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ABSTRACT
Soil respiration (SR), a substantial component of the
forest carbon budget, has been studied extensively at
the ecosystem, regional, continental, and global
scales, but little progress has been made toward un-
derstanding SR over managed forest landscapes. Soil
respiration is often influenced by soil temperature
(Ts), soil moisture (Ms), and type of vegetation, and
these factors vary widely among the patch types
within a landscape. We measured SR, Ts, Ms, and litter
depth (LD) during the 1999 and 2000 growing sea-
sons within six dominant patch types (mature north-
ern hardwoods, young northern hardwoods, clear-
cuts, open-canopy Jack pine barrens, mature Jack
pine, and mature red pine) on a managed forest land-
scape in northern Wisconsin, USA. We compared SR
among and within the patch types and derived em-
pirically based models that relate SR to Ts, Ms, and LD.
Increased levels of soil moisture and higher tempera-
tures in June–September 1999 may have accounted

for the up to 37% overall higher SR than in this same
period in 2000. In 2000, SR and Ts values were lower,
and the sites may have been experiencing slight water
limitations, but in general Ts was a much more accu-
rate predictor of SR during this year. Empirical pre-
dictions of SR within each patch type derived from
continuous Ts measurements were in close agreement
with measured values of SR during 2000, but eight of
22 of the simulated values were significantly different
(� � 0.05) from the rates measured in 1999. The
young hardwoods consistently had the highest SR,
whereas the pine barrens had the lowest. Results from
our field studies and empirical models can help land
managers assess landscape responses to potential dis-
turbances and climatic changes.

Key words: soil respiration; managed landscape;
dominant patch types; northern Wisconsin; empir-
ical models; soil temperature; soil moisture; litter
depth.

INTRODUCTION

The carbon flux between the soil and atmosphere
takes place mainly in the form of carbon dioxide
(CO2) originating from microbial (heterotrophic)
and root (autotrophic) respiration. This process, soil
respiration (SR), is one of the main pathways of
flux in the global carbon cycle, with mature north-

ern temperate soils contributing roughly 12.4 Pg C
per year to the atmosphere (Kicklighter and others
1994), about 50%–55% of gross primary produc-
tion (GPP) (Janssens and others 2001). A number
of investigators have suggested that SR acts as the
primary factor in determining the carbon balance of
an ecosystem at both the local and global scales
(Valentini and others 2000; Janssens and others
2001; Luo and others 2002).

Although numerous studies have examined SR at
the ecosystem scale (square meters) (Reiners 1968;
Thierron and Laudelout 1996; Toland and Zak
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1994; Londo and others 1999; Widén and Majdi
2001), the regional scale (square kilometers), (Sim-
mons and others 1996), the continental scale (Jans-
sens and others 2001), and the global scales (Raich
and Schlesinger 1992), little work has been devoted
to studying SR across managed-landscape mosaics
in which multiple patch types (specific ecosystems)
cumulatively determine the SR of the landscape.
Landscape-level studies of CO2 exchange within
northern temperate forested landscapes are espe-
cially critical because recent evidence suggests that
the “missing carbon sink” may be accounted for in
the soil of terrestrial ecosystems in the northern
temperate latitudes (Ciais and others 1995; Pacala
and others 2001; Myneni and others 2001). Fur-
thermore, information about the differences in SR
among the various patch types that comprise a
managed landscape can help land managers under-
stand how biological processes are altered by hu-
man-induced disturbances, such as controlled
burning or timber harvest. SR has been hypothe-
sized to act as an indicator of differences in produc-
tivity and past site disturbances at the ecosystem or
regional scale (Janssens and others 2001; Striegl
and Wickland 2001).

Previous studies have indicated that SR is
strongly affected by soil temperature (Ts) and soil
moisture (Ms) (Howard and Howard 1993; Lloyd
and Taylor 1994; Raich and Potter 1995; Savage
and Davidson 2001). This response of SR to fluctu-
ations in Ts and Ms is often modeled using expo-
nential or parabolic functions and the incorporation
of a Ts � Ms interaction term (for example, see
Wildung and others 1975; Alexander 1977; Raich
and Schlesinger 1992; Londo and others 1999).
Meanwhile, Ts and Ms can vary widely among and
within the patch types in a landscape (Saunders
1998; Saunders and others 1999; Chen and others
1999); thus, the analysis of SR at the landscape
level needs to take into account the dominant patch
types in the landscape.

Scientific investigation of the carbon cycle within
terrestrial ecosystems must consider land use, be-
cause this may have an equal or more severe impact
on carbon flux than factors such as climate change
or atmospheric composition (Tian and others 1999;
Schimel and others 2000). This factor is even more
critical for landscapes such as national forests that
are intensively managed for multiple purposes.
Adaptive management practices within the Che-
quamegon National Forest, a forested landscape in
northern Wisconsin, aim to preserve an array of
patch types that can act as different habitats with
varying degrees of productivity, thereby maximiz-
ing biological diversity (Crow and others 1994)

(Figure 1). To date, management regimes within
the Chequamegon National Forest have resulted in
a landscape that is comprised of generally homog-
enous soils (Table 1) but numerous patch types. The
resulting configuration is thus ideal for examining
differences in SR within and among replicates of the
patch types across the landscape without introduc-
ing confounding influences from heterogeneous
soils. That is, patch types with significantly different
SR rates within this landscape are likely to have
basic differences in carbon cycling that are attribut-
able to management practices and disturbance re-
gimes. We therefore designed our study to answer
the following questions:

1. How do SR, Ts, and Ms vary seasonally and in-
teranually within the six dominant patch types
(clear-cut, open-canopy pine barrens, mature
Jack pine, mature red pine, mature northern
hardwoods, and young northern hardwoods) in
this northern Wisconsin landscape?

2. How well can the influence of biophysical con-
trols, such as Ts and Ms, on SR be quantified
within each of these patch types?

3. How does SR differ among the six dominant
patch types?

4. How do Ts, Ms, and litter depth (LD) influence
SR in each of these patch types?

We hypothesized that the interannual and sea-
sonal variability in SR rates would be attributable to
variations in the temperature and moisture regimes
and that either Ts or LD would act as the dominant
control over SR within and among all the patch
types. Further, we hypothesized that the most re-

Figure 1. Study area within the landscape of the Che-
quamegon National Forest, Wisconsin, indicating the lo-
cation of the sampled patch types. CC, clear-cuts; JP, Jack
pine; MH, mature hardwoods; PB, pine barrens; RP, red
pine; YH, young hardwoods.
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cently disturbed patch types (pine barrens and
clear-cuts) would have the lowest soil respiration
rates, whereas the intermediate-aged patch type
(young hardwoods) would have higher SR relative
to the mature patch types (Jack pine, red pine, and
mature hardwoods).

METHODS

Study Site

Our study was conducted within the Washburn
Ranger District of the Chequamegon National Forest,
Wisconsin, USA (46°30–46°45' N, 91°02–91°22' W).
The landscape is characterized by late Wisconsin-
age glaciated landscapes and Precambrian shield
bedrock. Topography is flat to rolling, and eleva-
tions range from 232 to 459 m. Between 66 to 70
cm of rain and 106–150 cm of snow falls as precip-
itation each year, and the growing season spans 120
to 140 days. The bedrock geology is characterized
by Precambrian and Cambrian bedrock covered
with 34–200 m of glacial drift. The soils are deep,
loamy sands with little organic matter and are clas-
sified as Psamments and Orthods (Albert 1995) (Ta-
ble 1).

We conducted our study within three replicates
of six dominant patch types in this landscape: (a)
mature Jack pine (Pinus banksiana), (b) mature red
pine (Pinus resinosa), (c) open-canopy Jack pine
barrens (PB) (burned less than 7 years previously),
(d) clear-cut (5–8 years old, previously red and/or
Jack pine sites), (e) mature northern hardwoods,
and (f) young northern hardwoods (10–12 years
old) (Figure 1). Data pertaining to the groundcover
vegetation, topography (slope, aspect, and so forth),
structural elements (for example, canopy cover),
and precise method of site selection of these patch
types are detailed by Brosofske and others (2001).

Measurements of SR and Driving Variables

SR measurements were taken on a weekly to bi-
weekly basis over two sampling periods (June–Sep-
tember 1999 and April–October 2000) using a cy-
lindrical chamber of known volume connected to
an infrared gas analysis system (PP Systems, Hav-
erhill, MA, USA). To create a tight seal with the soil
respiration chamber, 10 collars measuring 10 cm in
diameter and constructed from polyvinylchloride
(PVC) tubing were installed at each site in the
spring prior to taking measurements. All measure-

Table 1. Summary of Soil Characteristics for the Patch Types

Variable CC JP MH RP PB YH

Soil texturea

A 89, 8, 2 88, 11, 1 79, 20, 1 89, 10, 1 88, 11, 1 83, 15, 2
E 90, 9, 1 90, 10, — 79, 19, 1 90, 10, — 89, 11, — 83, 16, 1
B 92, 7, 1 88, 11, 1 78, 19, 3 89, 9, 2 91, 8, 1 80, 17, 3

Soil pH
A 3.34 (ab) 3.17 (ab) 3.21 (ab) 3.03 (b) 3.61 (a) 3.47 (a)
E 2.11 3.39 2.32 3.02 1.94 3.03
B 2.94 4.14 2.79 4.00 3.25 3.68

Soil total N (%)
A 0.13 (b) 0.18 (ab) 0.25 (ab) 0.11 (b) 0.18 (b) 0.38 (a)
E 0.02 0.04 0.03 0.05 0.02 0.04
B 0.02 0.03 0.03 0.03 0.03 0.04

Soil total C (%)
A 3.29 (ab) 4.73 (ab) 5.55 (ab) 3.05 (b) 3.52 (b) 7.99 (a)
E 0.52 0.90 0.65 1.08 0.31 0.71
B 0.49 0.62 0.55 0.65 0.58 0.86

Soil organic matter (%)
A 6.17 (b) 9.98 (ab) 10.14 (ab) 6.26 (b) 9.18 (ab) 15.26 (a)
E 1.45 2.38 1.73 2.43 0.96 1.87
B 1.64 2.38 1.99 2.35 2.20 2.77

Different lower-case letters denote significant differences (P � 0.0024) among the patch types. Generally, significant differences were not seen in the E and B horizons. Lowland
and seasonally waterlogged areas were not included in the analysis.
Data pertaining to soil pH, soil total nitrogen, soil total carbon, and soil organic matter are reprinted from Brosofske and others (2001) with permission from Elsevier Science.
CC, clear-cuts; JP, Jack pine; MH, mature hardwoods; RP, red pine; PB, pine barrens; YH, young hardwoods
aSoil texture data are given as percent sand, percent silt, and percent clay.
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ments were taken at least 50 m from any roadside
or edge. At the time of each SR measurement, soil
temperature Ts (5-cm depth) was measured adja-
cent to each PVC collar using a digital thermometer.
Additionally, Ts measurements (5-cm depth) were
recorded continuously at hourly to half-hourly in-
tervals at each site using HOBO four-channel ex-
ternal data loggers (Onset Corp., Pocasset, MA,
USA). Soil samples were taken adjacent to the col-
lars (at a 10-cm depth in the A horizon) with a soil
probe at the time of SR measurement and oven-
dried for 48 h at 105°C to determine gravimetric
moisture contents (Ms) (% dry weight). Two refer-
ence weather stations, one at a pine barrens site and
one in a clear-cut site, were installed during sum-
mer 1999. The stations measured standard climatic
data once per minute and output 30-min averages
(for example, air temperature, relative humidity,
precipitation, photosynthetically active radiation
[PAR], soil heat flux). Litter depth (LD) (cm) was
measured in August 1999 and August 2000 at each
of the 10 collars at each site.

Statistical Analysis

Data from each of the three replicates of the six
patch types were pooled after determining that the
measurements were statistically similar for all of the
replicates using an analysis of variance (P � 0.001).
Mean values of SR, Ts, and Ms were computed by
patch type, and the Bonferroni method was applied
to determine significant differences between the
patch types and between the years 1999 and 2000
(Rice 1995). Linear and nonlinear regression anal-
yses were performed to build statistical models de-

signed to investigate the relationship among SR, Ts,
Ms, and LD. Average daily values of Ts were com-
puted based on the continuously collected temper-
ature data and were used in our statistical models to
simulate SR rates for the entire sampling session.
Monthly average simulated SR rates were com-
pared with the field-measured average monthly
values. Additionally, the possible effect of Ts on SR
was examined over a diurnal cycle within each
patch type using the simulated soil respiration rates.
All analyses were performed using the statistical
software package SAS (SAS v. 8.0; SAS Institute,
Cary, NC, USA) with a significance level of � �
0.05.

RESULTS

Temporal Variation in SR within the Patch
Types

We found seasonal trends in SR rates within these
patch types during the sampling period. Higher val-
ues of SR were observed between late June and late
August; seasonal increases occurred during the late
spring, and seasonal decreases began in early au-
tumn (Figure 2a–c). These seasonal increases cor-
responded to soil warming and the growth of
groundcover vegetation in the spring (E. Eu-
skirchen personal observation), whereas the de-
creases were linked to soil cooling and the senes-
cence of groundcover vegetation in the autumn.

Increased levels of soil moisture and higher tem-
peratures may have accounted for the up to 37%
overall higher rates of SR in June–September 1999
than in this same period in 2000. Significant differ-

Figure 2. (a, b) Comparison
of soil respiration (SR), (c, d)
soil temperature (Ts) (5-cm
depth), and (e, f) soil mois-
ture (Ms) during the sampling
periods of 1999 and 2000.
The bold vertical line in each
graph indicates a break in
monitoring. CC, clear-cuts; JP,
Jack pine; MH, mature hard-
woods; PB, pine barrens; RP,
red pine; YH, young hard-
woods.
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ences between the mean rates of SR in June–Sep-
tember 1999 and 2000 were also found for mature
hardwoods (1.0 g CO2 m�2h�1 in 1999 versus 0.8 g
CO2 m�2 h�1 in 2000), red pines (1.1 g CO2 m�2

h�1 in 1999 versus 0.7 g CO2 m�2 h�1 in 2000), and
young hardwoods (1.2 g CO2 m�2 h�1 in 1999
versus 0.8 g CO2 m�2 h�1 in 2000), (Table 2). Soil
temperatures between the two years were signifi-
cantly different for Jack pine (18.7°C in 1999 versus
14.6°C in 2000), young hardwoods (17.6°C in 1999
versus 14.4°C in 2000), mature hardwoods (17.5°C
in 1999 versus 14.7°C in 2000), and red pine
(18.4°C in 1999 versus 15.4°C in 2000) (Table 2).
Additionally, soil moisture was significantly higher
during 1999 within all the patch types (Table 2),
mostly due to severe thunderstorms in early July.

SR, Ts, and Ms Interactions

Soil respiration rates within the patch types were
primarily controlled by Ts. An exponential model
using a Gauss-Newton estimation method yielded a
statistically significant (� � 0.05, P � 0.001) fit to
the SR–Ts relationship, with Ts explaining between
45% and 73% of the variability in SR rates (Figure
3). The intercept ranged from 0.1466 (� 0.0365) for
the pine barrens model to 0.3235 (� 0.0798) for the
Jack pine model (Figure 3b and d). At any given soil
temperature, predicted SR rates were highest in the
young hardwoods, followed by the mature hard-
woods and red pine, with the pine barrens and
clear-cuts having the lowest rates (Figure 3). For
the range of temperatures between 5°C and 25°C,
this corresponded to Q10 values between 1.6 in the
Jack pine and 2.0 in the young hardwoods. The
range in rates of SR between the patch types in-
creased as Ts increased; the lower range occurred at
around 5°C (from 0.20 to 0.46 g CO2 m�2 h�1), and

the higher range occurred at around 25°C (from
0.75 to 1.91 g CO2 m�2 h�1) (Figure 3).

The inclusion of an Ms term and a Ts � Ms inter-
action term into our temperature model substan-
tially increased the R2 values for three of the patch
types (clear-cuts, pine barrens, and red pine) (Fig-
ure 4). These complete models explained between
46% and 74% of the variability in the SR data. The
intercepts of the models with the Ms terms were
lower than those with just Ts, ranging from 0.0398
(� 0.0256) in the pine barrens to 0.1408 (� 0.360)
in the clear-cuts (Figures 3, 4).

Predicted Rates of SR

Over the course of the measurement period, the
simulated soil respiration rates (Figure 5) generally
reached a peak between late June (for example, in
the red pines and clear-cut in 1999 and the mature
hardwoods and young hardwoods in 2000) and late
July (for example, the Jack pine and young hard-
woods in 1999), a pattern that corresponded with
measured SR rates (Figure 2). During the winter
months, simulated values of SR were negligible
(that is, less than 0.4 g CO2 m�2 h�1) when soil
temperatures remained near 0°C (Figure 5). The
average monthly values of simulated SR were in
close agreement with the field-measured values
during 2000 (Figure 6a–f), but in 1999 the simu-
lated values tended to underpredict SR rates in the
pine barrens, red pine, and young hardwoods (Fig-
ure 6d–f).

The diurnal variation in Ts was minimal during
the summer months in all the patch types except
the pine barrens. During the spring and fall, soil
temperatures typically varied more markedly over a
24-h period, with warmest temperatures occurring
in the mid- to late afternoon (Figure 7). These

Table 2. Comparisons between Means (SDs) of Soil Respiration (SR), Soil Temperature (Ts), and Soil
Moisture (Ms) as Measured in June–September 1999 and 2000 at the Six Dominant Patch Types in the
Landscape

Ecosystem

SR (g CO2 m�2 h�1) Ts (°C) Ms (%)

1999 2000 1999 2000 1999 2000

CC 0.7 (0.12) 0.6 (0.14) 17.9 (4.4) 16.7 (2.3) 23.4 (16.0) 8.8 (4.2)a

MH 1.0 (0.22) 0.8 (0.25)a 17.5 (3.9) 14.7 (2.4)a 36.8 (30.0) 17.8 (2.9)a

JP 0.8 (0.15) 0.7 (0.22) 18.7 (1.7) 14.6 (2.3)a 28.3 (25.2) 9.5 (3.4)a

PB 0.6 (0.12) 0.5 (0.17) 20.6 (3.5) 19.5 (2.8) 17.7 (8.7) 7.0 (2.7)a

RP 1.1 (0.15) 0.7 (0.14)a 18.4 (3.6) 15.4 (2.1)a 26.0 (16.8) 9.2 (4.1)a

YH 1.2 (0.35) 0.8 (0.21)a 17.6 (3.6) 14.4 (2.2)a 33.1 (17.9) 13.4 (4.4)a

CC, clear-cuts; MH, mature hardwoods; JP, Jack pine; PB, pine barrens; RP, red pine; YH, young hardwoods.
aMeans between the two years significantly different (� � 0.05) by t-test
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increases in soil temperature also caused a slight
peak in the simulated SR rates during these mid-to
late afternoon hours (Figure 7).

Controls on SR among Patch Types

There were significant differences in SR between
some of the patch types within the landscape based
on data averaged over the 1999 and 2000 sampling

periods (Figure 8a). The rates of SR (mean � SD) in
the pine barrens (0.51 � 0.23 g CO2 m�2 h�1),
clear-cuts (0.61 � 0.24 g CO2 m�2 h�1), and Jack
pine (0.73 � 0.36 g CO2 m�2 h�1) were signifi-
cantly lower than the rates in the young hardwoods
(0.96 � 0.48 g CO2 m�2 h�1). However, rates of SR
in the red pine plantations (0.79 � 0.39 g CO2 m�2

h�1) and mature hardwoods (0.81 � 0.43 g CO2

Figure 3. Relationship
between soil respiration
(SR) and soil tempera-
ture (Ts) for the six patch
types. For all models, P
� F is � 0.0001 and SE
is the standard error of
the intercept term. Each
point represents means
among the three repli-
cates of each patch type
for each sampling ses-
sion, or 30 individual
measurements. CC, clear-
cuts; JP, Jack pine; MH,
mature hardwoods; PB,
pine barrens; RP, red
pine; YH, young hard-
woods.

Figure 4. Predicted rates of soil respiration (SR) using models based on soil temperature (Ts) and soil moisture (Ms)
compared to observed SR. For all models, P � F is � 0.0001 and SE is the standard error of the intercept term. Each point
represents means among the three replicates of each patch type for each sampling session, or 30 individual measurements.
CC, clear-cuts; JP, Jack pine; MH, mature hardwoods; PB, pine barrens; RP, red pine; YH, young hardwoods.
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m�2 h�1) were not significantly different from the
young hardwoods. Furthermore, SR rates were sig-
nificantly lower at the clear-cuts and pine barrens
than the mature hardwoods, and the red pine plan-
tations had significantly lower SR rates than the
pine barrens.

LD was a better predictor of mean SR rates be-
tween the patch types than Ts or Ms values aver-
aged over both of the 1999 and 2000 sampling
periods (Figure 8b–d). LD was positively correlated
with SR; the lowest average LD and SR occurred in
the pine barrens (average, 0.49 cm) and the highest
occurred in the young hardwood (average, 2.85).
The range of average Ts between patch types was
narrow, between roughly 15°C and 19°C (Figure
8c); the lowest temperatures and highest SR rates
occurred in the young hardwoods, and the warmest
temperatures and lowest SR rates were measured in
the pine barrens. Consequently, the SR–Ts relation-
ship fit a negative exponential curve (Figure 8c).

Average Ms varied from about 12% to 27% dry

weight. This SR–Ms relationship fit a parabolic
curve. This finding reflected a decrease in SR in the
extremely dry soils of the pine barrens and the
more saturated soils of the mature hardwoods, with
respiration rates peaking at around 21% dry weight
in the young hardwoods (Figure 8d). Overall, the
young hardwoods had the highest SR rates, deepest
LD, and coolest soil temperatures, whereas the pine
barrens had the lowest SR rates, least LD, warmest
soil temperatures, and driest soil (Figure 8).

DISCUSSION

Moisture and SR within Patch Types

Northern temperate forests in the Great Lakes re-
gion receive frequent precipitation throughout the
growing season and in general experience only
temporary water shortages. However, precipitation
during some summers may deviate significantly
from the average, and the relationship between SR

Figure 5. Predicted soil respiration (SR) based on the models presented in Figure 3 and soil temperature (Ts) data collected
every 30 min and averaged over a 24-h period. CC, clear-cuts; JP, Jack pine; MH, mature hardwoods; PB, pine barrens;
RP, red pine; YH, young hardwoods.
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and Ts is likely to become confounded by soil mois-
ture during these years. For example, SR was more
accurately predicted by Ts in 2000 than in 1999 for
four of the patch types (Figure 6d and e). Data
collected at our weather station showed that the
months from June to September 1999 had an
above-average 93 cm of rain, whereas for this same
period in 2000 total rain amounted to a slightly
below-average 56 cm. In 2000, the drier year, the
sandy soils drained rapidly, so there was consider-
ably less measured variation in near-surface soil
moisture than in 1999, when the soils remained
more moist. Increased levels of soil moisture and
higher temperatures may have accounted for the
overall higher SR during June–September 1999
(Figure 2 and Table 2). These results indicate that
interannual variability in SR within these patch
types is best predicted with models that incorporate
both a temperature and moisture component (see
also Parker and others 1983; Savage and Davidson
2001; Xu and Qi, 2001; Chen and others 2002).
Furthermore, this interannual variation has impli-
cations for the overall carbon balance of the land-
scape. For example, warmer, wetter years could
potentially cause the landscape to act as a net
source of carbon rather than a net carbon sink (see
also Valentini and others 2000; Savage and David-
son 2001).

On a weekly basis, Ms did not have a distinct
effect on SR within the Jack pine, mature hard-
wood, or young hardwoods sites. The inclusion of a
soil moisture term did not account for a greater
percent of the variance based on the R2 values
derived from on the data collected during the 1999
and 2000 sampling periods, when adequate precip-
itation fell at these patch types. It is possible that we
would find a significant increase in the predictive
capabilities of the weekly SR models within these
patch types if we were to formulate soil respiration
prediction models from data collected during times
of severe water limitations (e.g., if June–September
precipitation had been much less than the 56 cm
that fell in 2000). Moreover, on a longer-term basis,
it is apparent that the moisture regime at these sites
had some cumulative effect on SR; the optimally
moist soils at the young hardwoods site did seem to
contribute to its overall higher average rates of SR,
and the more saturated soils at the mature hard-
woods site were probably a factor that lowered the
average SR values at this patch type (e.g., see Figure
8c).

Predictions of SR

The simulations of SR based on the continuously
collected Ts data should be viewed with some cau-
tion, particularly for the predicted values calculated

Figure 6. Measured versus simulated average monthly soil respiration (SR). The simulated SR rates are calculated using
the continuously monitored soil temperature (Ts) data (5-cm depth) and the models presented in Figure 5. Circled pairs
of points represent those that are significantly different (� � 0.05) by t-test. CC, clear-cuts; JP, Jack pine; MH, mature
hardwoods; PB, pine barrens; RP, red pine; YH, young hardwoods.
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within the winter months. During the winter
months, Ts frequently fell below the values mea-
sured in the field that is, below the values on which
the exponential models in Figure 3 are based); con-
sequently, the values presented here are extrapo-
lated. At a smaller time-step, diurnal variations in Ts

could cause a subsequent change in the respiration
activities of the autotrophs and heterotrophs, al-
though it is possible that there is a time lag that is
not captured in our models (S. Ma and others un-
published) (Figure 7). The diurnal variation in SR
caused by changes in Ts would generally remain
larger in the spring and autumn months, when
there are greater fluctuations in the diurnal soil
temperatures, than in the summer and winter.
However, the diurnal variation at a site may also be
attributable to lower wind speeds at night, which
causes less CO2 transport by advection than occurs

during the daytime, when wind speeds are gener-
ally higher (Widén and Majdi 2001).

SR among and within Patch Types

Given that average LD, an indicator of aboveground
productivity, was a better predictor of SR among the
patch types within this landscape than average Ts

(Figure 8), it is possible that over the longer term
(for example, years) aboveground controls have a
greater influence on both autotrophic and hetero-
trophic SR than Ts. Still, to examine this relation-
ship in more concret terms, litter fall may act as a
more reliable predictor of aboveground productiv-
ity than LD because litter fall is a flux, whereas LD
is a pool. Although no litter fall fata were available
for this study, they are critical to future investiga-
tions.

As for autotrophic respiration, the Ts effect on

Figure 7. Measured diurnal
variations in soil tempera-
ture (Ts) and simulated diur-
nal variations in soil respira-
tion (SR) during spring,
summer, and fall. The simu-
lated values of SR are calcu-
lated using the models pre-
sented in Figure 4. The
diurnal variations in Ts rep-
resent individual days but
are representative of that
particular season. During the
winter months, Ts remains
near freezing. CC, clear-cuts;
JP, Jack pine; MH, mature
hardwoods; PB, pine bar-
rens; RP, red pine; YH,
young hardwoods.
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roots generally remains constrained by GPP. Roots
can only respire that which they are allocated and
are therefore linked to aboveground controls on
carbohydrate availability (Raich and Nadelhoffer
1989). Heterotrophic respiration may also be better
predicted by productivity than Ts. Heterotrophs
commonly favor the less resilient soil organic mat-
ter fractions, often utilizing the new litter inputs
near the surface, the amount of which is related to
the productivity of a given patch type (Alexander
1977). That is, vegetation activity and the labile
carbohydrate provided to the autotrophs and het-
erotrophs by recent photosynthesis generally drive
much of the variation in SR (for example, see Rus-
sell and Voroney 1998).

The SR–Ts relationship (and the resulting Q10)
may seem stronger than it really is because leaf area
and photosynthesis tend to increase in the spring
and decrease in the fall, coincident with changes in
Ts. Nevertheless, even though the SR–Ts relation-
ship may be confounded by this correlation be-
tween temperature and vegetation activity, on a
weekly basis Ts was a reliable predictor of SR within
the patch types. The predictive value is linked to the
wide range of temperatures measured within the
patch types from late spring to autumn; moreover,
the daily activity level of autotrophs and hetero-
trophs are highly temperature dependent (Alex-

ander 1977). For example, Ts within the pine bar-
rens varied by nearly 28°C (from 0.3°C to 28°C) on
a weekly basis; and within red pine patch types, Ts

varied by 20°C (from 3°C to 23°C) (Figure 3). In
contrast, the average Ts between the patch types
varied by only 4°C (Figure 8c).

Furthermore, because the patch types with
higher temperatures were to some extent con-
strained by moisture, predictions of SR between
patch types using Ts alone fit a negative exponential
function (Figure 8b and c), whereas predictions of
SR using Ts alone within the patch types fit a pos-
itive exponential function. Moreover, the inverse
correlation of temperature and SR at the landscape
scale may also be related to increased groundcover,
leaf area index, and shading of the soil by the more
active vegetation types (for example, the young
hardwoods). Examination of only the negative ex-
ponential temperature response curves could be
misleading; at the landscape–scale the response of
SR was negatively correlated to increases in soil
temperature, whereas within the patch types the
response was positively correlated.

Although we did not find a significant difference
in SR between mature coniferous forests and ma-
ture broad-leaved forests, SR was slightly lower for
red pine and Jack pine than for mature hardwoods
(Figure 8a). The average LD and Ts at these sites

Figure 8. Comparisons of soil respiration (SR) between patch types using averaged data from the 1999 and 2000 sampling
periods. a Mean, maximum, minimum, and outlying values of SR; letters above boxes indicate significant differences. b
Relationship between average litter depth (LD) (LD) within the six patch types and average SR. The line depicts the
least-squares relationship between the two variables, c the relationship between average soil temperature (Ts) and average
SR, and d the relationship between average soil moisture (Ms) and average SR. CC, clear-cuts; JP, Jack pine; MH, mature
hardwoods; PB, pine barrens; RP, red pine; YH, young hardwoods.
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were nearly equal (Figure 8b and c), but the soil
was more moist within the mature hardwoods than
at the coniferous sites (Figure 8d). SR within the
red pine and Jack pine patch types was apparently
limited by insufficient moisture, whereas in the
mature hardwoods it may have been hindered by
an overabundence of moisture (Figure 8d). In a
meta-analysis of six studies at five temperature sites
where soil characteristics were the same among the
stands, Raich and Tufekcioglu (2000) found that
coniferous forests had SR rates that were on aver-
age 10% lower than broad-leaved forests. Other
researchers have compared SR rates at broad-
leaved and coniferous forest types, but the soil char-
acteristics varied between the stands, thereby, con-
founding the analysis (for example, see Reiners
1968; Schlenter and Van Cleve 1985; Widén and
Majdi 2001). None of these studies has provided a
definitive explanation for the differences between
the coniferous and broad-leaved forest types, al-
though it has been suggested that these are due to
factors such as dissimilarities in litter quality, litter
production, or root respiration rates (Raich and
Tufekcioglu 2000).

Management and Landscape-level Modeling

The variation in the intercepts of the temperature
response curves between the patch types within
this landscape sites (Figure 3) and the correspond-
ing wide range in Q10 values (from 1.61 for the Jack
pine to 2.03 for the young hardwoods, using the
range of temperatures from 5°C to 25°C) shows that
the temperature response can fluctuate as widely
within a landscape as it can on a regional or global
scale (Simmons and others 1996; Raich and
Schlesinger 1992). Furthermore, the average Ms

and LD over the sampling periods were also variable
between sites. Therefore, it would not be advisable
to infer landscape-level rates of SR using the results
from a single site.

Differences in the rates of SR within this land-
scape should be of particular interest to land man-
agers because they provide an indication of how
varying disturbance regimes can affect a biological
process. For example, similarities in SR between the
clear-cut and pine barrens sites indicate that timber
harvest mimicked the effect of the fires in the pine
barrens on this component of carbon cycling. The
low SR rates observed in the pine barrens and clear-
cuts may be attributable to lower rates of root res-
piration at these sites. Root respiration may account
for more than half of total SR (Hanson and others
2000), but the burning and harvesting regimes in
the pine barrens and clear-cuts may have decreased
the overall root biomass, leading to a subsequent

decline in total SR (see also Behera and others
1990; Ewel and others 1987). Similarly, the young
hardwoods are likely to be experiencing higher
rates of root respiration as the stands regenerate
and fine-root biomass increases, thereby causing
them to have higher rates of total SR.

At the young hardwood sites, high rates of mi-
crobial respiration could also be occurring as popu-
lations profit from increased substrate availability.
However, at the mature hardwood, Jack pine, and
red pine sites, it is possible that the pool of labile
carbon in the soil has been utilized by the microbes,
leading to an overall decline in SR. In the clear-cuts
and pine barrens, there may have also been an
increase in soil microbial respiration following the
tree harvest, but this increase was not large enough
to offset the decline in root respiration (see also
Toland and Zak 1994). Historically, the separation
of the relative contributions of the autotrophs and
heterotrophs to total SR has remained problematic,
and this is an area that warrants further explora-
tion.

Similarly, from the SR standpoint, planting to a
stand of conifers rather than a stand of hardwoods
seems to have the same effect on average soil res-
piration rates across the mature hardwood sites and
the Jack pine and red pine sites. It is also clear that
clear-cutting a stand of pine did not significantly
alter the total rate of SR at this site, since the mature
coniferous sites did not have significantly different
rates of SR than the clear-cut. However, it is likely
that timber harvest did vary the relative contribu-
tions of autotrophic and heterotrophic respira-
tion—a modification that, in the longer term, may
modify the storage of organic matter in these soils.
Furthermore, there was no significant difference in
SR between young and mature hardwoods.

Finally, since LD acted as an important variable in
predicting SR, it is likely that the amount of slash
and other woody debris left behind from logging
practices may also serve as a key predictive variable
in SR models. Decomposition of slash is a major
input of carbon into the soil organic matter pool; in
the years following timber harvest, it would en-
hance soil carbon availability and lead to an in-
crease in soil respiration (Raich and Nadelhoffer
1989; Jurik and others 1991; Striegl and Wickland
2001). It is also possible that other disturbances,
such as fire, act to remove litter and woody debris,
thereby producing effects at different scales for car-
bon flux and stock (Euskirchen and others 2002;
Schulze and others 2000). A previous study within
this landscape (Saunders and others 2002) found
that decomposition rates varied significantly be-
tween some of the patch types and concluded that
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these differences may be attributable to such factors
as variations in canopy cover and litter composition
and litter quality.

FUTURE DIRECTIONS AND CONCLUDING
REMARKS

We chose a landscape scale for this study because it
enables an assessment of multiple patch types un-
der varying management regimes. The landscape-
level approach is useful in determining the effect of
forest and land-use management practices on soil
respiration. Furthermore, this study has provided a
foundation upon which we can base numerous
other research projects within this landscape. Fu-
ture studies within this landscape will measure SR
at other patch types (for example, young pines,
mixed conifer–hardwood) within the area of edge
influence (which can be extensive and significantly
different from the ecosystem interior in fragmented
landscapes) and on a diurnal basis. In addition, the
empirical models presented in this study will be
used to estimate historical values of SR within this
landscape based on remotely sensed data for the
years 1987–98. Finally, the relative importance of
SR within the carbon budget of this landscape will
be determined using micrometeorological tech-
niques.
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