160E 1261590E 1271100E

Elevation (m) 1050–1100 220 240

Aspect NE SW NE SW NE SE

Dominant species Quercus mongolica* Q. mongolica Q. serrata

Basal area (m2 ha� 1) 31.8 33.1 36.2 35.0 34.9 28.0

Litterfall (g m� 2)* 315 (731) 330 (748) 329 (746) 342 (756) —— ——

Air temperature (1C)w 6.3z 11.8 10.2

Precipitation (mm)w 1578§ 1370 1365

*Lee et al. (1999).
w30-year means.
zEstimated with a regression model using data from Daekwalnung National Weather Station.
§Estimated with a regression model using data from Sokcho National Weather Station.
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respiration characteristics for the different climate

regimes. Both these sites tend to be drier and warmer

than Mt. Jumbong (Table 1). Biophysical data (i.e., Table 2)

also indicate that Mt. Jumbong is nitrogen rich relative

to the Mt. Nam and Kwangnung sites. Mt. Jumbong is

located in the eastern montane portion of the Korean

Peninsula and is the eastern-most site in our study. Mt.

Nam is located in a city park within the Seoul

metropolitan area, 200-km west of Mt. Jumbong. The

Kwangnung site is located in a remote rural area, 30-km

north of Seoul.

Measurements of soil respiration rates and soil properties

Soil respiration rates at each of the six slopes were

measured monthly using an infrared gas analyzer

(EGM-2, PP Systems) from March 2000 to October

2000. At each sampling, five to twelve replicate

measurements of soil respiration were obtained along

transects within each slope. A fixed linear transect was

established parallel to each study slope and extended

from ridge top to valley bottom. Sampling nodes were

then designated at 5-m intervals along each transect.

Measurement points were selected around each node,

but at least 1 m away from surrounding overstory

trunks. Measurements were conducted around each

node on a monthly basis, but not always at identical

points since destructive soil sample methods were

employed following soil respiration measurements. By

marking previous measurement points, we were able to

colocate new measurement points on undisturbed

locations adjacent to former sampling points. Bulk

mineral soil and root respiration rates were measured

by removing surface litter, inserting the gas chamber to

1-cm soil depth, and recording CO2 evolution

(g CO2 m� 2 h� 1) for 2 min. Surface litter was removed

to minimize errors associated with alteration of

chamber air volume.

Soil respiration measurements were conducted si-

multaneously with soil temperature measurements at

10-cm depth (1C). After soil respiration measurements

were completed, the chamber was removed, and the

area of soil covered by the chamber was homogenized

to 10-cm soil depth. Approximately 100 g (fresh) of the

homogenized soil was removed, and transported to the

laboratory within 24 h for the following analyses.

Subsamples of the collected soils were used to

determine gravimetric SWC (g H2O g soil� 1), soil or-

ganic matter content (SOM, g OM g soil� 1), total or-

ganic carbon (TOC, %), total soil nitrogen (TN, %), and

cation exchange capacity (CEC, meq 100 g soil� 1). SWC

and SOM were determined in triplicate for each soil

sample, while TOC, TN, and CEC were only analyzed

using soil samples composited by site in April, July, and

October. Soil texture was determined using the soil

hydrometer method and was classified by USDA

criteria. Continuous soil temperatures at 10-cm depth

were recorded hourly at the mid-point of the N2 and S2

slopes, respectively, for the Mt. Jumbong site during the

study period using temperature data loggers (HOBO,

Onset Computer Corporation, MA, USA).

Laboratory incubation of soils

Soil incubation experiments were conducted to deline-

ate the effects of soil temperature and SWC on mineral

soil respiration. In the July and August samplings,

about 1 kg of soil (0–10 cm) was collected from slopes

N1 and S1 in Mt. Jumbong and from the Mt. Nam and

Kwangnung sites. Soils were sieved (2-mm mesh size),

and fine roots were removed manually. Soils were air-

dried for 2–3 days. Gravimetric SWC for triplicate

samples of each soil was adjusted to five different levels

(0.2, 0.4, 0.6, 0.8, and 1 g g� 1) by placing 10 g of soil

(oven-dried weight) in a 35-cm3 vial and adding

deionized water. Each vial was placed individually

in a jar with 10 mL of 0.02 N NaOH solution in a

separate 35-cm3 vial, and the jar was sealed completely.

The soil was incubated at 5 1C, 15 1C, and 25 1C for 24 h

without a stabilization period. After incubation, the

NaOH vials were removed from each jar and titrated

with 0.02 N HCl to determine the amount of CO2

evolved from the soil sample during incubation (Lee

et al., 1990).

Fig. 1 Seasonal variations of observed soil respiration (R,

g C m� 2 h� 1), SWC, SOM, soil temperature (1C) at 10-cm soil

depth, and daily precipitation (mm) for study slopes in Mt.

Jumbong in 2000. For graphical presentation, soil respiration,

SWC, and SOM were averaged across four slopes, while plotted

soil temperatures represent daily means of continuous soil

temperature measurements from N2 and S2 sites. Precipitation

information was obtained from an automatic weather station

located approximately 2 km from the site, while the vertical bar

represents the standard deviation.
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The volume and concentration of NaOH solution

used in this study were determined from previous

sample soil incubations in which the CO2 saturation

capacity of NaOH was approximately two times

greater than the maximum soil respiration rate of the

incubated soil sample. Since two equivalents of

OH� are required to trap one equivalent of CO2, the

10 mL of 0.02 N NaOH used in our study had a

trapping capacity of 0.1 meq of CO2 (5 1 mmol CO2,

which is equivalent to 0.0044 g CO2) over the 24-h

incubation period.

Temperature could affect CO2 absorption in alkali

traps by altering gas diffusivity of the CO2 within the

chamber, in which the advection of gases due to density

differences from temperature gradients inside the

chamber could influence the recovery of CO2 (Healy

et al., 1996; Rochette et al., 1997; Hutchinson and

Rochette, 2003). Since our incubations were controlled

in the lab at uniform temperatures and because we did

not exceed more than half of the trapping capacity of

our alkali traps over the 24-h incubation period, we

assumed that temperature effects on the CO2 absorp-

tivity of the NaOH had a minimal influence on our

incubation results (M. Cabrera, personal communica-

tion, June 6, 2003).

Modeling soil respiration

We investigated relationships between soil respiration

and SWC. For this investigation, the influence of soil

temperature on soil respiration first needed to be

accounted for, since both soil respiration and soil

temperature show distinctly coherent seasonal varia-

tions (see Fig. 1). We implemented a two-step analysis

to mitigate soil temperature effects on soil respiration as

follows. First, we used nonlinear analyses to test

relationships between seasonal changes in soil respira-

tion (R, g CO2 m� 2 h� 1) and soil temperature (T, 1C;

Eqn (1)) (SAS v. 6.12). Second, this nonlinear regression

model was then applied to derive normalized soil

respiration (Eqn (2)) values, which were then compared

with corresponding SWC values. The basis of this two-

step analysis was derived from field observations in

this study. Field observations from the slopes of Mt.

Jumbong (i.e., Fig. 1 and coefficients of variation in

Table 2b) indicate that spatial variations in growing-

Table 2 Summary of field data: (a) annual means and standard deviations (n5 56–84, except for TOC, TN, and CEC, n5 3) and (b)

monthly means and coefficients of variation (CV, %)

(a) Annual means and standard deviations at six study sites from March to October in 2000

Mt. Jumbong

Mt. Nam KwangnungN1 S1 N2 S2

Soil respiration 0.75(0.47) 0.69(0.39) 0.78(0.45) 0.60(0.37) 0.58(0.41) 0.75(0.38)

Soil temperature 12.7(3.9) 13.1(3.4) 11.0(4.5) 11.4(4.5) 13.5(6.1) 17.0(5.6)

SWC 0.67(0.09) 0.62(0.19) 0.76(0.09) 0.68(0.12) 0.43(0.18) 0.42(0.12)

SOM 0.17(0.02) 0.16(0.04) 0.17(0.02) 0.16(0.03) 0.14(0.05) 0.11(0.03)

TOC 7.51(0.17) 8.63(0.49) —— —— 7.97(0.33) 7.18(0.76)

TN 0.57(0.03) 0.51(0.02) —— —— 0.39(0.04) 0.36(0.07)

CEC 23.9(1.4) 21.7(0.2) —— —— 22.8(2.4) 17.5(2.4)

(b) Monthly means and *CV (%) averaged across four slopes at Mt. Jumbong from March to October in 2000

3/24 4/21 5/8 5/27 6/23 7/16 9/2 9/22 10/20 Total

Soil respiration 0.11 0.20 0.45 0.54 0.71 0.95 1.16 0.67 0.34 0.63

(52.4) (41.0) (33.8) (28.8) (31.8) (43.1) (36.0) (33.2) (43.6) (69.6)

Soil temperature 0.51 4.1 7.3 10.3 13.3 16.4 17.8 12.9 9.0 10.9

(156.9) (34.7) (12.2) (18.0) (3.4) (1.8) (2.2) (2.3) (11.0) (50.3)

SWC 0.61 —— 0.49 0.65 0.69 0.63 0.68 0.76 0.65 0.66

(18.9) (33.0) (22.7) (13.2) (22.7) (17.9) (18.9) (17.5) (21.8)

SOM 0.16 —— 0.14 0.15 0.17 0.16 0.17 0.18 0.18 0.16

(19.3) (18.9) (23.5) (16.8) (30.5) (17.2) (23.2) (20.0) (22.9)

*CV (%)5 [standard deviation/mean]� 100.
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season soil temperature across the study slopes are

fairly negligible (CV: 1.8–18%) compared with seasonal

variability, whereas SWC showed significant growing-

season spatial variability (CV: 13–33%) but relatively

small seasonal variations. Normalized soil respiration

rates, therefore, provide information on residual varia-

bility induced by either/both soil respiration spatial

heterogeneity and/or any residual respiration temporal

variation unexplained by soil temperature.

The individual and combined effects of SWC on

normalized soil respiration rates for north- and south-

facing slopes were investigated using linear or non-

linear regression models. The SWC-based model (Eqn

(2)) was then combined with the soil temperature-based

regression model (Eqn (1)) to explain spatial and

temporal variability in soil respiration (Eqn (3)) for

the study sites.

RðTjÞ ¼ b0e
b1Tj ð1Þ

Rj

RðTjÞ
¼ fðSWCjÞ ð2Þ

RðTj; SWCjÞ ¼ b0e
b1Tj fðSWCjÞ ð3Þ

Here, b0 and b1 are regression coefficients and Tj is the

soil temperature at 10-cm soil depth; SWCj is the mean

mass water content down to 10-cm soil depth; Rj is the

soil respiration measured in this study; and R(Tj) and

R(Tj, SWCj) are the soil respirations predicted using

one-parameter (i.e., Tj) and two-parameter (i.e., Tj and

SWCj) Q10 models, respectively.

Comparison of annual estimates of soil respiration

Annual average soil respiration rates were derived for

each slope and compared across the various climatic

regimes. Annual soil respiration (g CO2 m� 2 yr� 1)

estimates were derived from model predictions because

continuous soil respiration measurements were una-

vailable. While both SWC and soil temperature effects

on soil respiration were considered in Eqns (1)–(3),

annual respiration estimates were derived solely from

soil temperature inputs for the following reasons: (1)

Soil temperature was found to be the primary factor

governing seasonal variability in slope-level soil re-

spiration (r25 0.84–0.96; see Table 3). (2) Considering

intra-slope variation requires spatially explicit SWC

distribution and, hence, needs rigorous watershed

hydrology modeling, which is beyond the scope of this

study. Only average annual respiration rates for each

slope were, therefore, considered in this comparison.

Slope-level annual soil respiration (Rann, g CO2 m� 2

yr� 1) results were calculated from Q10 models relating

mean soil respiration and soil temperature (Eqn (4)). In

Eqn (4), Tj represents the mean daily soil temperature at

10-cm soil depth for jth days of the year (DOY).

Rann ¼
X365

j¼1

b0e
b1Tj � 24

� �
ð4Þ

Daily soil temperature measurements are required to

estimate annual soil respiration rates using a tempera-

ture-based Q10 model. However, continuous soil tem-

perature measurements were only available at the Mt.

Jumbong sites. Daily soil temperatures at 10-cm soil

depth were, therefore, estimated from a soil tempera-

ture model (Hybrid, Kang et al., 2000) that uses daily air

temperatures to derive mean annual soil respiration

rates for each study site. The continuous soil tempera-

ture measurement data were then used to validate daily

soil temperature estimates.

We assume in Eqn (4) that measured soil respiration

closely approximates mean daily soil respiration to

Table 3 Temperature-based Q10 models ðy ¼ b0e
b1TÞ for slope-level soil respiration and annual estimates of soil respiration

(g C m� 2 yr� 1)

Q10 model r2 Q10

Basal soil respiration

(g CO2 m� 2 h� 1)

Annual soil respiration (g C m� 2 yr� 1)

Using measured soil

temperature*

Using modeled

soil temperaturew

S2 y5 0.16e0.104T 0.84 2.82 0.45 1109 1103

N2 y5 0.14e0.116T 0.89 3.19 0.45 1070 1147

Mt. Jumbongz y5 0.14e0.118T 0.88 3.24 0.45 1123 1165

Mt. Nam y5 0.09e0.118T 0.96 3.26 0.29 —— 1246

Kwangnung y5 0.10e0.114T 0.90 3.12 0.31 —— 1107

Here r2 is the coefficient of determination. In the Q10 model, y and T are soil respiration (g CO2 m� 2 h� 1) and soil temperature (1C)

at 10-cm soil depth; Q10 and basal soil respiration at 101C were calculated using the formula e10b1 and b0e
10b1 , respectively.

*Annual soil respiration estimated using daily soil temperature from the HOBO temperature logger.
wAnnual soil respiration estimated using daily soil temperature predicted with Hybrid (Kang et al., 2000).
zQ10 model fitted to all data at N1, N2, S1, and S2 at Mt. Jumbong.
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enable us to convert from hourly to daily soil respira-

tion by simply multiplying by 24 h. Annual estimates

derived from this approach are likely to overestimate

true respiration rates since soil respiration measure-

ments used to develop Eqn (4) were obtained between

10:00 and 16:00 hours, when soil respiration rate has

already peaked and is generally declining, while soil

temperature is still increasing. Xu & Qi (2001a), for

example, show that soil respiration diurnal variability

is at a minimum at approximately 08:00 hours and

maximized at approximately 13:00–15:00 hours in

their experiments in a young ponderosa pine forest.

In contrast, Buchmann (2000) reported minor diurnal

variability of soil respiration (less than 10% of

average soil respiration rate) from Norway spruce

stands.

Hybrid uses mean daily air temperatures to predict

mean daily soil temperatures. Mt. Jumbong air tem-

peratures were collected on an hourly basis from an

automatic weather station (Weatherlink II, Davis

Instruments, Hayward, CA, USA) installed in an open

field near the study sites. Air temperatures of the Mt.

Nam and Kwangnung sites were estimated from Seoul

and Dongduchon National Weather Stations (Korean

Meteorological Administration (KMA)), respectively.

Weather station air temperatures were extrapolated to

the elevation at each study site using a temperature

lapse rate of –6 1C km� 1. The difference of means and

treatment effects of temperature and SWC on the soil

incubation experiment were evaluated using a t-test

and two-way ANOVA, respectively (SAS v. 6.12).

Results

Spatial and seasonal variations

Across the four slopes in Mt. the Jumbong, means of

observed soil respiration rates, SWC, and SOM

appeared greater for north-facing slopes (P5 0.09,

0.003, 0.06) than south-facing slopes (Table 2a). These

slope-specific differences were more distinct between

the shorter slopes (N2 vs. S2) than the longer slopes (N1

vs. S1). For example, soil respiration, SWC, and SOM

were higher for N2 than S2 (P5 0.03, 0.0001, 0.004) and

higher for N1 than S1 (P5 0.44, 0.06, 0.43), respectively.

These results indicate that intra-slope variability in soil

respiration and soil biophysical variables for longer

slopes are generally greater than inter-slope variability

in these parameters. The soil temperature was higher,

but not significantly (P5 0.32), for south- than north-

facing slopes (Table 2a). In addition, south-facing slopes

showed higher TOC values (P5 0.04). In contrast,

north-facing slopes showed higher values for TN

(P5 0.03) and CEC (P5 0.05) (Table 2a).

Soil respiration rates and soil temperatures at Mt.

Jumbong increased during spring and attained max-

imum values of 1.16 g CO2 m� 2 h� 1 and 17.8 1C in

summer, respectively (Fig. 1). SWC and SOM did not

show distinct seasonal fluctuations, but did show

significant spatial variations (Table 2b). Spatial varia-

bility during the growing season (May–September) was

considerably higher for soil respiration (mean CV:

34.7%), SWC (21.5%), and SOM (21.8%), but negligible

for soil temperature (6.7%; Table 2b). The spatial

variability of these variables was also generally greater

for longer slopes relative to shorter slopes and higher

for south- than north-facing slopes (N1 and S1:

P5 0.001; N2 and S2: P5 0.01). The long south-facing

slope (S1) and the short north-facing slope (N2) also

showed greatest and least spatial variations for the

measured soil variables, respectively.

Factors controlling soil respiration

Seasonal variations in soil temperature and soil

respiration were highly correlated for Mt. Jumbong

slopes (r5 0.84–0.89, P5 0.0001) (Fig. 2a). SWC showed

significant positive correlations to seasonal soil respira-

tion for south-facing slopes (S1, r5 0.40, P5 0.001; S2,

r5 0.53, P5 0.0001), while negative correlations were

associated with northern-facing slopes (Fig. 2b). Within

each month, soil respiration was better correlated with

SWC and SOM than soil temperature across four slopes

at Mt. Jumbong (Fig. 2b). When the frequency of

correlation within each month was examined, more

frequent positive correlations of SWC and SOM with

soil respiration occurred at south-facing slopes com-

pared with more frequent negative correlations at

north-facing slopes (Fig. 2c). These results indicate that

spatial variability in soil respiration is better explained

with SWC than soil temperature, while soil temperature

is the primary variable accounting for seasonal varia-

bility in soil respiration rates. In addition, relationships

between soil respiration and SWC tend to be positive

for south-facing slopes, compared with the negative,

but less significant, relationships for north-facing

slopes.

Soil temperature accounted for approximately 75% of

spatial and temporal variability in soil respiration

measured at the Mt. Jumbong sites (Fig. 3a). This

temperature-based Q10 model was used to minimize

the influence of soil temperature on soil respiration (i.e.,

Eqn (2)). The relationship between SWC and normal-

ized soil respiration was described using a second-

order polynomial function, rather than a linear function

(Fig. 3b). These second-order polynomial functions

explained approximately 19% (Po0.05) of the normal-

ized soil respiration variability for north-facing slopes,
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34% (Po0.05) of respiration variability for south-facing

slopes, and 30% (Po0.05) of respiration variability for

both north- and south-facing slopes. These results

indicate that SWC accounts for the additional spatial

and temporal variabilities in soil respiration rates that

are not explained by soil temperature alone. Addition-

ally, we observed an optimal SWC whereby soil water

effects on soil respiration are maximized. Consequently,

soil respiration variability was better explained using a

two-parameter Q10 model that considered both soil

temperature and SWC (Eqn (3); Fig. 3c) rather than a

single-parameter (i.e., soil temperature) model (Eqn (1);

Fig. 3c). The two-parameter model also reduced

estimation bias from –0.06 to –0.0002 (g CO2 m� 2 h� 1),

and mean absolute errors (MAEs) from 0.21 to 0.17

(g CO2 m� 2 h� 1), respectively, compared with the

single-parameter soil temperature-based model. SOM

was closely correlated with SWC and showed similar

regression results for north- and south-facing slopes

(Fig. 3d). Additionally, regression results between SOM

and normalized respiration rates were similar to those

of SWC (data not shown).

Soil incubations

The rates of mineral soil respiration (g CO2 day� 1) were

significantly different (ANOVA, Po0.001) among treat-

ments. Among the treatments, 25 1C and 5 1C treat-

ments showed the highest and the lowest rates of

mineral respiration, respectively. Maximum mineral

soil respiration rates occurred at intermediate SWC for

all incubated soils (Fig. 4). Maximum mineral soil

respiration rates were higher for incubated soils from

Mt. Jumbong (S2, 0.0020 g CO2 day� 1; N2, 0.0021 g CO2

day� 1) than Mt. Nam (0.0015 g CO2 day� 1) and

Kwangnung (0.0017 g CO2 day� 1). In addition, the

sensitivity of soil respiration to increasing soil tem-

perature was higher for the soils from Mt. Jumbong

than Mt. Nam or Kwangnung. At an SWC level of

0.8 g g� 1, mineral soil respiration rates from Mt.

Jumbong soils were 9.5 (S2) and 15.7 times (N2) greater

at 25 1C than those at 5 1C, while the soils from Mt. Nam

and Kwangnung increased by only 2.6 and 2.7 times,

respectively, between the same temperature treatments.

Comparison of soil respiration from different climate
regimes

The Q10 models were applied to estimate annual soil

respiration since soil temperature explained 84–96%

(Po0.05) of seasonal soil respiration in our study (Table

3 and Fig. 5). The temperature-based Q10 models

developed for estimating plot-level soil respiration in

this study had similar Q10 values (3.12–3.26, except for

2.82 at S2), although basal soil respiration rates at 10 1C

soil temperatures were higher at the cooler–wetter sites

(0.45 g CO2 m� 2 h� 1 at Mt. Jumbong) relative to the

warmer–drier sites (0.29 and 0.31 at Mt. Nam and

Kwangnung, respectively). The equivalent Q10 values

are in contrast to higher temperature sensitivity of soil

respiration from Mt. Jumbong soils in the incubation

experiment. Nevertheless, the slopes at Mt. Jumbong in

Fig. 5 showed higher soil respiration rates than Mt.

Nam and Kwangnun at equivalent soil temperatures as

expected by the incubation experiment.

Hybrid-based daily soil temperature estimates

showed a 1.1 1C MAE and a � 0.5 1C bias relative to

measured (Mt. Jumbong N2 and S2 sites) temperatures.

Estimates of annual soil respiration (N2, 1147; S2,

1103 g C m� 2 yr� 1), derived from hybrid-based daily

soil temperatures, were 7.2% greater and 0.5%

lesser than rates calculated from observed daily soil

temperatures (N2, 1070; S2, 1109 g C m� 2 yr� 1), respec-

tively (Table 3). If an aggregate Q10 model (Mt.

Fig. 2 Correlation analyses between soil respiration and soil

environments (SWC, SOM, soil temperature (Tsoil) at 10-cm soil

depth): (a) correlations by slope using slope-specific data from

March to October 2000, (b) correlations by month using monthly

specific data from four slopes, and (c) frequency histogram of

the monthly correlations using monthly specific data from

south- and north-facing slopes, respectively. Asterisk

symbols indicate that the correlation is statistically significant

at Po0.05.
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Jumbong in Table 3) was used, the percent error

decreased to 3.7%. Since the range of the errors

associated with using hybrid-based soil temperatures

is comparable to or below the mean standard error

(4.471.9%) of measured soil respiration rates at

Mt. Jumbong, the use of model-based daily soil

temperatures did not appear to affect annual soil

respiration estimates significantly.

Fig. 3 Regression results between (a) soil respiration (g CO2 m� 2 h� 1) and soil temperature (1C), (b) normalized soil respiration and

SWC, (c) observed soil respiration vs. one-variable Q10 model (y(T), open circle) and two-variable Q10 model (y(T, SWC), filled square)

soil respiration estimates, and (d) SOM and SWC for south- and north-facing slopes. The one-variable Q10 model only considers soil

temperature, while the two-variable Q10 model considers both soil temperature and SWC as independent variables to derive soil

respiration. For (a), (b), and (d), filled square and open square symbols signify data from the north- and south-facing slopes, respectively.

Fig. 4 Mineral soil respiration (7standard error) of incubated soils for 24 h at three levels of soil temperature (51C, 151C, 251C) and five

levels of SWC (0.2, 0.4, 0.6, 0.8, 1.0 g water g� 1 soil): (a) S2 and (b) N2 at Mt. Jumbong, (c) Mt. Nam, and (d) Kwangnung.
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Annual soil respiration estimates derived from

hybrid-based daily soil temperatures were approxi-

mately 1165, 1246, and 1107 g C m� 2 yr� 1 for Mt.

Jumbong, Mt. Nam, and Kwangnung sites, respectively.

These results generally overestimated soil respiration at

all sites, relative to field-based measurements, while

the MAEs (biases in parentheses) of these estimates

were 0.01 g CO2 m� 2 h� 1 (1 0.06), 0.15 g CO2 m� 2 h� 1

(1 0.12), and 0.1 g CO2 m� 2 h� 1 (1 0.04) at Mt. Jum-

bong, Mt. Nam, and Kwangnung, respectively. The

MAE for estimated soil respiration was less than the

observed mean standard error for Mt. Jumbong

(0.09 g CO2 m� 2 day� 1), but greater than observed

mean standard errors for Mt. Nam and Kwangnung

(0.07 and 0.07 g CO2 m� 2 day� 1), respectively. These

results imply that Mt. Nam and Kwangnung soil

respiration rates were likely significantly overestimated

by the temperature-based soil respiration models.

Discussion and conclusions

The role of SWC in affecting soil respiration remains

uncertain despite numerous studies (Schlentner &

Cleve, 1984; Howard & Howard, 1993; Davidson et al.,

1998; Davidson et al., 2000; Vourlitis & Oechel, 2000).

While laboratory incubation experiments show appar-

ent positive or convex-type relationships between SWC

and soil respiration rates, these relationships are rarely

observed in the field, except during short-term drought

or saturation (Davidson et al., 1988, 2000) or hot–dry

summer climate regimes (Xu and Qi, 2001a). In our

study, soil temperature was the primary factor control-

ling seasonal soil respiration. In contrast to previous

studies, however, we found that under field conditions,

SWC was a significant factor regulating soil respiration

spatial patterns.

Although soil temperature explained more than 84%

of slope-level soil respiration seasonal variability, soil

respiration spatial patterns were better explained by

SWC (Fig. 3). More mesic north-facing slopes showed

higher mean soil respiration rates relative to less mesic

south-facing slopes despite higher soil temperatures at

south-facing slopes (Table 2). A convex-type function

better describes topography-driven heterogeneity in

soil respiration rates where topography produces

spatially heterogeneous SWC. A second-order poly-

nomial function with optimal SWC explained an

additional 30% of spatial and temporal variability in

soil respiration unaccounted for by soil temperature

alone. Our results suggest that slope-specific micro-

climates generate heterogeneous distributions of SWC,

and thus soil respiration within and between slopes as

simulated by Kang (2001). Normalized soil respiration

rates attained maximum values at SWC levels of

approximately 0.7 (g H2O g soil� 1) and then decreased

at higher (40.7 g g� 1) SWC levels in Mt. Jumbong field

experiments. This optimal SWC value, when converted

to volumetric water content using the bulk density of

the organic layer (0.7670.04; 10-cm soil depth), is

comparable to the saturation capacity (0.53 m3 m� 3)

found by Kang (2001). Both of our incubation and field

measurements suggest a convex-type function relating

soil respiration to SWC (Schlentner & Cleve, 1984;

Howard & Howard, 1993; Vourlitis & Oechel 2000;

Raich et al., 2002) that attains maximum levels near soil

field saturation capacity as discussed by Davidson et al.

(2000).

Because local topography influences incident solar

radiation (Kang et al., 2002), evapotranspiration (Run-

ning et al., 1987; Kang, 2001), and subsurface water

redistribution (Band et al., 1993; White et al., 1998), the

spatial distribution of SWC is subsequently controlled

by slope-specific microclimates created by local topo-

graphy. Our study showed slope-specific SWC distri-

butions, with lower SWC values more prevalent for

south- than north-facing slopes. SOM showed similar

spatial patterns and, hence, strong relationships with

SWC (r25 0.67, Fig. 3d). SWC explained 75% and 43%

of SOM variability for south- and north-facing slopes,

respectively. These relationships were consistent with

previous observations that SOM increases the water

retention capacity of soil (Vereecken et al., 1989;

Dingman, 1994; Kern, 1995; Rajkai et al., 1996; Scheinost

et al., 1998). Higher correspondence between SWC and

Fig. 5 Scatter plots between monthly mean soil respiration

(g C m� 2 h� 1) and soil temperature (1C) at 10-cm soil depth for

Mt. Jumbong, Mt. Nam, and Kwangnung sites. For graphical

presentation and deriving slope-level regression models, ob-

served data were averaged by month and slope. Solid lines

represent fitted regression models summarized in Table 3, while

horizontal and vertical bars show standard errors of soil

temperature and soil respiration, respectively.
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SOM for south-facing slopes was due to generally

lower SWC levels for south-facing slopes relative to

north-facing slopes.

We did not observe significant correlations between

soil respiration rates and soil temperatures for the

temperate mixed-hardwood forests located at similar

latitudes in this study. Despite significantly lower mean

air temperatures at Mt. Jumbong, our annual estimates

of soil respiration at Mt. Jumbong (1165 g C m� 2 yr� 1)

were comparable to those at Mt. Nam (1246 g C m� 2

yr� 1) and Kwangnung (1107 g C m� 2 yr� 1) (Table 3),

even without considering evidence of significant over-

estimation in soil respiration for the Mt. Nam and

Kwangnung sites. These similarities were due to higher

soil respiration rates for Mt. Jumbong soils compared

with Mt. Nam or Kwangnung for a given temperature

(Fig. 3) despite similar Q10 values (3.12–3.26). Relatively

high microbial substrate quantity and quality, in

addition to precipitation, could also contribute to

higher soil respiration rates at the cool–moist Mt.

Jumbong sites, as these sites showed significantly

higher SOM, TN, and C : N ratios than the warm–dry

Mt. Nam and Kwangnung sites (Po0.05, Table 2).

In general, the results from our incubation and field

experiments emphasize different aspects of soil respira-

tion modeling. For the Mt. Jumbong site, incubation

experiments showed higher Q10 values, while field

experiments showed higher basal soil respiration rates

relative to the other sites. These results indicate that

relatively wet, nitrogen-rich conditions promote higher

Q10 values and/or basal soil respiration rates for a

referenced soil temperature (10 1C in this study). This

inference is mathematically equivalent to Eqn (3)

describing SWC control on the basal soil respirations

as suggested by Raich et al. (2002), but now extends the

equation from a watershed scale to a regional scale of

diverse climatic regimes and nutrient availability. We

recognize, however, that regional inferences regarding

SWC or nutrient controls on basal soil respiration are

constrained by the relatively coarse meteorological and

biophysical data used to characterize these diverse

climatic regimes. Improved methods for spatial and

temporal extrapolation of plot-level soil respiration

measurements are needed to better understand the

relative effects and regional implications of SWC and

soil substrate quality controls to soil respiration.

Xu and Qi (2001b) showed that Q10 values increase

with SWC but decrease with soil temperature.

Although we could not find this trend in the Q10 values

derived from our field experiments, we found that the

basal soil respiration rates at 10 1C soil temperatures

differed, depending on site-specific precipitation and

microbial substrate quality. On the other hand, results

from our incubation experiments imply that the Q10

values are variable, depending on SWC. These results

suggest that the application of standard Q10 models to

estimate soil respiration rates for larger geographic

areas covering different aspects or climatic regimes may

not be adequate unless other factors, such as SWC and

total soil nitrogen or C : N ratio, are considered in

addition to soil temperature. Our findings and the

results of similar regional studies (e.g., Nemani et al.,

2002) also indicate that carbon and water cycles are

strongly coupled; hence, future carbon budget studies

involving soil respiration should consider both hydro-

logic and temperature impacts.
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