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+ ABSTRACT 

Validating the different components of the 
carbon (C) budget in forest ecosystems is essential 
for developing allocation rules that allow accurate 
predictions of global C pools and fluxes . In addition, 
a better understanding of the effects of natural 
disturbances on C cycling is critical - particularly in 
light of changes in disturbance regimes that may 
occur with alterations in global climate. This study 
investigates the indirect effects of fire on C cycling in 
lodgepole pine (Pinus contorta var. latifolia Engelm. 
ex Wats.) stands in Yellowstone National Park by 
examining above- and belowground C pools, fluxes 
and allocation patterns in post-fire stands that vary in 
tree density and stand age (four forest types: low 
( <1 000 trees/ha), moderate (7 ,000-40,000 trees/ha), 
and high tree densities (>50,000 trees/ha) in 13-yr­
old stands; and ~110-yr-old mature stands). Above­
and belowground biomass were estimated to 
investigate the effect of tree density on biomass 
partitioning in young stands. The effect of tree 
density on soil-surface C02 efflux (Fs) and microbial 
biomass C ( Cmic) in young stands was also examined, 
and data from mature stands were used as a proxy of 
pre-fire conditions to estimate the extent of 
ecosystem recovery 13 years after a stand replacing 
fire. Finally, the effects of tree density and stand age 
on ecosystem C pools, fluxes and allocation patterns 
were investigated. Partitioning of biomass to 
belowground increased with tree density in young 

stands primarily as a result of inherent differences 
associated with tree size, not competition. Fs and 
C.nic increased with tree density in young stands and 
with stand age, and both Fs and Cmic were correlated 
exclusively with biotic variables. These findings 
support recent studies demonstrating the prevailing 
importance of plants in controlling overall rates of 
Fs, and suggest that increased decomposition of 
older, recalcitrant soil C pools is relatively 
unimportant following fire. Fire, through influences 
on tree density and stand age, has important and 
lasting effects on the magnitude of C pools and fluxes 
in lodgepole pine ecosystems. However, results 
presented here suggest that overall C allocation 
patterns following fire are independent of tree density 
and stand age. 

+ INTRODUCTION 

Globally, forests are the most important 
carbon (C) pool in terrestrial ecosystems (Dixon et al. 
1994), containing 66- 80% of all C stored in 
aboveground biomass and ~45% of that found in 
belowground terrestrial pools (Dixon and Turner 
1991, Smith et al. 1993, Waring and Running 1998). 
Moreover, forests account for as much as 7 5% of 
terrestrial net primary productivity (Melillo et al. 
1993). Within forests, an average of 69% of 
ecosystem C is found belowground in living biomass 
and soil organic matter pools (Dixon et al. 1994 ), 
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although this number can reach 75% or higher in 
some systems (Keith et al. 1997). While significant 
advances have been made recently in understanding 
tenestrial C cycling, there are still rather large 
uncertainties pertaining to important and fundamental 
processes. For example, of all the C fixed during 
photosynthesis, where does it go? What is the 
magnitude of belowground C allocation, and what 
environmental variables control it? What happens to 
C pools and fluxes over the lifetime of a forest? 
What effect do natural and anthropogenic 
disturbances have on C pools and fluxes in forests? 
Do patterns, or "rules", of C allocation exist and, if 
so, what are they? 

Our ability to assess how global change will 
affect C cycling in forest ecosystems lies, in large 
part, with the predictive capabilities of models. 
However, modelling tenestrial ecosystem 
metabolism - and changes that may occur due to 
alterations in global climate - is cunently limited by 
an incomplete understanding of C allocation patterns 
(Ryan et al. 1997, Friedlingstein et al. 1999, Gower et 
al. 1999). In particular, belowground C allocation is 
one of the poorest understood attributes of tenestrial 
ecosystems and represents a major uncertainty in 
global estimates of terrestrial productivity (Lauenroth 
2000, Geider et al. 2001). Yet, belowground net 
primary production (BNPP) often accounts for >60% 
of total NPP in forests (Nadelhoffer and Raich 1992, 
Gower et al. 2001, Law et al. 2001), and the 
allocation of C belowground by plants is the single 
largest component of gross primary production 
(Davidson et al. , in press). 

Along with uncertainties pertaining to 
allocation patterns, most ecosystem models that are 
used to simulate tenestrial C cycling do not take into 
account the effects of natural disturbances, making 
the accuracy of modeled C budgets questionable 
(Gower et al. 2001, Chen et al. 2002). Yet 
disturbances are an important component of all 
tenestrial ecosystems. Natural disturbances, 
particularly fire, lead to patchy landscapes 
characterized by a mosaic of stands differing in age 
and structural characteristics (e.g., 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 
susceptibility to future disturbances (Turner and Dale 
1998). The frequency, size, and intensity of 
disturbances are contingent upon weather and climate 
as well as forest structure and composition (Dale et al. 
2001). Projected climate change is, therefore, 
expected to result in modifications to natural 
disturbance regimes (Overpeck et al. 1990, Baker 

1995, Turner et al. 1998, He et al. 1999). Altered 
disturbance regimes, whether caused by management 
activities or climate, could potentially have large 
impacts on C cycling in forest ecosystems. 

Quantifying the important components of 
the C cycle during ecosystem recovery from fire is 
fundamental for detennining how fire will alter 
regional and global C budgets (Auclair and Carter 
1993, Houghton 1996, Burke et al. 1997, Amiro 
2001). Fire immediately changes C cycling, 
returning large amounts of C02 to the atmosphere 
(Harden et al. 2000). In addition to the direct 
combustion of organic matter, however, fire also has 
indirect effects on C cycling in forest ecosystems. 
Following fire, changes in productivity, the quantity 
and quality of C pools, and environmental site 
conditions can directly influence the flux of C from 
forest ecosystems (Burke et al. 1997). Consequently, 
the amount of C released to the atmosphere via post­
fire C02 emissions can be two to six times greater 
than during the initial combustion of biomass 
(Auclair and Carter 1993, Dixon and Krankina 1993). 

Here I present the major findings of my 
dissertation research (Litton 2002) that was designed 
to examine the indirect effects of fire (i.e., tree 
density and stand age) on above- and belowground C 
pools, fluxes and allocation patterns in a lodgepole 
pine (Pinus contorta var. latifolia Engelm. ex W ats.) 
ecosystem. The term C allocation has been used in 
tenestrial ecosystem studies to mean everything from 
cumulative patterns in standing biomass, to the flux 
of C to a particular component per unit time, to the 
distribution of flux as a fraction of gross 
photosynthesis. In this work I use the terms biomass 
partitioning to describe the distribution of standing 
biomass (e.g., root : shoot ratios), pools to describe 
the standing stock of C in a particular ecosystem 
component (e.g., vegetation, detritus, etc. in g C/m2

) , 

flux to describe the flow of C to/from a particular 
component per unit area per unit time (e.g. , 
aboveground net primary productivity or soil-surface 
C02 efflux in g C m2 yr-1

), and C allocation to 
describe overall, stand level patterns in cunent year's 
flux and the partitioning of gross primary 
productivity (GPP). 

+ METHODS 

I used a full factorial design with four 
replicates of four forest types (low (<1 ,000 trees/ha), 
moderate (7,000-40,000 trees/ha), and high (>50,000 
trees/ha) densities in 13-yr-old stands; and mature 
stands ~ 11 0-yrs-old) to investigate the effects of tree 
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density and stand age, as influenced by fire, on 
above- and belowground C pools, fluxes and 
allocation patterns. All stands were located within 
Yellowstone National Park, WY. 

Allometric equations were developed for 
predicting coarse root biomass from basal diameter 
for 13-yr-old lodgepole pine trees. The regression 
equations for coarse root biomass were then used in 
conjunction with existing allometric equations for 
aboveground biomass and fine root biomass 
estimates from coring to estimate belowground, 
aboveground and total stand tree biomass in 12 
young (13-YI·-old) post-fire lodgepole pine stands 
covering a wide range of tree densities. The effect of 
fire on soil C pools and fluxes in post-fire lodgepole 
pine stands was also investigated. The 13-yr-old 
stands were used to examine the effect of tree density 
on soil-surface C02 efflux (Fs) and microbial 
biomass C ( Cmic) in young stands, and data from 
mature stands were used as a proxy of pre-fire 
conditions to estimate the rate and extent of 
ecosystem recovery 13 years after a stand-replacing fire. 
Finally, ecosystem C pools (above- and belowground 
plant biomass; soil organic matter; litter layer; coarse 
woody debris), fluxes (aboveground net primary 
productivity and total belowground carbon 
allocation), and allocation patterns were examined in 
my 16 stands to investigate how they vary with tree 
density and stand age. Above- and belowground 
biomass were estimated from allometric equations, 
and C pools in detritus, fine roots, and soils were 
sampled directly. Aboveground net primary 
productivity (ANPP) was estimated as aboveground 
biomass increment plus fine litterfall, and total 
belowground carbon allocation (TBCA) was 
estimated using a C balance approach. 

+ RESULTS & DISCUSSION 

Biomass partitioning 

Belowground biomass partitioning increased 
with tree density, but the increase was determined by 
inherent differences associated with tree size, not 
competition. Stand biomass in trees ranged from 46-
5,529 kg·ha- 1 belowground, 176-9,400 kg·ha- 1 

aboveground, and 222-13,685 kg·ha- 1 for total 
biomass. For individual trees, the ratio of 
belowground : total biomass declined with tree size 
from 0.44 at a basal diameter of 0.5 em to 0.11 at a 
basal diameter of 8 em. This shift in individual tree 
biomass partitioning caused the proportion of total 
stand biomass in belowground tissues to increase 
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from 19% in low density stands with larger trees to 
31% in high density stands with small trees. 

Given the paucity of data, belowground 
biomass is often estimated as a proportion of total 
stand biomass using variables such as root : shoot 
ratios. Mean values that span a great variety of tree 
species, stand densities, age classes, and site quality 
are used to make inferences about broad scale 
biomass patterns and carbon dynamics. The use of 
average values makes the reliability of such 
assessments questionable. The results from this and 
previous studies suggest that biomass partitioning in 
coniferous forests changes across gradients of stand age 
and tree density. 

Soil C pools and fluxes 

Growing season soil-surface C02 efflux (Fs) 
increased with tree density in young stands (1.0 1-1mol 
C02·m-2·s-1 in low density stands, 1.8 1-1mol C02·m-2·s-1 

in moderate density stands, and 2.1 1-1mol C02·m-2·s-1 

in high density stands) and with stand age (2.7 1-1mol 
C02·m-2·s-1 in mature stands). Microbial biomass 
carbon ( Cmic) in young stands did not differ with tree 
density and ranged from 0.2-0.5 mg c-g- 1 dry soil 
over the growing season; Cmic was significantly 
greater in mature stands (0.5-0.8 mg c-g- 1 dry soil). 

Immediately following fire, Fs should be the 
exclusive product of microbial activity and 
decomposition of labile soil C pools. As labile pools 
become depleted and plant regrowth occurs, Fs will 
be the product of root respiration and microbial 
decomposition of new inputs of labile C (e.g., 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 with 
post-fire changes in the soil environment, then the 
potential exists for the loss of a relatively long-term 
terrestrial C pool following fire. 

Fs in my young stands was correlated with 
biotic variables (aboveground, belowground, and 
microbial biomass), but not with abiotic variables 
(mineral soil C and N content, bulk density, and soil 
texture). Cmic was correlated with belowground plant 
biomass, and not with mineral soil C and N, 
suggesting that plant activity controls not only root 
respiration, but Cmic pools and overall Fs rates as 
well. Taken together, these results suggest that labile 
C inputs in the rhizosphere are more important than 
bulk soil decomposition processes in controlling 
overall microbial activity and that plant activity 
controls Fs in forests recovering from stand-replacing 
fire. These findings agree with recent work that has 
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shown that net primary productivity 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 pools in post-flre stands means 
that flre does not necessarily affect this relatively 
long-term pool of C in soils. 

C allocation patterns 

My results indicate that flre clearly affects 
the magnitude of C pools and fluxes through its 
influence on tree density and stand age. Coarse 
woody debris and mineral soil carbon accounted for 
the majority of total ecosystem C in young stands 
(91- 99% ), in contrast to mature stands where the 
largest amount of C was found in live biomass 
(64%). ANPP and TBCA increased with tree density 
(P < 0.01; mean ANPP was 59, 122, and 156 g C·m-
2·yr-1 and TBCA was 68, 237, and 306 g C·m-2·yf1 for 
low, moderate and high density young stands, 
respectively), and with stand age (P < 0.01 ; ANPP 
was 218 and TBCA was 382 g C·m-2·yr-1 for 110-yr­
old stands). ANPP and TBCA were positively 
correlated (P < 0.01), and both variables were well 
correlated with leaf area index (P < 0.01). Notably, 
the ratio of TBCA : TBCA + ANPP remained 
remarkably constant (0.63- 0.66) across extreme 
gradients of tree density and stand age, differing only 
slightly for the low density young stands (0.54). 
These flndings suggest that C allocation patterns 
following natural disturbance are independent of tree 
density and stand age, despite increased competition 
for limiting resources. 

The approach outlined here could be used to 
enhance the scope and accuracy of terrestrial C 
models by identifying allocation patterns that allow 
for estimation of belowground C dynamics from 
commonly measured aboveground variables (e.g. , 
ANPP or LAI) . In addition, 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 C 
modelling and better predictions of the effects of 
global change biology on terrestrial C cycling. The 
ability to incorporate the effects of natural 
disturbance in modelling efforts is particularly 
important in light of predictions that disturbances, 
particularly flre, will increase in frequency and 
intensity with projected changes in climate. 

+ CONCLUSIONS 

The research presented here provides 
information o~ the indirect effects of flre, as a natural 
disturbance, on C cycling in a lodgepole pine 
ecosystem. However, future research is needed to 
provide additional information that will help 
constrain estimates of terrestrial C cycling following 
flre . Coarse woody debris (CWD) was an important 
component of total ecosystem C in young post-flre 
lodgepole pine stands, yet little information exists 
regarding the flux of C from CWD to the atmosphere 
via decomposition. Total ecosystem respiration 
(TER) accounts for as much as 80% of GPP in forest 
ecosystems (Janssens et al. 2001 ), and soil respiration 
has been shown to be the largest component of TER 
in forests (Law et al. 1999, Janssens et al. 2001, Xu et 
al. 2001). But what role does CWD play in 
ecosystem respiration in post-fire stands? CWD 
dynamics may well constrain net ecosystem exchange 
(NEE, the net C02 exchange between ecosystems and 
the atmosphere) in post-flre forests over long time 
periods. 

In addition to CWD, C in the form of 
charcoal in soils may play an important role in 
controlling NEE. During an intense crown flre in a 
mature lodgepole pine forest, approximately 8% of 
plant biomass is converted to charcoal. It is likely 
that most, or all, of that charcoal is eventually 
incorporated into the soil where it resides for an 
unknown time in the recalcitrant pool of soil organic 
matter. What role does charcoal formation during 
wildflre play in long-term storage of C in forest 
ecosystems? Finally, my stand age comparison 
includes data from stands that represent only two 
points in time (i.e., young vs. mature). What happens 
to C pools and fluxes over the entire course of stand 
development? It is possible that important 
differences in C cycling occur during the flrst several 
years following a flre or in subsequent years as stands 
develop. Realistic modelling of terrestrial C cycling 
should take into account C pools and fluxes for 
stands of all ages. 
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