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Abstract

The effects of fire on soil-surface carbon dioxide (CO,) efflux, Fs, and microbial biomass
carbon, C,,;., were studied in a wildland setting by examining 13-year-old postfire stands
of lodgepole pine differing in tree density (<500 to >500000 trees ha™") in Yellowstone
National Park (YNP). In addition, young stands were compared to mature lodgepole pine
stands (~110-year-old) in order to estimate ecosystem recovery 13 years after a stand
replacing fire. Growing season Fs increased with tree density in young stands
(1.0 pmol CO, m~?s~ ! in low-density stands, 1.8 pmol CO, m~?s™ ! in moderate-density
stands and 2.1 pmol CO, m™?s™" in high-density stands) and with stand age (2.7 pmol
CO, m™*s™" in mature stands). Microbial biomass carbon in young stands did not differ
with tree density and ranged from 0.2 to 0.5mgCg~" dry soil over the growing season;
Cmic Was significantly greater in mature stands (0.5-0.8mgCg~" dry soil). Soil-surface
CO,, efflux in young stands was correlated with biotic variables (above-ground, below-
ground and microbial biomass), but not with abiotic variables (litter and mineral soil
C and N content, bulk density and soil texture). Microbial biomass carbon was correlated
with below-ground plant biomass and not with soil carbon and nitrogen, indicating that
plant activity controls not only root respiration, but C,;. pools and overall Fg rates as
well. These findings support recent studies that have demonstrated the prevailing
importance of plants in controlling rates of Fs and suggest that decomposition of older,
recalcitrant soil C pools in this ecosystem is relatively unimportant 13 years after a stand
replacing fire. Our results also indicate that realistic predictions and modeling of terres-
trial C cycling must account for the variability in tree density and stand age that exists
across the landscape as a result of natural disturbances.
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Introduction

Globally, forests are the most important carbon (C) pool
in terrestrial ecosystems (Dixon et al., 1994), containing
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66-80% of all C stored in above-ground biomass and
~45% of that found in below-ground terrestrial pools
(Dixon & Turner, 1991; Smith et al.,, 1993; Waring &
Running, 1998). Moreover, forests account for as much
as 75% of terrestrial net primary productivity (NPP)
(Melillo et al., 1993). An average of 69% of ecosystem
C in forests is below-ground in living biomass and soil
organic matter pools (Dixon et al., 1994), although this
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number can reach 75% or higher in some systems (Keith
et al., 1997). In all, soils represent one of the largest near-
surface pools in the global C cycle (Schlesinger et al.,
2000), containing more than twice as much C as is
currently found in the atmosphere and almost three
times more C than is contained in terrestrial vegetation
(Schimel ef al., 2000).

Soil-surface CO, efflux, Fs, or ‘soil respiration’ is the
sum of all carbon dioxide (CO,) produced by below-
ground processes and includes root respiration and
respiration by soil organisms. Soil-surface CO, efflux
accounts for 67-76% of total ecosystem respiration
(TER) in forests (Law ef al., 1999; Janssens et al., 2001;
Xu et al., 2001). If TER is the main determinant of the
C balance in forest ecosystems (Valentini ef al., 2000), then
soil C flux plays a critical role in determining the net
exchange of C between forests and the atmosphere. Glob-
ally, Fs exceeds NPP by 25-60% (Raich & Schlesinger,
1992; Raich & Potter, 1995) and in forests it releases
more than half of the C fixed in gross primary productiv-
ity (GPP) back to the atmosphere (Law et al.,, 1999;
Janssens et al., 2001).

Disturbances — both natural and anthropogenic — are
an important aspect of the interface between global
change biology and C cycle science. Any changes in
major C fluxes during ecosystem recovery from disturb-
ance could have large implications for the net exchange
of C between terrestrial ecosystems and the atmosphere.
Wildfires in temperate and boreal forests are estimated to
account for as much as two-fifth of the total biogenic flux
of CO, to the atmosphere through direct and postfire
emissions (Auclair & Carter, 1993). During fires in con-
iferous forests, approximately 25% of the C stored in
above-ground pools is released to the atmosphere
through direct combustion (Stocks, 1991). Following
fire, however, changes in productivity, quantity and
quality of C pools, and environmental site conditions
can directly influence the flux of C from soils (Burke
et al., 1997). Consequently, the amount of C released to
the atmosphere via postfire CO, emissions can be two to
six times greater than during the initial combustion of
biomass (Auclair & Carter, 1993; Dixon & Krankina,
1993).

Natural disturbances lead to patchy landscapes char-
acterized by a mosaic of stands differing in age and stand
structural characteristics — for example, tree density —
(Turner et al., 1994; Turner et al., 1997; Foster et al.,
1998). This landscape mosaic, in turn, influences regional
patterns of energy flow, nutrient cycling and susceptibil-
ity to future disturbances (Turner & Dale, 1998). The
frequency, size and intensity of disturbances are contin-
gent upon weather and climate as well as forest structure
and composition (Dale et al., 2001) and thus projected
climate change is expected to result in modifications to
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natural disturbance regimes (Overpeck et al., 1990; Baker,
1995; Turner et al., 1998; He ef al., 1999). Altered disturb-
ance regimes, whether caused by management activities
or climate, may have large impacts on forest dynamics
and C cycling through changes in the distribution of
stand age classes and composition across the landscape.
Extensive fires and insect outbreaks, for example, during
the 1970s and 1980s are thought to have switched the
Canadian forest sector from a net C sink to a source
(Kurz & Apps, 1999).

The overall goal of our study was to investigate ecosys-
tem recovery from a natural disturbance by examining
soil C pools and fluxes in postfire lodgepole pine (Pinus
contorta Dougl. ex Loud var. latifolia Engelm.) stands
differing in tree density and stand age. Yellowstone Na-
tional Park (YNP) provides an ideal natural laboratory
for studies of this kind as a result of the great spatial
variability in postfire tree establishment following the
1988 fires and the landscape mosaic of stand ages existing
from centuries of a relatively natural fire regime.

Our first objective was to examine temporal patterns of
Fs, microbial biomass C, Cpic, and soil temperature and
moisture over the growing season. We hypothesized that
Fs and Cyic would follow shifts in soil temperature and
exhibit similar temporal patterns. Soil moisture is import-
ant in controlling Fs and Cy,;., but we hypothesized that
it would be of minor importance in a lodgepole pine
ecosystem characterized by rapid soil drying following
snowmelt and a very dry growing season. We also hy-
pothesized that soil temperature and moisture would be
higher in young stands because of canopy removal,
surface albedo changes and a reduction in evapotrans-
piration rates following disturbance (Aber & Melillo,
1991).

Our second objective was to estimate and compare
yearly rates of C flux from soils in order to gain a better
understanding of ecosystem recovery of Fs, the major
flux of TER, 13years after a stand replacing fire. We
hypothesized that the yearly flux of C from soils would
be similar between young and mature stands as postfire
changes in the soil environment — for example, increased
soil temperature and moisture — can lead to increased
decomposition rates (Burke et al., 1997) that may offset
decreases in root respiration.

The last objective was to determine whether stand level
Fs and C,,;c were correlated with one another and with
various biotic (above- and below-ground plant biomass)
and abiotic variables (soil C and N content, bulk density
and soil texture). We hypothesized that Fs and C,,;c would
be correlated because they would respond to similar
environmental variables — for example, soil temperature
and moisture. However, we hypothesized that Fs would
be controlled primarily by biotic variables (Hogberg et al.,
2001) and Cyyc by abiotic variables (Xu & Qi, 2001).
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Materials and methods

We used a full factorial design with four replicates of four
forest types — low (< 1000 trees ha™'), moderate (7000—
40000 treesha™") and high (>50000 treesha™") densities
in 13-year-old stands and mature stands (100-120-year-
old) with a mean density of 2250 treesha ' — in YNP in
order to investigate the effects of stand density and age
on Fg and Cyy. in postfire lodgepole pine ecosystems
(Table 1). Soil-surface CO, efflux, soil temperature and
soil moisture were measured five times and C,;. was
sampled three times during the growing season in each
stand. In addition, we sampled biotic (above- and below-
ground plant biomass) and abiotic variables (soil physical
and chemical properties). Measurements of Fg from each
stand were used to estimate yearly C flux from soils by
linear interpolation between measurement periods. For
comparison, we also estimated yearly Fg with tempera-
ture response equations and continuous measurements
of soil temperature.

Study area

Yellowstone National Park is located primarily in north-
west Wyoming and covers about 9000 km?, the majority
of which occurs on several high-elevation, relatively flat,
forested plateaus (Turner et al., 1994; Turner et al., 1997).
As a result of recurring fire and insect epidemics,

lodgepole pine forests currently cover some 80% of the
park, although subalpine fir (Abies lasiocarpa (Hook.)
Nutt.) is thought to be the primary climax species on
the plateaus (Despain, 1990; Whitlock, 1993). Engelmann
spruce (Picea engelmannii Parry ex Engelm.) and white-
bark pine (Pinus albicaulis Engelm.) can be locally abun-
dant as well (Despain, 1990).

Our stands were located on sites similar in environ-
mental and topographic characteristics throughout the
subalpine plateaus of YNP at elevations between 2000
and 2500m (Table 1). Plots were randomly selected in
stands located within ~1km of the existing road network
in areas representative of the surrounding landscape
(Litton, 2002). Young stands used in this study estab-
lished following the 1988 Yellowstone fires (13-year-old)
and span the natural range of variability in stand
density that is present across the landscape (<500 to
>500000 treesha™!). Mature postfire stands were
100-120-year-old, with densities ranging from 1320 to
3360 treesha!. Sampling was performed on 0.25ha
plots that were located within larger (>2ha), homoge-
neous, monotypic stands of lodgepole pine. Data on Fg
were collected from three 20-m permanent transects
spaced at 20-m intervals and temporary transects
(20-50m) were located between the permanent transects
for measuring other variables.

All stands were located on rhyolitic soils, the dominant
soil type on the subalpine plateaus, resulting from major

Table 1 Site characteristics for study areas in Yellowstone National Park, Wyoming

Density Age Density Mean basal Mean tree Soil C Content
Stand name class* class’ (trees ha™) area (cm?)* height (m) Elevation (m) (gC m?)$
Cascade Meadows Low Young 425 6.6 (1.3) 0.62 (0.06) 2486 2797
Lewis Canyon North Low Young 533 8.8 (1.6) 0.67 (0.07) 2372 4348
Cygnet Lakes Low Young 742 10.6 (1.3) 0.79 (0.06) 2508 2975
Pitchstone Plateau Low Young 758 12.3 (1.4) 0.82 (0.06) 2368 4535
Riddle Lake TH Moderate Young 7000 7.2 (0.5) 1.00 (0.04) 2429 3298
Lewis Canyon South Moderate Young 8700 9.9 (0.9) 1.13 (0.05) 2363 3612
Biscuit Basin Moderate Young 25250 6.7 (0.5) 1.21 (0.04) 2223 2100
Howard Eaton Moderate Young 39167 3.5(0.2) 0.94 (0.03) 2370 2501
Riddle High High Young 50167 4.3(0.2) 0.96 (0.02) 2417 2864
Firehole Loop High Young 73455 2.2(0.2) 0.76 (0.03) 2166 1722
Gibbon Falls High Young 75500 2.8 (0.2) 0.85 (0.02) 2131 3351
7-Mile Bridge High Young 598462 0.7 (0.0) 0.60 (0.01) 2076 2868
Crawfish Creek - Mature 1920 206.4 (12.3) 15.1 (0.43) 2278 4308
Firehole River - Mature 3360 113.8 (6.1) 11.6 (0.30) 2195 3184
Midway Geyser - Mature 2400 175.3 (8.0) 13.4 (0.28) 2213 4868
West Thumb - Mature 1320 397.6 (27.3) 17.5 (0.30) 2347 4617

Soils for all sites were sandy loams with low clay content (2-7%). Numbers in parentheses are 1 SE of the mean.

*For young stands: low density is < 1000 trees ha™', moderate density is 7000-40 000 trees ha™' and high density is > 50000 trees ha™".
TAll young stands were 13-year-old and mature stands were 100-120-year-old.

From basal diameter for young stands and diameter at 1.3 m for mature stands.

S$Carbon content in the litter layer and top 30 cm of mineral soil.

© 2003 Blackwell Publishing Ltd, Global Change Biology, 9, 680-696



SOIL-SURFACE CO, EFFLUX AND MICROBIAL BIOMASS AFTER FIRE 683

volcanic activity in the Quaternary Era (Despain, 1990;
Whitlock, 1993). Rhyolitic soils are relatively infertile —
for example, mean values of 1.1% organic C and 0.05
meq100g ' total N - and are classified in the Cryochrept
or Cryumbrept families (Trettin, 1986). The soils in our
stands were sandy loams with low clay content (2-7%).
The litter layer and most fine fuels in the canopy were
completely consumed in young stands during the 1988
fires. Development of a well-defined surface organic
horizon has still not occurred after 13years in these
stands, primarily because of high needle retention by
young trees and a lack of other fine litter inputs. On
average, litter C was only 6% of total soil C in our
young stands, whereas it accounted for 25% of soil C in
mature stands.

Yellowstone National Park has cool temperatures
throughout the year and a dry growing season. At Yel-
lowstone Lake (2360 m) the mean January temperature is
—11.8°C and the mean July temperature is 12.9 °C; mean
annual precipitation is 465 mm (Dirks & Martner, 1982).
Approximately 65-85% of the annual precipitation comes
as snow and snow cover usually exists from mid-October
to late May (Despain, 1990).

Soil-surface CO; efflux

Soil-surface CO, efflux originating from the litter layer
and mineral soil was measured in each stand five times
during the growing season, four times in 2000 and once
in the early summer of 2001. Previous year’s snowpack,
snowmelt dates and overall climatic conditions for the
two growing seasons were very similar. Soil-surface CO,
efflux was measured with a dynamic closed chamber
portable infrared gas analyzer (IRGA) coupled to a soil
respiration chamber (PP-Systems EGM-2 IRGA and
SRC-1 soil respiration chamber; PP-Systems, Herts, UK).
The respiration chamber was inserted directly through
the litter layer and into the mineral soil (~1 cm) immedi-
ately prior to the measurements and flux was measured
over a period of 90-120s. For each measurement period,
efflux was measured every 2m along three 20 m perman-
ent transects in each stand (30 measurements/stand).
The PP-Systems SRC-1 soil respiration chamber may
yield 30-50% higher estimates of Fg compared to other
chamber systems (Le Dantec et al., 1999; Janssens et al.,
2000). In order to address this concern we compared
mean Fg rates measured with the SRC-1 soil respiration
chamber (30 points/stand) with simultaneous measure-
ments taken with a LI-COR dynamic closed chamber
IRGA system (10 points/stand, two measurements/
point) (LI-COR 6400 portable photosynthesis system
and LI-COR 6400-09 soil respiration chamber; LI-COR,
Lincoln, NE) in each of the 16 stands in June 2001. For
the LI-COR measurements we used PVC collars inserted
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2-3 cm through the litter layer and directly into the min-
eral soil at least 48h prior to sampling. Measurements
were made by drawing down the CO, concentration
inside of the LI-COR chamber below ambient concentra-
tions at the soil surface and measuring through ambient.
Carbon dioxide efflux from snowpack was measured in
12 stands (three mature stands and three young stands in
each density class) during March 2001 with the LI-COR
6400-09 chamber adapted for snow measurements
(McDowell et al., 2000).

Percent volumetric water content in the top 12cm of
soil and soil temperature at 10 cm were sampled next to
each efflux measurement with a Hydrosense soil water
content measurement system (Campbell Scientific, Inc.,
Logan, UT) and a digital soil thermometer. Continuous
measurements of soil temperature were also made in one
stand from each density/age class from June 2000 to
August 2001 using Campbell 21x dataloggers (Campbell
Scientific, Inc.,, Logan, UT) and eight thermocouple
sensors buried 10cm under the soil. Soil temperature
was recorded every 15min and was averaged over 3-h
time periods for each sensor. Data from the eight sensors
were then averaged in order to determine mean soil
temperature at 3-h intervals, mean daily soil temperature
and the daily amplitude in soil temperature for each
treatment.

Annual estimates of soil C flux

Yearly C flux from soils was estimated by linear inter-
polation of mean daily Fs between measurement periods
during the growing season and by applying measured
CO, efflux from snowpack across the entire snowpack
season. The temperature response of Fs was estimated
from two diurnal measurements of Fg (nmol CO, m™2s™ 1)
and soil temperature (°C) at 10 cm (T) in June and August
in one young and one mature stand. Soil-surface CO,
efflux and T were measured every 2h for 24h on 10
points in each stand with the LI-COR chamber and a
digital soil thermometer. Soil-surface CO, efflux was
then fit to an exponential model by stand age and meas-
urement period:

Fs=axefl (1)

where o and f are constants fitted with non-linear regres-
sion techniques. Qo values were calculated as:

QlO — elO *f (2)

where the Q¢ value is the factor by which Fs increases for
every 10°C increase in T.

Mean daily Fs (pmol CO, m~2s7!) was then deter-
mined for each site by first adjusting mean measured Fg
rates to mean daily T:
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Fs = FS * eﬁ(TiT) (3)

where Fs is measured CO, efflux adjusted to mean daily
soil temperature and T is mean daily soil temperature
(°C) at 10 cm taken from continuous recordings (individ-
ual datalogger measurements were applied to all stands
in that treatment). The non-linear relationship between
respiration and temperature can bias respiration estimates
if daily temperature amplitudes are ignored (Ryan, 1991).
Therefore, we adjusted estimates of Fs for the effect of daily
amplitude, A, in T with a sine function, Iy, for all days
during the snow-free period (Agren & Axelsson, 1980):

Fs :Fs*lo(ﬂ*A) (4:)

where A is derived from continuous measurements of T (as
before, individual datalogger measurements were applied
to all stands in that treatment). Finally, we estimated the
yearly flux of C from soils during the growing season for
each stand by interpolating Fs between measurement
periods.

Daily mean efflux of C from soils during the winter
was estimated from measured values of CO, efflux from
snowpack applied across the entire snowpack period. For
stands that were not sampled for CO; efflux during winter,
values were estimated as the mean of measured efflux from
the three stands in that treatment group. Snowpack dur-
ation was determined for each treatment by examining the
diurnal amplitudes in T and air temperature (3m) for a
given treatment’s datalogger and snowpack was con-
sidered present for that period in which the diurnal ampli-
tude in soil temperature was minimal (<1-2°C)
compared to the diurnal amplitude in air temperature.
Finally, corrected and adjusted mean daily Fs (umol
CO,m ?s ') estimates for the entire year were converted
todaily C flux fromsoils (g C m > day ') and summed over
365 days to yield yearly soil C flux estimates (g Cm 2 yr ).

For comparison, we also estimated yearly C flux from
soils using stand specific temperature response equations
and continuous measurements of soil temperature. Stand
temperature response equations were calculated from
Eqns (1) and (2) using stand mean values of Fs and T
from the five growing season measurement periods.
Temperature response functions were then applied to
continuous 3-h measurements of T during the growing
season (measurements of soil temperature from each of
the four dataloggers were applied to all stands within
that treatment). Carbon dioxide efflux from snowpack
was estimated as above.

Microbial biomass C

Mineral soil Cp;c was sampled in 12 stands (three from
each density class in young stands and three mature

stands) three times during the 2000 growing season (6/
27-7/1, 8/12-8/1, and 9/20-9/26). For each measurement
period, 15 soil samples were taken throughout each stand
from the mineral soil to a depth of 10 cm with a soil auger
(5-cm diameter) and composited. Composite samples
were sieved through a 2-mm mesh, mixed thoroughly
and stored at 2°C until early October 2000 when all
samples could be analyzed simultaneously. Some micro-
bial activity may continue during storage at 2 °C, particu-
larly for soils characterized by cryophilic organisms.
However, this should not influence our results and con-
clusions as storage should have affected all samples
equally and our focus was on trends in Cp;. with stand
age and tree density in YNP, and not a comparison of our
values with other studies.

Microbial biomass C was estimated with the chloro-
form fumigation extraction method modified from Vance
et al. (1987), where Cp;. is calculated as the difference in
organic C between fumigated and unfumigated (control)
samples. For all composite samples, a small subsample
(10-12 g) was weighed and dried to a constant weight at
60°C in order to determine percent soil moisture and
three subsamples were analyzed for Cy;.. For each sub-
sample, two 25g field moist samples were weighed and
one was fumigated with alcohol-free CHCl; in a sealed
desiccator for 24 h at 25 °C, whereas the other was stored
at 4°C. Both samples were then placed on a shaker for
30 min and extracted with 125 mL of 0.5 M K,SO,. Extracts
were filtered through Whatman No. 42 filter paper and
frozen for storage. All extracts were analyzed for organic
C content on a Shimadzu 5000 Total Organic Carbon
Analyzer (Shimadzu Scientific Instruments, Columbia,
MD) and C,;. was determined as:

Cmic = EC/kEC * %Hzo (5)

where EC is the difference in C extracted from the fumi-
gated and unfumigated samples, kgc is the correction
factor (0.35) and %H,O is percent soil moisture. Mean
Cmic values from the three subsamples for a given stand
and measurement period were used for data analysis.

Above- and below-ground plant biomass

Above- and below-ground biomass estimates for lodge-
pole pine trees in our young stands in YNP were reported
by Litton et al. (2003). Biomass was estimated using
measurements of basal diameter from trees in three belt
transects in each stand applied to allometric equations
developed in YNP for predicting coarse root (>2mm)
and above-ground biomass in 13-year-old lodgepole pine
trees. Fine root biomass was estimated in each stand
during a 2-week period in July 2000. Fine roots were col-
lected from the litter layer and mineral soil with 15 cores
(6.35-cm diameter) taken to a depth of 30 cm.
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Above-ground biomass for herbaceous and shrub
species was estimated using allometric equations
developed in YNP for predicting biomass from percent
cover (Tinker et al., submitted). In each stand, we meas-
ured percent cover of all herbaceous and shrub species at
approximate peak biomass in twenty 0.25m” quadrats.
Below-ground biomass - that is, fine roots — for herb-
aceous and shrub species was estimated using root cores
(fifteen 6.35-diameter cores in each stand). Above- and
below-ground biomass for herbaceous and shrub species
were added to estimates of tree biomass in young stands.

Soil physical and chemical properties

Soil C and nitrogen (N) contents were calculated as the
sum of the litter layer and the top 30 cm of mineral soil.
Carbon and N pools in the litter layer were calculated for
each stand by multiplying estimates of litter mass by
values of percent C and N in litter. Litter mass (needles,
bark, cones and branches <7.5cm diameter) was esti-
mated by sampling the forest floor with fifteen 300 cm?
frames. Samples were composited within a stand, dried
to a constant weight at 70 °C and final estimates of litter
mass were corrected for ash-free weight by processing
a subsample in a muffle furnace. Carbon and N pools in
the top 30 cm of mineral soil were estimated by multiply-
ing values of percent C and N in the mineral soil by soil-
bulk density measurements from each stand. Percent
C and N in the mineral soil was estimated from compos-
ite soil samples from 15 cores (6.35 cm diameter) taken to
a depth of 30cm. Composite samples were passed
through a 2-mm sieve, mixed thoroughly and dried to a
constant weight at 70 °C. Subsamples of litter and mineral
soil were isolated and processed overnight on a roller
mill in order to determine %C and %N on a LECO-100
CHN analyzer (LECO Corporation, St Joseph, MI).

Soil-bulk density was determined on five separate 6.35-
cm-diameter cores taken to a depth of 30 cm throughout
each stand using a standard core method (Culley, 1993).
Soil texture was determined on a composite sample from
the bulk density cores using the hydrometer method
(Sheldrick & Wang, 1993).

Statistical analyses

The sample unit for this study was the stand and, thus, all
variable measurements represent mean stand values or
single values taken from a composite. All statistical ana-
lyses were performed in SPSS 10.0 for Windows (SPSS
Inc., Chicago, IL) at an & = 0.05. Stands were grouped into
age and density classes for analyses (Table 1) and all data
were tested for assumptions of normality and equality of
variance. The effect of age on measured variables was
assessed with a contrast model and density effects were
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assessed by constraining the analyses to young stands.
Differences between individual treatment groups were
analyzed with post hoc tests using Tukey’s honestly sig-
nificant difference (HSD) method or with Dunnett’s
C method in the case of unequal variances. Treatment
and time effects for Fg, Cpic, soil temperature and soil
moisture were analyzed with a Repeated Measures Gen-
eral Linear Model (GLM). A One-way Analysis of Vari-
ance (ANOvA) was used in order to test for effects of stand
age and tree density on the flux of CO, from snowpack
and the yearly flux of C from soils. A bivariate correlation
analysis was performed using a two-tailed test of signifi-
cance in order to identify correlations between mean
daily Fs, Cpmic, and various biotic and abiotic variables
in young stands. Mature stands were eliminated from
this analysis because their inclusion resulted in non-
linear relationships and the sample size (n=4) was
too small to detect reliable correlations when analyzed
separately.

Results

Soil-surface CO; efflux

Both tree density and stand age had significant effects on
Fs (P <0.01). Within young stands, efflux in the low-
density class was lower than in the moderate- and high-
density classes (P=0.01); moderate- and high-density
classes did not differ (P =0.58). Mature stands exhibited
higher Fs than low (P <0.01), moderate (P=0.01), or
high-density young stands (P =0.04). Results of repeated
measures analysis on Fg show strong treatment (P < 0.01)
and time effects (P <0.01), and the interaction between
time and treatment (P =0.02) indicates that treatments
responded differently over time (Fig. 1a).

Temporal patterns of Fs followed patterns of soil tem-
perature only for mature stands (Fig. 1a,b). The overall
pattern in Fs from young stands was of increasing efflux
in the early part of the growing season and decreasing
efflux beginning in early to mid-July (Fig. 1a). During the
growing season, treatment means of Fg ranged from 0.6 to
1.4pmol CO,m ?s™' for low-density young stands,
1.0-2.4pmol CO,m ?s' for moderate-density young
stands and 0.7-3.2pmol CO,m ?s ' for high-density
young stands. In mature stands, Fg increased during the
early part of the growing season, remained relatively
stable from early July through the end of August with a
maximum of 3.6 umol CO,m s and decreased to a
in late September

minimum of 1.3pmol CO,m 2s~!

(Fig. 1a). Growing season mean values of Fg were
1.0pmol CO,m2?s™! for low-density young stands,
1.8 umol CO, m 257! for moderate-density young stands
2.1 pumol CO,m 2s™! for high-density young stands and

2.7 umol CO, m s~ ! for mature stands.
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Tree density did not affect CO, efflux from snowpack
in young stands (P =0.38), but age did have a significant
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effect on winter-time efflux rates (P<0.01) (Fig. 2).
Carbon dioxide efflux rates from snowpack were much
lower than growing season values, ranging from
0.1-0.2 pmol CO,m 257! in young stands to 0.4 pmol
CO, m 257! in mature stands.

Considerable spatial variation in measured Fs rates
existed within individual sites. Coefficients of variation
(CV) throughout the growing season ranged from
23-81% within low-density young stands, 24-78% within
moderate-density young stands, 29-66% within high-
density young stands and 9-57% within mature stands.
Coefficients of variation of F5 (mean stand values) within
a given treatment group were much lower across meas-
urement periods (3-29% for low-density young stands,
13-32% for moderate-density young stands, 14-29% for
high-density young stands and 6-35% for mature stands).
In addition, much less spatial variability was present
during wintertime measurements of CO, efflux from
snowpack (mean CV for all stands =29%).

We found no difference in stand mean Fs measured
with the PP-Systems SRC-1 and LI-COR 6400-09 soil res-
piration chambers (P = 0.91, paired samples t-test) (Fig. 3).
Stand mean Fs measured with the PP-Systems and LI-
COR chambers in early June ranged from 0.7-3.9 to
0.6-3.1 umol CO, m2s7}, respectively. Measurements
taken with the two systems were highly correlated
(R*=0.83) and did not differ from a 1:1 relationship,
with an intercept of 0.09 (95% C.I.of —0.4 to 0.6) and a
slope of 0.95 (95% C.I. of 0.7 to 1.2). Therefore, we did not
adjust our measurements of Fs.
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CO,m 2s7%; mean + 1SE) for different treatment groups meas-
ured in early March 2001.
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chamber portable IRGAs (PP-Systems EGM-2 and LI-COR 6400)
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and LI-COR 6400-09). Points are means of 30 measurements for
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LI-COR. Open diamonds represent low-density young stands,
solid boxes moderate-density young stands, open triangles
high-density young stands and solid circles mature stands.

Soil temperature and moisture

Soil temperature varied with treatment (P =0.02), time
(P<0.01) and treatment over time (P <0.01) (Fig. 1b).
There was a significant stand age effect (P <0.01), with
mature stands exhibiting lower soil temperatures than
either the moderate- or high-density young stands
(P=0.03). There was no tree density effect within young
stands (P =0.67). For all treatments, growing season soil
temperature rose to a maximum in late July and dropped
to a minimum in late September. For the four datalogger
sites, mean yearly soil temperature and mean soil tem-
perature for the snow-free period at 10-cm depth were 6.3
and 10.4°C for the low-density young stand, 5.9 and
9.9°C for the moderate-density young stand, 5.7
and 9.9 °C for the high-density young stand and 5.4 and
9.0 °C for the mature stand. The average soil temperature
at 10cm for all sites during the snowpack period was
-0.9°C.

Soil moisture (percentage volumetric) differed over
time (P<0.01) and with treatment (P=0.05) (Fig. 1lc),
but the different treatments exhibited similar temporal
patterns (P =0.55). There was no effect of stand age on
soil moisture (P =0.49), but soil moisture did differ with
tree density in the young stands (P =0.05) with higher
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levels of soil moisture in low-density stands than in high-
density stands. During the growing season, soil moisture
ranged from 6 to 15% in young stands and 8-13% in
mature stands. Soil moisture was highest in the early
growing season, declined steadily through late August
and began to rise again in September.

Annual estimates of soil C flux

The Qg values determined from diurnal measurements
were higher in young stands than in mature stands, but
were remarkably similar within a given stand age across
the growing season (Fig. 4). The Q¢ values in the young
stand were 1.85 in late June and 1.89 in late August. For
the same measurement periods in the mature stand, Qi
values were 1.42 and 1.46. The 0°C respiration value («
coefficient in Eqn. (1)) was lower in the young stand than
in the mature stand. It also differed with time within a
given stand type, with lower values later in the growing
season (Fig. 4).

Mean daily flux of C from soils ranged throughout the
year from 0.2 to 1.5gCm >day ' in low-density young
stands, 0.2 to 25gCm *day ' in moderate-density
young stands, 0.2 to 3.3gCm >day ' in high-density
youngstandsand 0.3t03.7 g C m 2 day’1 inmature stands
(Fig.5). Growing season mean values of soil C flux were 0.8,
1.5,1.7and 2.5gCm *day ' for low-density young, mod-
erate-density young, high-density young and mature
stands, respectively. The percentage of yearly flux of
C from soils occurring during the snowpack period was
22% for low-density young stands, 10% for moderate-
density young stands, 9% for high-density young stands
and 20% for mature stands.

Yearly flux of C from soils (gCm ?yr ') varied with
tree density in young stands (P <0.01) and with stand
age (P <0.01) (Fig. 5). Within young stands, significant
differences were confined to low-density stands
(P <0.01); moderate- and high-density stands did not
differ (P =0.60). Treatment mean rates of C flux from
soils were 156 g Cm 2 yr ™! for low-density young stands,
303gC m~? yrf1 for moderate-density young stands,
351gCm *yr~' for high-density young stands and
460gC m~2 yrf1 for mature stands, with CVs of 3, 27, 13
and 11%, respectively.

Yearly C flux from soils estimated with temperature
response equations from individual stands always
exceeded estimates from linear interpolation. Differences
were primarily because of overestimates of Fg in mid to
late summer in both young and mature stands (Fig. 6).
On average, the temperature response equations resulted
in 14% higher estimates of yearly C flux. Best agreement
between linear interpolation and temperature response
equation estimates occurred in low-density young stands
(6-12% difference); largest differences were associated
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with mature stands (15-28%). Individual site tempera-
ture response equations did a reasonable job of explain-
ing the variation in Fs from T on most sites (R? values
ranging from 0.33 to 0.78 (mean of 0.59) in young stands
and 0.87-0.91 in mature stands). The Qo values ranged
from 1.6 to 2.6 in young stands and 3.4-4.6 in mature
stands.

Microbial biomass and soil C

Microbial biomass carbon (mgCg ' dry soil) varied
across treatments (P < 0.01) and with time (P < 0.01), but
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Fig. 5 Daily C flux from soils (gCm >day ') for different tree
density and stand age treatments in lodgepole pine forests.
Values are adjusted to mean daily soil temperature (°C) at
10cm and corrected for the diurnal amplitude in soil tempera-
ture. Points represent mean treatment flux rates (+ 1 SE) based
on four stands/treatment and lines represent a linear inter-
polation between measurement periods.
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Table2 Pearson product-moment correlation coefficients between various biotic and abiotic variables and microbial biomass (Cpic ) and

stand daily mean soil-surface CO, efflux (Fs; pmol CO, m2g™!

postfire stands of lodgepole pine

) at five measurement periods and for the entire growing season in young

Above-ground Below-ground Soil bulk
Crnic(mg Cg™  biomass biomass Soil C content  Soil N content density  Soil texture
dry soil)* (kg dry wt. ha™)f (kg dry wt. ha 1) (gC m>)$ (gN m>)$ (g em>)T (% clay)'“
Cinic - 0.44 0.83 -0.47 —0.42 0.20 0.30
Fs (06/06-06/16) 0.71 0.90 0.78 -047 —0.34 0.50 —-0.18
Fs (06/27-07/08) 0.81 0.81 0.88 -0.33 —0.24 0.28 -0.17
Fs (07/15-07/29) 0.80 0.61 0.59 -0.13 —0.03 0.06 —0.45
Fs (08/10-08/22) 0.25 0.80 0.43 -0.12 —-0.02 0.57 —-0.40
Fs (09/20-09/28) 0.07 0.58 0.07 0.06 0.14 0.21 —-0.35
Fs Growing Season** 0.66 0.88 0.68 -0.27 —-0.16 0.47 —0.39

Bold numbers indicate a significant correlation at o =0.05.

*Mean growing season microbial biomass C in the top 10 cm of mineral soil.

Includes tree, herbaceous and shrub above-ground biomass.

‘Includes tree, herbaceous and shrub fine root biomass and tree coarse root biomass.

SIncludes soil C and N in the litter layer and top 30 cm of the mineral soil.

TValues are for the top 30 cm of the mineral soil.

**Growing season refers to the period during which snowpack is absent (beginning April 22-May 18 and lasting through October

13-November 1, depending on the site).

treatments behaved similarly over time (P=0.12) (Fig.
1d). There was an effect of stand age (P <0.01), but no
effect of tree density in young stands (P = 0.16). However,
a pattern of increasing Cp,;c with increasing tree density
in young stands was apparent (Fig. 1d). Through the
growing season, Cp;. ranged from 0.2 to 0.3mgCg "’
dry soil in low-density young stands, 0.3-0.4mgCg "
dry soil in moderate-density young stands,
0.4-0.5mgCg ' dry soil in high-density young stands
and 0.5-0.8 mg C g ' dry soil in mature stands. Temporal
patterns of Cpy; did not follow changes in soil tempera-
ture (Fig. 1b,d), but instead appeared to be correlated
with soil moisture, declining through August and rising
again at the end of the growing season (Fig. 1c, d).

Soil C content in the litter layer and top 30 cm of min-
eral soil did not vary with stand age (P =0.30), or with
tree density in young stands (P=0.11) (Table 1). Bulk
density of the mineral soil did not differ across treatment
groups either (P =0.67).

Correlation analysis

Stand mean values of Fg in young stands during the five
growing season measurement periods were correlated
with microbial biomass (R =0.65-0.86), above-ground
plant biomass (R=0.58-0.90) and below-ground plant
biomass (R =0.59-0.88) (Table 2). Soil-surface CO, efflux
was correlated throughout the entire growing season in
young stands with above-ground biomass, but the strong
correlations observed between Fs and both microbial bio-
mass and below-ground plant biomass that existed
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during the first half of the growing season were not
present for later measurement periods. No significant
correlations were found between Fs and measured abiotic
variables (Table 2). Mean growing season Fg was correl-
ated with biotic variables, including below-ground plant
biomass (Table 2; Fig. 7a). Importantly, Cp,;c was highly
correlated with below-ground plant biomass (R=0.83),
but not with any of the other measured biotic or abiotic
variables (Table 2; Fig. 7b).

Discussion

Changes that occur in ecosystem properties following
fire, both biotic and abiotic, may strongly affect soil
C pools and fluxes (Burke et al., 1997) and these changes
could potentially influence the net exchange of C with the
atmosphere more than the direct emission of CO, during
biomass combustion (Auclair & Carter, 1993; Dixon &
Krankina, 1993). In general, soil temperature can increase
after fire with overstory removal and changes in surface
albedo; soil moisture can increase with a reduction in
transpiration rates; and soil pH levels can increase with
a large input of cations in ash deposits (Aber & Melillo,
1991). Detrital inputs can also be greatly altered, with a
decline in fine litter inputs, loss of rhizosphere exudation
and a large initial increase in inputs of coarse woody
debris (CWD). Increased inputs of below-ground litter
can be particularly important in coniferous forests as a
large pool of C that was previously found in live root
biomass suddenly becomes available for decomposition.
All of these changes are hypothesized to lead to increased
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microbial activity in disturbed stands (Burke et al., 1997),
which could potentially release large amounts of CO, as
Fg recovers rapidly to prefire levels with increased de-
composition of bulk soil organic matter.

Our results for 13-year-old postfire stands do not
follow the generalized model for changes in Fs following
fire described above. Soil-surface CO, efflux rates did not
increase in young postfire stands in our study area, even
though there was a considerable input of C into soils
from formerly live roots and soil temperature increased
after fire. Our results are for 13-year-old stands and it is
possible that higher levels of Fs occurred sometime in the

previous 12 years (Burke et al., 1997). However, our cor-
relation analysis (see Correlation Analysis, below) indi-
cates that overall Fg rates are controlled principally by
plant activity (Table 2; Fig. 7), suggesting that this was
not likely the case. Canopy and surface fine fuels were
entirely eliminated during the fire and the production of
rhizosphere exudates would cease with the death of
roots. Currently, litter C is a much smaller pool in
young postfire stands in our study area (Litton, 2002)
and Fg rates are not likely to recover to prefire levels
until there is a sufficient buildup of litter C and a greater
contribution from litter decomposition and rhizosphere
respiration.

Soil-surface CO; efflux

Tree density strongly affected the flux of C from soils in
young stands, with higher density stands characterized
by higher flux rates. Similar results were observed for
young, fast growing Eucalyptus plantations in Hawaii
established on former sugarcane plantations (Giardina
& Ryan, 2002). However, no studies that we know of
have examined the effect of tree density on Fg in ecosys-
tems recovering from natural disturbance. We attribute
increased flux of C from soils in high-density stands to
larger pools of C in both C;. (Fig. 1d; although results
not significant) and below-ground plant biomass (Litton
et al., 2003). Increased flux of CO, from decomposition of
the litter layer is another possible explanation for higher
Fg in high-density young stands, as litter C in high-
density stands was approximately 4 x that in low-density
stands (Litton, 2002). However, this is not likely as the
litter layer in young postfire stands displays no visible
signs of advanced decomposition, more than likely be-
cause litter dries out very quickly in the spring following
snowmelt. Flux measurements taken of the litter layer
(data not shown) indicated virtually no decomposition
of litter once it has dried out. In addition, we found no
correlation between Fg and soil C, which includes litter
and mineral soil C, in our young stands.

Compared to our mature stands, we observed lower
fluxes of Fg in young stands. Using our mature stands as
a frame of reference for prefire conditions, the 13-year-
old postfire stands have not recovered to prefire emission
levels, even in very-high-density stands (> 50000 trees
ha™'). No consistent pattern emerges from the work that
has been performed to date in other areas on the effect of
stand age on C flux from soils. Working in clearcuts in
Oregon, Law et al. (2001) found a pattern similar to ours
in ponderosa pine (Pinus ponderosa Laws. & Laws.)
stands, with lower rates in a 15-year-old stand than a
250-year-old stand. In lodgepole pine stands in south-
central Wyoming, Fs was also significantly lower in
15-year-old stands than in 100-year-old forests (Smith &
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Resh, 1999). However, Fs in jack pine (Pinus banksiana
Lamb.) stands in central Saskatchewan was lowest in a
1-year-old clearcut stand, highest in an 8-year-old stand,
and decreased with age thereafter (Striegl & Wickland,
2001). Moreover, Fs in postfire upland Canadian boreal
forests was found to be similar in 1-year and > 7-year
postburn forests, and significantly lower in stands of
intermediate age (2-5-year postburn) (Burke et al., 1997).
Other studies have documented increases (Ewel et al.,
1987; Gordon et al., 1987), decreases (Weber, 1990; Joshi
et al.,, 1991), and no significant differences (Fernandez
et al., 1993; Toland & Zak, 1994; Marra & Edmonds,
1996) in Fg rates following natural and anthropogenic
disturbances. One possible reason for the absence of a
general consensus on the effect of stand age on Fg may be
the pervasive lack of replication that is common in these
studies. Also, studies are often performed in stands that
represent a wide range of time periods following the
initial disturbance and the disturbances themselves
often vary greatly in type and intensity.

Growing season rates of Fg in our stands of lodgepole
pine (0.6-3.2umol CO,m *s ' for young stands and
1.3-3.6 umol CO,m 2s™! for mature stands) agree with
rates reported for 15-260-year-old lodgepole pine stands
in southcentral Wyoming (1.4-4.2pmol CO, m2s7h
(Smith & Resh, 1999). Lodgepole pine forests, however,
are on the low end of estimates from studies performed
in other forests dominated by Pinus in the Rocky Moun-
tains. Measured rates of CO, efflux from soils in ponder-
osa pine stands in Oregon and California are 1.0-6.5 pmol
CO,m 257! (Law et al., 1999; Xu & Qi, 2001), whereas
rates in jack pine in Saskatchewan have been measured at
0.3-7.2umol CO,m 2s~! (Burke et al., 1997; Striegl &
Wickland, 2001).

Our estimates of CO, efflux from snowpack
(0.1-0.2 pmol CO,m 257! in young stands and 0.4 pmol
CO,m 257! in mature stands) are also on the low end of
estimates for some coniferous forests in the Rocky Moun-
tains (0.3-0.8 pmol CO, m s~ ') (Sommerfeld et al., 1996;
McDowell et al., 2000). Carbon dioxide efflux from snow
in jack pine stands (1-70-year-old) ranged from 0.1 to
0.22 pmol CO, m 2g7! (Striegl & Wickland, 2001), which
is similar to flux rates in our young stands. These investi-
gators, however, found no difference in CO, efflux rates
from snow in stands of different ages, contradicting the
strong age effect that we observed.

We found no difference between flux rates measured
with the SRC-1 chamber and the LI-COR 6400-09 and our
results agree with those of other investigators (Arneth
et al., 1998; Giardina & Ryan, 2002), although it has been
shown in previous studies that Fs measured with the PP-
Systems chamber can overestimate flux by as much as
30-50% compared to other chamber systems (Le Dantec
et al., 1999; Janssens et al., 2000). Owing to the lack of
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reference data for Fg, it is impossible to say which method
is the most accurate (Janssens ef al., 2000), although the
LI-COR 6400-09 seems to be the preferred method be-
cause it contains a pressure equilibration tube and it
measures Fg through ambient concentrations. We recom-
mend that an in situ comparison, like that used in our
study, be made when using the PP-Systems SRC-1 cham-
ber to measure Fg to allow for intersite comparisons of
data collected with different measurement systems.

Annual estimates of soil C flux

The yearly flux of C from soils in our young stands was
significantly lower than mature stands. This is contrary to
our initial hypothesis, as we expected that Fs in young
stands would be similar to that from mature stands as a
result of increased decomposition rates in young postfire
stands. Recovery of the major component of ecosystem
respiration has not occurred after 13years and lower
rates in young stands suggest that little or no increase
in decomposition of soil organic matter pools has oc-
curred as a result of fire (see Correlation analysis below).
This was true despite increased soil temperature in all
young stands and increased soil moisture in low-density
young stands.

Comparison of our estimates of the annual flux of
C from soils with other studies yields a similar pattern
as outlined for growing season Fs. Our values from linear
interpolation (156-460 gCm yr ') are on the low end of
published values for Rocky Mountain coniferous forests,
and well below a mean value of 681 + 95ng_2yr_1
reported for temperate coniferous forests (Raich &
Schlesinger, 1992). Other investigators have estimated
annual soil C fluxes of 145-415gCm *yr ' in jack pine
(Striegl & Wickland, 2001), 654-780gCm 2yr ! in pon-
derosa pine (Law et al, 1999; Law et al, 2001),
764gCm 2yr ' in mixed coniferous forest (McDowell
et al., 2000) and 883-1367 g Cm >y~ ' in Douglas-fir (Pseu-
dotsuga menziesii (Mirb.) Franco) (Klopatek, 2002). Our esti-
mates of the contribution of CO, efflux from snowpack to
the yearly flux of C from soils (9-22%, mean of 15%) com-
parewell with the value of 17% reported for amixed conifer
site in northern Idaho (McDowell et al., 2000).

Linear interpolation of measured flux rates from only
five measurement periods during the growing season has
the potential to bias yearly flux estimates, particularly if
one or more of the measurement periods fall during
atypical conditions — for example, right after a rain
event — (Irvine & Law, 2002). However, our linear inter-
polation should provide a relatively unbiased estimate of
yearly flux rates because (i) the five measurement periods
were spread out over a very short growing season
(~4months), (ii) corrections that were made to adjust
flux rates to mean daily soil temperature incorporate
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seasonal Qo values, (Eqn (3)) which would at least par-
tially account for any seasonal moisture effects, (iii) the
summer of 2000 in YNP was very dry and characterized
by an absence of summer precipitation events and (iv)
our annual estimates of Fs agree relatively well with
annual flux estimates from temperature response curves
and continuous recording of soil temperature. However,
in order to bound our estimates of annual soil C flux and
provide some estimate of error, we estimated 95% C.I.s
for each stand during each measurement period. We then
reanalyzed our linear interpolation by using only the
upper bounds of the 95% C.I. and then again using the
lower bounds. These results suggest that our estimates
of annual soil C flux are within + 25gC m 2 yrf1 for low-
density young stands, + 51 ng_zyr_1 for moderate-
density young stands, + 53gCm 2yr ' for high-density
young stands and + 58gCm Zyr ! for mature stands.
These values represent 16, 17, 15 and 13%, respectively,
of total annual treatment fluxes estimated with linear
interpolation based on measured and adjusted mean Fg
rates.

Annual Fg estimates determined with temperature re-
sponse equations exceeded estimates from linear inter-
polation by an average of 14%, primarily because of high
flux predictions in mid- to late summer (Fig. 6). This is
more than likely because the temperature response equa-
tions do not fully take into account the importance of
phenology and soil moisture, the latter of which de-
creased during that time period while soil temperatures
were relatively stable (Fig. 1b,c). Soil moisture effects
would be at least partially accounted for in that soil
moisture would affect the diurnal responses to tempera-
ture that were used in calculating annual estimates (Eqn
(1)). Diurnal temperature responses were estimated from
two separate periods in the growing season (Fig. 4) that
represented different periods of moisture availability
(Fig. 1c). The temperature response, or Qpo, of these
measurement periods did not differ over the growing
season within a given stand type (Fig. 4), indicating no
substantial effect of soil moisture on Fg during the dry
2000 growing season. Soils dried out rapidly following
spring snowmelt and received no substantial inputs of
moisture until the following autumn (Fig. 1c). Even in
a P. ponderosa system, where rain events during the grow-
ing season resulted in brief periods of high Fs, the influ-
ence of these precipitation events on annual efflux was
insignificant (Irvine & Law, 2002).

Microbial biomass and soil C

While Cp;c comprises a small portion of the C content in
soils (0.7-2.3% in our stands), the microbial population is
known to play key roles in numerous fundamental
ecosystem processes — for example, decomposition of

organic matter, nutrient cycling and plant nutrient acqui-
sition. Results from our study indicate that Cy;. in soils of
young, postfire lodgepole pine stands remains signifi-
cantly lower than mature stands for a period of
=13years. No significant tree density effects on Cp;c
were found in our young stands, even though below-
ground plant biomass varied significantly with density
(Litton et al., 2003). This is probably due to the small
sample size (n=3), as a general pattern of increasing
Cmic with increasing tree density was apparent (Fig. 1d).

Decreases in microbial populations have been widely
reported immediately following fire (e.g. Ahlgren &
Ahlgren, 1965; Fritze et al., 1994; Pietikdinen & Fritze,
1995; Prieto-Fernandez et al., 1998), apparently because
of concomitant changes in environmental conditions
rather than the direct effects of heating (Ahlgren, 1974;
Fritze et al., 1994). Reports of long-term fire effects on
microbial biomass vary. Bissett & Parkinson (1980)
found no effect of fire on total microbial biomass after
6years in a subalpine coniferous forest in Canada. Hos-
sain et al. (1995) found that the effects of fire on microbial
biomass disappeared within 4 years in subalpine Eucalyp-
tus forests in Australia. Other investigators, in turn, have
demonstrated that microbial biomass levels in forest soils
under Pinus spp. can remain significantly lower in
burned stands for 11-13years after a fire (Dumontet
et al., 1996; Prieto-Fernandez et al., 1998), supporting the
results of our study.

Seasonal trends in Cp,;. in our stands followed patterns
of soil moisture, not soil temperature, through the grow-
ing season (Fig. 1b,c,d). Similarly, Fs did not always
track changes in soil temperature in our stands, as ini-
tially hypothesized, further highlighting the importance
of soil moisture in determining C,,;. and rates of C flux
from soils (e.g. Maier & Kress, 2000; Qi & Xu, 2001; Xu &
Qi, 2001). Our results agree with previous work suggest-
ing that temperature is not as universally important as
previously believed in controlling rates of mineral soil
decomposition (Giardina & Ryan, 2000).

Correlation analysis

Immediately following fire, Fg rates should be the result
of microbial activity and decomposition of labile soil
C pools. As labile pools become depleted and plant re-
growth occurs, Fg will be the result of root respiration
and microbial decomposition of new inputs of labile C —
for example, root exudates — as well as any decomposition
of older, recalcitrant pools of soil C. If the decomposition of
older pools with slow turnover rates increases, then the
potential exists for the loss of a relatively long-term terres-
trial C pool following fire.

The fact that Fg in young stands has not recovered
to prefire levels suggests that little or no increase in
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decomposition of soil organic matter pools has occurred.
However, because the decomposition of old, passive soil
organic matter pools accounts for only ~10% of total Fs in
some forests (Thierron & Laudelout, 1996), conclusions
regarding changes in decomposition of this recalcitrant
pool of C should not be made on total flux estimates
alone. The results of our correlation analysis clearly
show that Fs in young stands is correlated with biotic
(plant and microbial biomass) and not abiotic variables
(Table 2; Fig. 7a). Moreover, C,;. is dependent on below-
ground plant biomass and not the amount or quality of
soil C (Table 2; Fig. 7b), suggesting that labile C inputs in
the rhizosphere are more important than bulk soil de-
composition processes in controlling overall microbial
biomass and activity. Taken together, our results indicate
that plant activity controls Fg in forests recovering from
stand replacing fire.

Additional support for this conclusion is evident when
examining soil C contents. Overall differences in soil
C content with density and stand age are likely a result
of prefire stand characteristics and stand history (Litton,
2002). In our stands there was a trend of decreasing soil
C with increasing tree density in young stands (Table 1)
(P=0.11), yet Fs and Cp,;. increased with tree density
(P <0.01 and P=0.16, respectively). In addition, Fs and
Cmic in high-density young stands did not differ signifi-
cantly from mature stands, despite lower soil C content in
the high-density young stands (Table 1). Moreover,
highest soil C contents were associated with mature and
low-density young stands, yet Fg and Cy,ic were consider-
ably higher in mature stands (Fig. 1a,d). Taken together,
these trends suggest that the overriding influence of
recent plant assimilates on Fg negates any differences in
initial site conditions.

Our findings on the importance of plant activity to the
flux of C from soils agree with recent work that has
shown that NPP and the flux of C assimilates to roots
are the main determinants of Fs (Fitter et al., 1998; Fitter
et al., 1999; Ekblad & Hogberg, 2001; Hogberg et al., 2001;
Janssens et al., 2001). The apparent lack of increased
decomposition of older, recalcitrant soil C means that
fire does not necessarily affect this relatively long-term
pool of C in forest ecosystems.

Conclusions

Fire, through effects on tree density and stand age, plays
an important role in the flux of C from soils in lodgepole
pine ecosystems. Within young stands, higher tree dens-
ities result in significantly higher Fg rates, the major com-
ponent of ecosystem respiration. Recovery of Fg, yet, has
still not occurred 13years after a stand replacing fire,
even in very-high-density stands (>50000treesha ).

© 2003 Blackwell Publishing Ltd, Global Change Biology, 9, 680-696

Soil-surface CO, efflux in our study area is correlated
with biotic variables — that is, above- and below-ground
plant biomass and microbial biomass — and not soil phys-
ical and chemical properties, which are the legacy of
decades to centuries of soil formation. Importantly,
plant activity drives the flux of C from soils through
root respiration and controls over microbial biomass.
The apparent lack of increased decomposition of older,
more recalcitrant pools of soil organic matter in recently
burned stands indicates that mineralization of these
pools is limited by factors that are not influenced by
postfire changes in the soil environment — for example,
microbial enzymatic capabilities, protection within soil
aggregates, etc.

A better understanding of how disturbance affects
C cycling is crucial for predicting how changes in climate
and disturbance regimes will affect the exchange of
C between forest ecosystems and the atmosphere. Nat-
ural disturbances such as fire lead to a heterogeneous
landscape characterized by a mosaic of stands differing
in age and structure. The differences in soil C pools and
fluxes that we have shown for gradients in tree density
and stand age likely represent important contrasts in
C cycling over the landscape. Increased understanding
of the effects of natural disturbance on the net exchange
of C in forests via changes in stand structure and age will
enable more accurate modeling of global C dynamics and
better predictions of the effects of global change biology
on terrestrial C cycling. This is particularly important
in light of predictions that disturbances may increase in
frequency and intensity with projected changes in
climate.
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