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Detrital carbon pools in temperate forests:
magnitude and potential for landscape-scale
assessment

John Bradford, Peter Weishampel, Marie-Louise Smith, Randall Kolka,
Richard A. Birdsey, Scott V. Ollinger, and Michael G. Ryan

Abstract: Reliably estimating carbon storage and cycling in detrital biomass is an obstacle to carbon accounting. We ex­
amined carbon pools and fluxes in three small temperate forest landscapes to assess the magnitude of carbon stored in de­
trital biomass and determine whether detrital carbon storage is related to stand structural properties (leaf area,
aboveground biomass, primary production) that can be estimated by remote sensing. We characterized these relationships
with and without forest age as an additional predictive variable. Results depended on forest type. Carbon in dead woody
debris was substantial at all sites, accounting for ,...., 17% of aboveground carbon, whereas carbon in forest floor was sub­
stantial in the subalpine Rocky Mountains (36% of aboveground carbon) and less important in northern hardwoods of New
England and mixed forests of the upper Midwest (- 7%). Relationships to aboveground characteristics accounted for be­
tween 38% and 59% of the variability in carbon stored in forest floor and between 21% and 71 % of the variability in car­
bon stored in dead woody material, indicating substantial differences among sites. Relating dead woody debris or forest
floor carbon to other aboveground characteristics and (or) stand age may, in some forest types, provide a partial solution
to the challenge of assessing fine-scale variability.

Resume: La capacite d'estimer de facon fiable Ie stockage et Ie recyclage du carbone dans la biomasse detritique consti­
tue un obstacle al'etablissement du bilan du carbone. Nous avons etudie les reservoirs et les flux de carbone dans trois
paysages reduits de foret temperee pour evaluer I' ampleur du carbone emmagasine dans la biomasse detritique et nous
avons determine si le stockage du carbone dans les debris est relie aux proprietes structurales du peuplement (surface foli­
aire, biomasse aerienne, production primaire) qui peuvent etre estimees au moyen de la teledetection. Nous avons caracter­
ise ces relations en incluant ou non l'age de la foret comme variable independante supplernentaire. Les resultats
dependaient du type de foret. Dans toutes les stations, les debris ligneux contenaient une quantite appreciable de carbone
qui representait ,...., 17 % du carbone aerien, tandis que la quantite de carbone dans la couverture morte etait substantielle
dans la zone subalpine des montagnes Rocheuses (36 % du carbone aerien) et moins importante dans les forets de feuillus
nordiques de la Nouvelle-Angleterre et dans les forets melangees de la partie nord du Midwest (- 7 %). Les relations avec
les caracteristiques aeriennes expliquaient entre 38 et 59 % de la variation dans la quantite de carbone emmagasine dans
la couverture morte et entre 21 et 71 % de la variation dans la quantite de carbone emrnagasine dans les debris ligneux, in­
diquant qu'il y avait d'importantes differences entre les stations. Dans certains peuplements, la relation entre les debris lig­
neux ou la couverture morte et les autres caracteristiques aeriennes, incluant ou non l'age du peuplement, offre une
solution partielle au defi que represente I' evaluation de la variation aechelle fine

[Traduit par la Redaction]

Introduction

Terrestrial vegetation is a central component of the global
carbon cycle, storing over 600 Gt of carbon and annually
exchanging approximately 10% of that carbon with the at­
mosphere (Schimel 1995). Forests contain more than 45%

of terrestrial carbon (Bonan 2008), and minor alterations to
forest carbon storage or cycling may have substantial im­
pacts on atmospheric carbon dioxide concentrations (C02)

and the global climate system. As a result, quantifying car­
bon dynamics in terrestrial systems is a central challenge for
ecosystem scientists. Estimates of carbon pools and fluxes

Received 29 April 2008. Accepted 22 January 2009. Published on the NRC Research Press Web site at cjfr.nrc.ca on 7 April 2009 .

.T. Bradford! and R. Kolka. USDA Forest Service, Northern Research Station, 1831 Hwy 169 E, Grand Rapids, MN 55744, USA.
P. Weishampel. University of Minnesota, Department of Soil, Water, and Climate, 1991 Upper Buford Circle, St. Paul, MN 55108,
USA.
M.-L. Smith. USDA Forest Service, Legislative Affairs, 201 14th Street, SW, Washington, DC 20250-1130, USA.
R.A. Birdsey. USDA Forest Service, Northern Research Station, II Campus Boulevard, Suite 200, Newtown Square, PA 19073, USA.
S.V. Ollinger. Complex Systems Research Center, Institute for the Study of Earth, Oceans and Space, University of New Hampshire,
Durham, NH 03820, USA.
M.G. Ryan. USDA Forest Service, Rocky Mountain Research Station, 240 West Prospect Avenue, Fort Collins, CO 80523, USA.

'Corresponding author (e-mail: jbbradford@fsJed.us).

Can. J. For. Res. 39: 802-813 (2009) doi: 10.1139/X09-0I 0 Published by NRC Research Press



Bradford et al.

over large areas are essential for generating accurate esti­
mates of carbon balance at scales relevant to management
and policy. In its simplest form, net ecosystem carbon bal­
ance (NECB) is the difference between net carbon inputs
into live biomass and carbon outputs from decomposition of
dead biomass. Approaches to quantifying carbon inputs and
outputs at large scales include remote sensing, simulation
modeling, repeated inventories, and coupling atmospheric
CO2 measurements with simulation models. Remote sensing
can provide good estimates of some variables such as above­
ground live biomass (Schlerf et al. 2005), net primary pro­
duction (Turner et al. 2005), and leaf area index (Hall et al.
2005). Furthermore, the resolution of these measurements
continues to increase in the spatial (Koukoulas and Black­
burn 2005), temporal (Running et al. 2004), and spectral
(Ustin et al. 2004) domains. However, these components all
focus on aboveground live biomass and production - proc­
esses that relate only to carbon inputs and provide limited
insight into outputs of carbon, the other half of the NECB
equation.

Estimating forest carbon dynamics for large areas will re­
quire accurate assessment of carbon cycling and storage in
detrital biomass. Detrital carbon pools can be conceptually
divided into three components: dead woody debris (DWD),
consisting of all woody material both standing and down;
forest floor (FF), consisting of litter and the organic layer
of the soil; and carbon stored in mineral soil, encompassing
soil carbon beneath the FF. Although mineral soil can hold
substantial amounts of carbon and has high spatial variabil­
ity, the size of this carbon pool typically changes very
slowly (Schlesinger and Andrews 2000). By contrast, carbon
storage and cycling in DWD and FF have been shown to
vary substantially across space and time. Previous studies
have found that the variation in DWD and FF carbon can
relate to stand age (Sun et al. 2004), forest type (Currie and
Nadelhoffer 2002), or disturbance history (Tinker and
Knight 2000).

Attempts to account for this variability and assess forest
NECB at large scales have often relied on simulation mod­
els to estimate inputs of carbon and outputs through decom­
position of detrital carbon pools (Turner et al. 2004). Such
models can be useful for estimating carbon balance but typ­
ically rely on site-specific variables, notably stand age and
(or) disturbance history, that are not reliably available over
large areas. Consequently, although these models may pro­
vide insight into very general patterns of carbon storage and
cycling, they often do not have the spatial or temporal reso­
lution necessary to accurately characterize spatially detailed
carbon dynamics at landscape scales.

Repeated examination of forest inventories is an approach
that is useful both for characterizing NECB and for validat­
ing remote sensing or modeling estimates of forest carbon
balance (Goodale et al. 2002). However, the capacity of in­
ventories to quantify large-scale carbon balance is limited by
two factors: (1) although inventories can be spatially distrib­
uted over very large extents, they actually measure very
small areas, potentially resulting in estimates with very high
sampling errors as a consequence of widely distributed sam­
ples; and (2) despite some recent efforts to incorporate detri­
tal pools into forest inventories (Bohl and Brandli 2007;
Woodall et al. 2008), national-scale inventories are typically
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focused on quantifying potential timber production or bio­
mass and thus often provide only limited insight into pools
of nonlive carbon (Chojnacky and Heath 2002). Likewise,
assessing carbon dynamics from direct monitoring of atmos­
pheric CO2 concentrations can provide insight into the over­
all balance but only limited information about the
mechanisms behind the observed patterns or the specific
pools or fluxes that account for important differences.

Because none of these approaches provide all the infor­
mation necessary to accurately quantify the dynamics of de­
trital carbon pools, regional- or landscape-level carbon
balance is often very roughly estimated. The difficulty of in­
cluding detrital pools can introduce considerable uncertainty
into landscape and regional estimates that could influence
the overall assessment of carbon balance. Consequently, de­
veloping reliable methods for relating detrital biomass pools
to other, more easily measured, forest attributes (including
age) would dramatically simplify the challenge of estimating
detrital biomass pools at large scales and would be an im­
portant advancement toward accurate carbon accounting.

To address this challenge, we examined carbon pools in
three temperate forest landscapes, located in Colorado,
Wyoming, Minnesota, and New Hampshire, USA. Our ob­
jectives were (1) to assess the magnitude of carbon stored
in dead woody debris (DWD) and forest floor (FF) by meas­
uring the size of those carbon pools and comparing them
with other carbon pools and fluxes, and (2) to determine
whether the amount of carbon stored in DWD and FF pools
is related to components that can be estimated via remote
sensing and whether the size of these pools displays consis­
tent relationships to stand age. Together, these two objec­
tives provide insight into the challenge presented by detrital
carbon pools. Objective I assesses how much influence var­
iability in detrital carbon pools may have over total forest
carbon balance, while objective 2 explores one logical ap­
proach to characterizing that variation over heterogeneous
forest landscapes. If DWD and (or) FF are found to store
substantial carbon and are not correlated with more easily
measured processes, then the challenge of accounting for
these carbon pools will be both important and difficult. If,
on the other hand, detrital carbon pools are strongly linked
to production, aboveground biomass, or litterfall, then those
processes, which are amenable to estimation via remote
sensing or successional forest models, can be used to esti­
mate the dynamics of carbon stored in detrital pools.

Methods

Site description
We quantified carbon pools and fluxes in small land­

scapes in three temperate forest ecosystem types: northern
hardwoods in central New Hampshire (Bartlett Experimental
Forest), mixed forests of northern Minnesota (Marcell Ex­
perimental Forest), and subalpine Rocky Mountain forests
in Colorado and Wyoming (three sites). These landscapes
encompass a wide range of forest conditions, and compari­
son of basal area and age from these plots with data from
the US Forest Service's Forest Inventory and Analysis pro­
gram (PIA 2007) for nearby states indicates that these plots
are generally representative of forests in their respective re­
gions (Fig. I).
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At each site, we identified a 1 km by 1 km area for study.
Within this square kilometre, we established between 9 and
16 research plots at predetermined locations to avoid biased
sampling of the landscape. Established to closely mimic
USDA forest inventory and analysis plots, each of our plots
consists of four subplots: a center subplot and three satellite
subplots located 35 m away at 0°, 120", and 240°. At the
Rocky Mountain sites, we also included three additional
plots at each site located just outside the square kilometre
that were selected to represent younger forest types
(Table 1).

Bartlett Experimental Forest
The Bartlett Experimental Forest consists primarily of

old-growth northern hardwoods with Fagus grandijolia
Ehrh. (American beech), Betula alleghaniensis Britt. (yellow
birch), Acer saccharum Marsh. (sugar maple), and Tsuga
canadensis (L.) Carriere (eastern hemlock) as the dominant
species. Even-aged stands of Acer rubrum L. (red maple),
Betula papyrifera Marsh. (paper birch), and Populus tremu­
loides Michx. (trembling aspen) occupy sites that were once
cleared. Picea rubens Sarg. (red spruce) stands cover the
highest slopes, and Pinus strobus L. (eastern white pine) is

confined to the lowest elevations. Climate at Bartlett is char­
acterized by warm summers with highs frequently above
32°C and cold winters with lows often reaching -34 "C.
Average annual precipitation is 127 em, well distributed
throughout the year, and snow typically accumulates to
depths of 1.5 to 2 m in winter. Soils at Bartlett are Incepti­
sols and Spodosols, developed on glacial till derived from
granite and gneiss. The soils are moist but generally well
drained and shallow in places. In the late nineteenth century,
the lower third of Bartlett (where this study was conducted)
was heavily logged, while upper portions were only partially
logged. Natural disturbances at Bartlett include hurricanes
(1938) and ice storms (1998) and occasional small-scale
wind storms. Variation in stand characteristics and annual
net primary production across the Bartlett landscape have
been reported by Ollinger and Smith (2005).

Marcell Experimental Forest
The Marcell Experimental Forest consists of a mosaic of

upland forests and peatlands; plots in this project were lim­
ited to upland areas. Upland vegetation at Marcell is highly
variable among watersheds depending on forest management
practices and soils, is generally dominated by Populus trem­
uloides and Populus grandidentata Michx. (bigtooth aspen)
but contains substantial components of northern hardwoods
and other incidental species including Betula papyrifera and
mixed pine stands of Pinus resinosa Ait. (red pine), Pinus
strobus L. (white pine), and Pinus banksiana Lamb. (jack
pine). The climate of the Marcell Experimental Forest is
subhumid continental, with wide and rapid diurnal and sea­
sonal temperature fluctuations. Forests at Marcell were gen­
erally logged in the early twentieth century, with the
exception of lowland conifer forests. In the last several dec­
ades, disturbances at Marcell have consisted of occasional
timber harvesting operations and infrequent wind storms
that cause incomplete tree mortality on very small patches.
The average annual air temperature is 3°C, with extremes
of -46 ''C and 38°C; average January and July temperatures
are -15 "C and 19 DC, respectively. Upland soils at Marcell
are mainly loamy sands or fine sandy loams (Nichols and
Verry 2(01).

Rocky Mountain forests
We examined three sites in the subalpine Rocky Moun­

tains: The Fraser Experimental Forest, located near Fraser,
Colorado; the Glacier Lakes Ecosystem Experiment Site, lo­
cated near Centennial, Wyoming; and the Niwot Ridge
AmeriFlux study site, located near Nederland, Colorado.
Tree species consist primarily of Abies lasiocarpa (Hook.)
Nutt. (subalpine fir) and Picea engelmannii Parry ex En­
gelm. (Engelmann spruce) at higher elevations and Pinus
contorta Dougl. ex Loud. (lodgepole pine) at lower eleva­
tions, with minor components of Pinus flexilis James (limber
pine) and Populus tremuloides at Niwot. Climatic conditions
at all sites are characterized by cold and relatively long win­
ters (Table I). Glacier Lakes boasts the highest elevation
and precipitation, lowest temperatures, and largest average
snowpack, whereas Niwot is the lowest, warmest, and driest
of the three sites. Disturbance history varies among the sites.
While only minor scattered logging occurred at Glacier
Lakes over 100 years ago, Niwot was essentially clear-cut
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Fig. 1. Comparing basal area and age of forest plots used in this
study with histograms of Forest Inventory and Analysis (FlA) plots
for nearby regions illustrates how plots included in this study are
generally representative of forest conditions over a much larger
area. FIA data include the following: for Bartlett, all forested FIA
plots in New Hampshire and Vermont (n =968); for Marcell, all
forested plots in northern Minnesota and Wisconsin in the white­
red-jack pine, spruce-fir, maple-beech-birch, and aspen-birch for­
est types (n = 8339); and for Rocky Mountains, all forested plots in
Colorado and Wyoming in the fir-spruce and lodgepole pine forest
types (n = 1372).
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Table 1. Climatic conditions, sample size, and general stand structure for forested landscapes in New Hampshire, Minnesota, Colorado,
and Wyoming.

Mean annual Mean annual Elevation Max. age Density Height LAI
Site Latitude Longitude temp. CC) precip. (mm) (m) Plots (years) (stems-ha") (m) (m-m")

Bartlett, NH 44;2'39"N 7129'56"W 6 1270 275 12 625 19 3.4
Marcell, MN 4T'30'N 93'28'W 3 785 425 16 69 930 15.6 3.2
Fraser, CO 39'04'N 105252'W 0 737 3100 12 200 832 11.4 4.3
Glacier Lakes, WY 41'22'N 106' 15'W -2 1000 3180 12 179 725 10.5 6.5
Niwot, CO 4002'N 105'33'W 4 800 3050 12 133 1726 10.3 3.6

Note: Age, density, height, and leaf area index (LAI) estimates are based on all plots. Age was not measured at Bartlett.

between 1900 and 1910, and selective clearcuts were made
at Fraser in the 1950s. Wildfires and insect outbreaks are
important natural disturbances in these systems, and Fraser
is the only site with evidence of large recent fires; Fraser ex­
perienced a widespread stand-replacing fire in approxi­
mately 1685. In addition, lodgepole pine trees in the lower
region of the Fraser site are currently heavily invaded by
mountain pine beetles (Dendroctonus ponderosae) and are
experiencing severe mortality.

Data collection and compilation

Standing tree biomass
We recorded species, location, and diameter at breast

height (DBH, 1.37 m) for all live and dead trees within 8­
10 m (depending on site) of subplot centers. Aboveground
biomass in foliage, branches, and stems was estimated from
allometric equations at Bartlett (Ribe 1973; Whittaker et al.
1974; Hocker and Earley 1983), Marcell (Perala and Alban
1993), and the Rocky Mountain sites (Table S12) . Biomass
was calculated for live and dead trees, saplings, and seed­
lings and converted to carbon by dividing by 2 (Schlesinger
1997; Fahey et al. 2005). Leaf area was estimated at Bartlett
from litterfall collections (see below); at Marcell using a
LAI-2000 Plant Canopy Analyzer under early morning,
overcast conditions, above the understory vegetation at four
locations on each subplot (values corrected for conifer com­
ponent; LI-COR Biosciences, Lincoln, Nebraska); and at the
Rocky Mountain sites from allometric equations for pro­
jected leaf area (Table SIl). Complete tree cores were col­
lected from the three largest trees on each subplot at
Marcell and the Rocky Mountain sites and averaged to esti­
mate stand age. Age was not examined at Bartlett.

Dead woody debris
DWD carbon was calculated as the sum of carbon in

coarse woody debris and carbon in standing dead trees (de­
scribed above). Coarse woody debris was measured along
three to four 7.5-15 m line intercept transects at each sub­
plot. Diameter and decay class (Arthur and Fahey 1990)
were recorded for all logs with diameter greater than
7.5 ern. Log diameters were transformed into cross-sectional
areas by assuming that class I-III logs are circular, whereas
class IV and V logs are oval shaped with ratios between
short and long axis of 1:4 and 1:5, respectively (D. Tinker
and D. Knight, unpublished data), and plot-level volume
was corrected for angular distribution of logs (Brown 1971).

Total down wood biomass per transect was estimated by
multiplying volume by species-specific wood specific grav­
ity for live wood and deadwood (Jenkins et al. 2003).

Forest floor
FF biomass was quantified by harvesting all organic ma­

terial (other than standing biomass) above mineral soil
within three 30 cm by 30 ern quadrats located 7 m from
subplot center at 60°, 160°, and 300". Only the organic soil
layer was harvested in these FF samples, and the boundary
between FF and mineral soil was determined by the pres­
ence of mineral-derived material, evaluated at each sampling
location. Large tree roots (>3 mm) were not included in
these samples, but fine roots were not removed. FF samples
were dried at 65 "C to remove all moisture, weighed, and
the entire sample was ground, mixed, and subsampled for
analysis of total carbon and nitrogen content on a CHN ana­
lyzer. To calculate FF carbon, we multiplied the FF mass by
the measured carbon concentration for each sample quadrat.
Total area-based carbon stored in the FF was estimated by
averaging the carbon content of the three samples in each
subplot, corrected for the proportion of surface covered in
boulders, which was estimated from boulder intercept meas­
urements on the CWD transects.

Carbon fluxes
We calculated production as the sum of live tree and sap­

ling biomass increment over the past 10 years, Iitterfall , and
understory production. To quantify biomass increment, 5-10
trees in each subplot at Marcell and the Rocky Mountain
sites were cored for increments spanning at least the past
10 years, and basal area increment was calculated from ra­
dial increments. At Bartlett, basal area increment was esti­
mated by annually repeated DBH measurements of all trees
greater than 10 ern in diameter, with measurement locations
marked on each tree to ensure accuracy. Individual-tree bio­
mass increments were calculated as the annual increase in
above- and belowground biomass, and these values were
summed to yield subplot-level estimates. Litterfall was esti­
mated by collecting litter twice a year in three to five
"'" 0.15 m? traps per subplot. Aboveground biomass of
understory grasses and forbs was collected at peak biomass
(late summer) from three 0.25 m? quadrats per subplot at
the Rocky Mountain sites and three 0.5 m2 quadrats at Mar­
cell. Litterfall and understory samples were dried, weighed,
and analyzed for carbon content. Net primary production
was calculated as the sum of tree biomass increment, litter-

2 Supplementary data for this article are available on the journal Web site (http://cjfr.nrc.ca) or may be purchased from the Depository of
Unpublished Data, Document Delivery, CISTI, National Research Council Canada, Building M-55, 1200 Montreal Road, Ottawa, ON K1A
OR6, Canada. DUD 3922. For more information on obtaining material refer to http://cisti-icisLnrc-cnrc.gc.ca/cms/unpub_e.html.
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Table 2. Carbon pools (Mg Cha-1) in each small forested landscape with comparable previous estimates.

Bartlett Marcell Rocky Mountains

This study This study This study

Mean SE Others Mean SE Others Mean SE Others

Aboveground live 95.6 4.6 120a 65.8 9.0 24-400" 81.1 8.4 25-126!i
Snags 11.5 1.3 6.5a 9.6 2.2 14.0 4.2 7-64h

Coarse wood 9.0 0.7 3-20b 7.9 2.0 2-14e 13.5 1.7
Forest floor 18.8 1.3 5-40C 6.6 0.6 7-2ot 60.8 4.9 12-34i

"Fahey et al. (2005).

hCulTie and Nadelhoffer (2002) and Chojnacky and Heath (2002).

"Gosz et al. (1976), Covington (1981), Federer (1984), Fahey et al. (2005), and Ollinger et al. (2002).

"Scheller and Mladenoff (2004).
eGrigal (2007).

(Bell et al. (1996), Grigal and Ohmann (1992), and Smith and Heath (2002).

gPearson et al. (1984), Arthur and Fahey (1992), and Binkley et al. (2003).

hFahey (1983), Arthur and Fahey (1992), Busse (1994), and Kueppers et al. (2004).

'Fahey (1983) and Arthur and Fahey (1992).

fall, and understory production, and did not include fine root
production.

Statistical analysis
To quantify the relationship between net primary produc­

tion, aboveground live biomass, leaf area index, and age
(only at Marcell and Rocky Mountains) and the amount of
carbon stored in DWD or FF we generated a set of candi­
date statistical regression models based on four different
functional forms (Table S22) . These statistical models re­
lated DWD or FF carbon to independent variables using a
linear function, a power function, an exponential rise to a
maximum, and an equation that is a combination of expo­
nential decay and exponential rise to a maximum that allows
DWD or FF carbon to decline at young ages and increase at
older ages, a result observed in some previous studies
(Covington 1981; Duvall and Grigal 1999). To characterize
the relationship between DWD or FF carbon and stand
age, we also incorporated maximum age into the models
as an independent variable (Table S22) . All independent
variables were tested for colinearity, and combinations of
independent variables with coefficient of determination >0.7
(tolerance <0.3) were not used simultaneously. Plots (each
consisting of four subplots) were used as the experimental
unit, and all variables were transformed as necessary to
achieve normality.

Each competing model for predicting the caron stored in
DWD or FF can be conceptualized as a hypothesis about
drivers of those detrital carbon pool dynamics. To compare
these statistical models, we used a method that employs
likelihood theory to determine the extent to which each
model was supported by the data (Burnham and Anderson
2001). We used the corrected form of Akaike information
criterion (AICc) as an indicator of the information lost when
a statistical model approximates truth. We ranked models
according to the support for each model contained in the ob­
served data and calculated model weights (w.), which are in­
terpreted as the weight of evidence in favor of the best
model in comparison with other models in the candidate set
of models. This model selection method has the advantage
that it uses models created prior to data analysis and con-

tains a penalty for each parameter included, thereby mini­
mizing the chance of obtaining spurious results (Burnham
and Anderson 2001). Because we were interested in examin­
ing the strength of relationships between either DWD or FF
carbon and overstory attributes (leaf area, production, bio­
mass, and age), we plotted the best model using each attrib­
ute individually, as long as the best model was statistically
significant (p < 0.1) and accounted for at least 5% of the
variation in the response variable. We also identified and
discussed the overall best model for predicting either DWD
or FF carbon from any combination of overstory attributes,
both with and without age. Model selection results for all
convergent models examined are presented in Table S3.2

Results

Objective 1: magnitude of carbon stored in DWD and FF
Aboveground live biomass was the largest carbon pool in

all three forest types, storing roughly 81 Mg C ha! at the
Rocky Mountain sites, only 66 Mg Cha-1 at Marcell, and
96 MgCha-1 at Bartlett (Table 2). At Bartlett and Marcell,
live biomass accounted for over 70% of total aboveground
carbon, compared with only 48% at the Rocky Mountain
sites (Fig. 2). In all forests DWD consisted of substantial
components of both snags (standing dead trees) and down
wood (fallen trees and branches), although carbon stored in
snags was consistently slightly higher than that stored in
down wood. At Bartlett, DWD stored approximately
20.5 MgCha-1, consisting of 11.5 MgC·ha-1 from snags
and 9.0 Mg Cha-1 from down wood. Marcell contained
9.6 MgC·ha-1 in snags and 7.9 MgCha-1 in down wood,
for a total of 17.4 MgC·ha-1 in DWD. At the Rocky Moun­
tain sites, DWD contained roughly 27.5 MgCha-1, of which
14.0 MgCha- 1 was in snags and 13.5 MgCha-1 was in
down wood. The mean proportion of aboveground carbon
stored in DWD was quite consistent across these three forest
types, ranging from 16% in the Rocky Mountains and Bar­
tlett to 19% at Marcell. Unlike DWD, the amount of carbon
stored in FF varied dramatically among sites. At Bartlett and
Marcell, FF contained 18.8 and 6.4 MgCha-1, respectively,
which accounted for an average of 14% and 7.4% of total

Published by NRC Research Press



Bradford et al. 807

Fig. 2. Aboveground carbon in forested ecosystems partitioned into
live biomass, standing dead trees, down coarse woody debris, and
forest floor biomass. Percentages indicate mean proportion of total
aboveground carbon stored in each component (not the proportion
of means) and illustrate how the importance of detrital carbon pools
(dead woody material and forest floor material) varies substantially
among forest types.

Objective 2: relationship of carbon in DWD and FF to
stand structure and age

Bartlett
The amount of carbon in FF at Bartlett was significantly

related to leaf area (Fig. 3) in a linear model that accounted
for 45% of the variability in FF carbon (p = 0.02); this
model was identified as the best model for estimating FF
carbon at Bartlett (Table 3). Other models for FF carbon at
Bartlett that received substantial support from the data in­
cluded a power function with leaf area and two models with
both leaf area and aboveground biomass (Table 832) . The
amount of carbon in DWD at Bartlett was linearly related

(C)

864

NPP

•
2

:/•

DWD = 4.6NPP +4.59

R 2 =0.53, p =0.01

RMSE=3.18

(A)

•

•

AGBIO

•<:..~
•

(B)

60 80 100 120 0

2.5 3.0 3.5 4.0 4.5
LA!

DWD = -o.2AGBIO+ 4Q

R 2 =0.27. p =0.08

RMSE=2.8435

30

c~25
i!i U 20

i 15

10
5L-_-_-_-_~~--_-_--_---:._=_!

Fig. 3. Relationships at the BartlettExperimental Forest between
carbon stored in forest floor (FF) and leaf area (LAI) (A) and car­
bon stored in dead woody debris (DWD) and live biomass
(AGBIO) (B) and net primary production (NPP) (e). Only relation­
ships with? > 0.05 and p < 0.1 are shown.
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to aboveground biomass (p = 0.08) and production (p =
0.01) in relationships that explained 27% and 53% of the
variability in DWD carbon, respectively (Fig. 3). The best
model for estimating DWD carbon at Bartlett used above­
ground biomass in a power function modified by production
(p = 0.006) to explain 71% of the variability in DWD car­
bon (Table 3). The data also indicate substantial support for
other models of DWD carbon at Bartlett, notably linear
models with leaf area, aboveground biomass, and production
(Table 832) .

Marcell
At Marcell, stand structure was weakly related to the

amount of carbon in both FF and DWD, and those relation­
ships were not appreciably enhanced by including age. FF
carbon was related to leaf area in a power functions ac­
counting for 36% (p = 0.01) of the variability in FF carbon
(Fig. 4). A power function with both leaf area and produc­
tion generated the best model for predicting FF carbon from
stand structure at Marcell, with a coefficient of determina­
tion of 38% (p = 0.0 I; Table 3). The amount of carbon in
FF at Marcell was not significantly related to stand age
alone, and the best age-related model for FF at Marcell
used a power function with age, production, and leaf area to
account for 39% (p = 0.01) of the variability in FF carbon
- only a very minor increase over the best model without
age. The data also suggested substantial support for models
using leaf area and biomass in a power function, as well as
models with leaf area alone (Table 832) .

The amount of carbon stored in DWD at Marcell was not

RMMarcell
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aboveground carbon. By contrast, FF at the Rocky Mountain
sites contained an average of 61 MgC·ha-1, accounting for
36% of total aboveground carbon.

Live biomass increment was the largest carbon flux we
measured, ranging from 1.4 MgCha-1'year1 at the Rocky
Mountain sites to 2.0 MgC·ha-l.year l at Marcell and
2.3 Mg Cha-l'yearl at Bartlett. Annual litterfall rates were
relatively consistent, from 0.8 MgCha-l.year l at the Rocky
Mountain sites to 1.0 and l.l Mg C·ha-I.yearl at Marcell
and Bartlett, respectively. Understory production, not meas­
ured at Bartlett, was 0.3 and 0.6 Mg Cha-1'yearl at Marcell
and the Rocky Mountain sites, respectively. Net primary
production (NPP) can be approximated from the sum of live
biomass increment, litterfall, and understory production,
yielding estimates of 2.9, 3.4, and 3.5 MgCha-l·yearl
at the Rocky Mountain sites, Marcell, and Bartlett,
respectively. Although this estimate of production does
not include fine root production and is therefore an
underestimation of total NPP, it does characterize the
spatial patterns in NPP that can be related to DWD
and FF.
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Table 3. Best statistical regression models for the amount of carbon in forest floor (FF) and dead woody debris (DWD) as a function of
aboveground biomass (AGBIO), leaf area index (LAI), net primary production (NPP), and stand age (AGE).

Dependent variables Model Alec Wi p RMSE f2
Bartlett
FF Aboveground characteristics FF == -5.265LAI + 36.7806 34.7 0.36 0.02 2.28 0.45
DWD Aboveground characteristics DWD == NPP x 164.3AGBIO-O.735 36.3 0.31 0.006 3.53 0.71

Marcell
FF Aboveground characteristics FF == LAI x 2.3NPP-'u 28 0.23 0.01 1.07 0.38

Including age FF == LAI x 2.37AGE··ool+NPP 28 0.47 0.01 1.07 0.39
DWD Aboveground characteristics DWD == NPP x 38.9LAl-I.7& 80.3 0.31 0.Q7 6.29 0.21

Including age DWD == l.25AGEo.6 82.4 0.23 0.29 3.10 0.08

Rocky Mountains
FF Aboveground characteristics FF == AGBIO x 1.6LAI-{146 215 0.48 <0.0001 14.99 0.53

Including age FF == AGBIO x 1.7AGE-o.o6NPP 225 0.45 <0.0001 20.20 0.59
DWD Aboveground characteristics InDWD == 4.g e-O.!l'!AGBIO + 5.5(1 _ e-O.OO8AGBIO) -12.1 0.85 <0.0001 0.54 0.50

Including age In DWD == 4.27 eHl.03AGEl + 40.7(1 _ e-{J.(XJ03AGE) -20 1.00 <0.0001 0.50 0.60

Note: AlC" corrected Akaike information criterion; Wi' model weight; RMSE, root mean squared error; ?, coefficient of determination.

significantly related to any individual stand structural varia­
bles (Table S32) . The best DWD model at Marcell used leaf
area in a power function modified by production to account
for 21% of the variation in DWD carbon (p = 0.07; Table 3).
Age was not related to the amount of carbon in DWD at
Marcell, and incorporating age along with stand structure
variables did not improve model performance.

age-related model incorporated both live biomass and pro­
duction into that age relationship and accounted for 60% of
the variation in FF carbon (p < 0.001), although alternative
models with age and other independent variables received
some support in the data (Table S32) .

The carbon stored in DWD at the Rocky Mountain sites
was related to both leaf area and aboveground biomass, as
well as stand age (Fig. 5). Relationships between DWD car­
bon and leaf area, live biomass, and stand age were all best
explained by the functional form containing terms for both
exponential decay and exponential rise to a maximum. The
leaf area and live biomass relationships accounted for 38%
and 50% of the variability in DWD carbon (p < 0.001 for
each), respectively, and the live biomass relationship was
identified as the best non-age predictive model for DWD at
the Rocky Mountain sites (Table 3). The age relationship
was slightly stronger, accounting for 60% of the variation
in DWD carbon (p < 0.001) and was the best age-related
model that we examined (Table S32) . Alternative models
for predicting DWD carbon at the Rocky Mountain sites, ei­
ther without or with age, received only very limited support
in the data (Table S32) .

Discussion

Influence of DWD and FF on net ecosystem carbon
balance

Our results quantify detrital carbon pools in temperate
forests and assess the potential for estimating these pools
from more routinely measured variables. The size of detrital
pools provides insight into the influence of each pool on to­
tal ecosystem carbon balance and thus on the need for accu­
rately measuring that pool at landscape and larger scales.
The amount of carbon released through decomposition of
DWD and FF in comparison with estimates of carbon uptake
via live biomass increment, litterfall, and understory produc­
tion provides a measure of the potential for DWD and FF to
influence the net ecosystem carbon balance (NECB). If
DWD and FF decomposition is dramatically smaller than
the other components of NECB, then it is reasonable to con­
clude that carbon release from these pools occurs primarily
in episodic events such as fires or timber harvest and that
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Rocky Mountains
The carbon stored in FF at the Rocky Mountain sites was

significantly related to both aboveground live biomass and
leaf area with power functions explaining 53% and 36% of
the variability in FF carbon, respectively (p < 0.001; Fig. 5).
The best non-age model for FF carbon at the Rocky Moun­
tain sites used a power function with leaf area modified by
live biomass to explain 60% of the variability in FF carbon
(p < 0.001; Table 3). Model weights suggest that other mod­
els using aboveground biomass and leaf area have some sup­
port in the data (Table S32) . Taken alone, stand age
explained 25% of the variation in FF carbon (p < 0.001) at
the Rocky Mountain sites in a power function, and the best

Fig. 4. Relationship between carbon stored in forest floor (FF) and
leaf area (LAO at the Marcell experimental forest. Only relation­
ships with f2 > 0.05 and p < 0.1 are shown.

FF = 1.84LAIl.l

R 2 = 0.36, p < 0.01

RMSE=1.25 ••
•
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Fig. 5. Relationships between carbon stored in forest floor (FF) and leaf area (LAI) (A), live biomass (AGBIO) (B), and stand age
(AGEMAX) (C), and carbon stored in dead woody debris (DWD) and leaf area (D), live biomass (E), and stand age (F) at three subalpine
Rocky Mountain forest sites. Only relationships with r2 > 0.05 and P < 0.1 are shown.

FF = 40.2LAIo.31 FF = 8.23ABId·47 FF = 12.2AGE°.32
R 2 =0.36,p<0.001 R 2 ~ 0.53, p < 0.001 R 2 = 0.25, P < 0.001
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dynamics of these pools can be adequately estimated with
simple models the remainder of the time. Our estimates of
carbon stored in detrital pools are generally consistent with
those of previous studies (Table 2) and indicate that substan­
tial carbon is stored in DWD in all three forest types.

Combining these estimates of carbon stocks with previous
work on DWD decay rates suggests that DWD decomposi­
tion has an important influence over NECB. Prior studies of
DWD decomposition have reported decay rates ranging from
near zero to more than 2 MgC·ha-I.yearl, depending on for­
est type and time since disturbance (Harmon et al. 2004; Sun
et al. 2004). Estimates of the decay rate for coarse wood in
forests similar to Bartlett and Marcell may range between
0.02 and 0.05 year] (Laiho and Prescott 2004); this range of
values, combined with our estimates of deadwood stocks, im­
plies decomposition of 0.4-1.0 MgCha-l.year1 at Bartlett
and 0.3-0.8 MgCha-1·year l at Marcell. In subalpine forests,
DWD decay rates range from 0.006 year] (Brown et al.
1998) to 0.05 year] (Laiho and Prescott 2004), suggesting
decomposition of between 0.16 and 1.4 MgC·ha-l·year1.
Although these decomposition estimates do not incorporate
potential differences in decomposition rates as a conse­
quence of tree species (Laiho and Prescott 2004; Sun et
al. 2004), these general values for decomposition are sub­
stantial in comparison with the magnitude of carbon inputs

by production in all three forest types, implying that these
detrital pools have the potential to impact NECB and that
assessing spatial and temporal variability in these pools
would strengthen carbon accounting efforts.

Carbon stored in FF, by contrast, appears to be important
in ecosystem carbon pools only in the Rocky Mountain for­
ests. Published estimates of FF decay indicate a hypothetical
range between 0.004 year I (Aber and Melillo 1991) for
heavily decayed material and 0.05 year] for more recent
leaf litter (Prescott et al. 2000a). This range would imply a
FF decomposition of 0.08-0.94 MgCha-]'year] at Bartlett
and 0.03-0.32 MgC·ha-1·year1 at Marcell, compared with
0.24-3.0 MgCha-1·year l at the Rocky mountain sites. At
Bartlett and Marcell, these estimates suggest that FF decay
is relatively small compared with carbon inputs and DWD
decomposition and is therefore unlikely to be a major driver
of overall ecosystem carbon balance. FF carbon may be
higher at the Rocky Mountain sites than at both Bartlett and
Marcell because of a combination of low temperatures that
inhibit decomposition during much of the year (Table I)
and low water availability during warm months than restricts
decomposition when temperatures are warm (Monson et al.
2002). FF dynamics are influenced by the balance between
the quality and quantity of litterfall inputs and climate­
driven decomposition outputs (Prescott et al. 2000b). As a
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result, low decomposition rates could allow substantial FF
accumulation over the long fire-free intervals observed in
these subalpine forests, and other work has indicated that
roughly 75% of the FF mass at our Rocky Mountain sites is
substantially decayed humus material (Bradford et al. 2008).
Low litter quality in the coniferous forests of the Rocky
Mountains, compared with the deciduous or mixed forests
of Marcell and Bartlett, may also contribute to the large FF
carbon pool in the Rocky Mountain sites. In addition, earth­
worms are present at Marcell, likely contributing to the esti­
mates of low carbon storage in FF (Alban and Berry 1994;
Hale et al. 2005) and explaining why our estimates are
lower than those of other published studies in similar forests
(Table 2).

Estimating landscape-scale variation in detrital carbon
pools

As landscape and ecosystem ecologists work to character­
ize ecosystems over large areas, spatial variability and spa­
tial pattern have emerged as important determinants of how
site-level observations should be scaled to larger areas. Con­
sequently, identifying tools that characterize variability in
ecosystem processes at intermediate scales within individual
landscapes is a focal challenge. We examined the possibility
of estimating the carbon stored in FF or DWD from stand
structural characteristics, and our results indicate some po­
tentially promising relationships between easily measured
stand structure variables (leaf area, live biomass, and pro­
duction) and either FF or DWD carbon. Our best models ac­
count for more than half of the variability in DWD carbon at
Bartlett, and in both FF and DWD carbon at the Rocky
Mountain sites.

On the other hand, some detrital pools were not well re­
lated to aboveground characteristics, notably DWD carbon
at Marcell. An additional potential challenge illustrated by
our data is the inconsistency in both the form of predictive
relationships and the independent variables identified as
most useful. At both Bartlett and Marcell, the best FF car­
bon model included leaf area, which is not surprising, since
FF biomass is related to the balance between inputs from lit­
terfall and outputs from decomposition (Prescott et al.
2000b). However, FF carbon displayed a positive relation­
ship to leaf area at Marcell, in contrast to a negative rela­
tionship to leaf area at Bartlett, which may be a
consequence of local fertility variations among plots impact­
ing FF decomposition rates more than leaf production rates,
thus creating low FF carbon stocks in areas with highest tree
production and leaf area. At the Rocky Mountain sites both
live biomass and leaf area were used to estimate FF carbon.
The stand structural characteristics that were most related to
DWD carbon also varied among sites; DWD carbon was
most related to live biomass at the Rocky Mountain sites,
compared with production and aboveground biomass at Bar­
tlett and production and leaf area at Marcell.

Although DWD and FF are generally accepted as substan­
tial carbon pools in forest systems, few previous studies
have attempted to directly relate either pool to more easily
measurable carbon pools or fluxes (although see Keane et
al. 2006). Prior work has documented relationships between
FF biomass and topographic position (Little et al. 2002),
land management history (McGee et al. 1999; Prescott et al.
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2000a), or stand age (Covington 1981; Yanai et al. 2003;
Hall et al. 2006) but rarely stand structure. Our result of
modest relationships between FF carbon and stand structure
at all sites suggests that stand structure may be useful in
characterizing spatial variability in FF carbon dynamics in
some forest types. By contrast, we found only very marginal
relationships between DWD carbon and stand structure at
Marcell, a result that is consistent with previous work. Har­
mon et al. (2001) found no relationship between DWD bio­
mass and other stand structural variables. Chojnacky and
Heath (2002) used FIA plots in Maine to relate down dead­
wood biomass to basal area of standing live and dead trees
and found a relationship explaining only 10% of down dead­
wood biomass, a finding that is in contrast to our results for
estimating DWD at Bartlett (r2 = 0.71). The weak relation­
ships between DWD carbon and aboveground characteristics
at Marcell indicates that DWD carbon at Marcell is effec­
tively decoupled from current stand structure, perhaps as a
consequence of variability in stand history (i.e., harvesting
versus natural disturbance) within the landscape (Pregitzer
and Euskirchen 2004).

The amount of carbon in both DWD and FF was moder­
ately related to stand age at the Rocky Mountain sites, a re­
sult that has been documented in other studies for both FF
(Covington 1981; Hall et al. 2006) and DWD (Fahey 1983;
Carmona et at. 2002). However, FF and DWD carbon were
essentially unrelated to age at Marcell. Our estimates of
stand age were derived from tree cores, as opposed to histor­
ical disturbance information. Previous work at these sites
has illustrated that age derived from cores is related to dis­
turbance history, although tree cores tend to overestimate
stand age in young stands and overestimate it in old stands
(Bradford et al. 2008). Since FF and DWD may be influ­
enced more by disturbance history than by the age of exist­
ing trees, this discrepancy may partially explain the
disconnect between the amount of carbon in FF or DWD
and age in this study. Alternatively, the weak relationships
between DWD or FF carbon and age may be a consequence
of plot selection; our plots were located on a systematic grid
and were not selected from even-aged monocultures.
Although this design potentially limits our ability to detect
age- or stand-structure-related patterns, it does provide a
realistic assessment of the capability of those variables to
characterize landscape-scale variability in the uneven-aged,
mixed forests that account for over 90% of global forest
area (Dixon et al. 1994). Statistical models that estimate
DWD or FF carbon based on age may work when applied
to reasonably homogeneous stands selected across an ex­
tremely wide range of conditions, but we found only mar­
ginal relationships between DWD or FF carbon and tree age
in mixed-age and mixed-species forests, potentially casting
doubt on the utility of these commonly used relationships
for detailed landscape-scale carbon accounting. The substan­
tial differences we observed among the three sites suggests
that forest type and possibly stand history play important
roles in mediating the relationship between DWD or FF car­
bon and stand structural attributes. Developing useful gen­
eral relationships will require further studies that are
specifically designed to assess the influence of forest type
and stand history.

Published by NRC Research Press



Bradford et al.

Acknowledgements

Thomas Tracy, Ann Olilla, Anna McKee, Jonah Dart­
McLean, Tom Hayes, Michelle Day, Jamie Neal, Sarah Sil­
verberg, John Richardson, and Kirsty Lloyd provided valua­
ble help with field data collection. We thank the Mountain
Research Station (University of Colorado at Boulder), the
Fraser Experimental Forest (US Forest Service - Rocky
Mountain Research Station), and the Glacier Lakes Ecosys­
tem Experiment Station (US Forest Service - Rocky Moun­
tain Research Station) for logistical support. This research
was supported by funding from the US Forest Service
Northern Global change program and NASA Carbon Cycle
Science research grants CARBON/04-0225-0191 and CAR­
BON/04-0120-0011.

References

Aber, J.D., and Melillo, J.M. 1991. Terrestrial ecosystems. Saun­
ders College Publishing, Philadelphia, Pa.

Alban, D.H., and Berry, E.e. 1994. Effects of earthworm invasion
on morphology, carbon and nitrogen of a forest soil. Appl. Soil
Ecol. 1: 243-249. doi:1 0.101 6/0929-1393(94)90015-9.

Arthur, M.A., and Fahey, T.J. 1990. Mass and nutrient content of
decaying boles in an Engelmann spruce - subalpine fir forest,
Rocky Mountain National Park, Colorado. Can. J. For. Res. 20:
730-737. doi:lO.l139/x90-096.

Arthur, M.A., and Fahey, T.J. 1992. Biomass and nutrients in an
Engelmann spruce - subalpine fir forest in north central Color­
ado: pools, annual production, and internal cycling. Can. J. For.
Res. 22: 315-325. doi:1O.1139/x92-041.

Bell, J.e., Grigal, D.F., Bates, P.e., and Butler, e.A. 1996. Spatial
patterns in carbon storage in a lake states' landscape. In Pro­
ceedings, 1995 Meeting of the Northern Global Change Pro­
gram, 14-16 March 1995, Pittsburgh, Pa. Edited by J. Hom, R.
Birdsey, and K. O'Brian. USDA For. Servo Gen. Tech. Rep. NE­
214. pp. 198-202.

Binkley, D., Olsson, U., Rochelle, R., Stohlgren, T., and Nikolov,
N. 2003. Structure, production and resource use in some old­
growth spruce/fir forests in the front range of the Rocky Moun­
tains, USA. For. Ecol. Manage. 172(2-3): 271-279. doi: 10.1016/
S0378-1127(01 )00794-0.

Bohl, J., and Brandli, U.B. 2007. Deadwood volume assessment in
the third Swiss National Forest Inventory: methods and first re­
sults. Eur. J. For. Res. 126(3): 449-457.

Bonan, G.B. 2008. Forests and climate change: forcings, feedbacks,
and the climate benefits of forests. Science (Washington, D.e.),
320(5882): 1444-1449. doi:10.l126/science.1155121.
PMID: 18556546.

Bradford, J.8., Joyce, L.A., Birdsey, R., and Ryan, M.G. 2008.
Tree age, disturbance history and carbon dynamics in subalpine
rocky mountain forests. Glob. Change BioI. 14: 2882-2897.
doi: 1O.111I1j.1365-2486.2008.01686.x.

Brown, J.K. 1971. Planar intersect method for sampling fuel vo­
lume and surface area. For. Sci. 17(1): 93-102.

Brown, P.M., Shepperd, W.D., Mata, S.A., and McClain, D.L.
1998. Longevity of windthrown logs in a subalpine forest of
central Colorado. Can. J. For. Res. 28: 932-936. doi: 10. I 139/
cjfr-28-6-932.

Burnham, K.P., and Anderson, D.R. 200 I. Kullback-Leibler infor­
mation as a basis for strong inference in ecological studies.
Wildl. Res. 28: 111-119. doi:IO.1071IWR99107.

Busse, M.D. 1994. Downed bole-wood decomposition in lodgepole

811

pine forests of central Oregon. Soil Sci. Soc. Am. J. 58(1): 221­
227.

Carmona, M.R., Armesto, J.J., Aravena, J.e., and Perez, e.A. 2002.
Coarse woody debris biomass in successional and primary tem­
perate forests in Chiloe Island, Chile. For. Ecol. Manage. 164(1­
3): 265-275. doi:10.1016/S0378-1127(01)00602-8.

Chojnacky, D.e., and Heath, L.S. 2002. Estimating down dead­
wood from FIA forest inventory variables in Maine. Environ.
Pollut. 116: S25-S30. doi:10.l016/S0269-7491(01)00243-3.
PMID:11833911.

Covington, W.W. 1981. Changes in forest floor organic-matter and
nutrient content following clear cutting in northern hardwoods.
Ecology, 62( 1): 4 1-48. doi: 10.2307/1936666.

Currie, W.S., and Nade1hoffer, K.J. 2002. The imprint of land-use
history: patterns of carbon and nitrogen in downed woody debris
at the Harvard Forest. Ecosystems (N. Y., Print), 5(5): 446-460.
doi: 10. I007/s 10021-002-1153-x.

Dixon, R.K., Brown, S., Houghton, R.A., Solomon, A.M., Trexler,
M.e., and Wisniewski, J. 1994. Carbon pools and flux of global
forest ecosystems. Science (Washington, D.e.), 263(5144): 185­
190. doi:IO.l126/science.263.5144.185. PMID:17839174.

Duvall, M.D., and GrigaI, D.F. 1999. Effects of timber harvesting
on coarse woody debris in red pine forests across the Great
Lakes states, USA. Can. 1. For. Res. 29: 1926-1934. doi:l O.
I 139/cjfr-29-12-1926.

Fahey, T.J. 1983. Nutrient dynamics of above-ground detritus in
lodgepole pine (Pinus contorta ssp. Latifoliai ecosystems, south­
eastern Wyoming. Ecol. Monogr. 53(1): 5 1-72. doi: 10.2307/
1942587.

Fahey, T.1., Siccama, T.G., Driscoll, e.T., Likens, G.E., Campbell,
1., Johnson, c.s., Battles, J.1., Aber, J.D., Cole, J.J., Fisk, M.e.,
Groffman, P.M., Hamburg, S.P., Holmes, R.T., Schwarz, P.A.,
and Yanai, R.D. 2005. The biogeochemistry of carbon at Hub­
bard Brook. Biogeochemistry, 75(1): 109-176. doi:1O.1007/
s10533-004-632 I-y.

Federer, C.A. 1984. Organic matter and nitrogen content of the for­
est floor in even-aged northern hardwoods. Can. J. For. Res. 14:
763-767. doi:1O.1139/x84-136.

FlA. 2007. Phase 3 field guide, Version 4.0. USDA Forest Service,
FIA program. Available from http://fia.fs.fed.usllibrary/
fie1d-guides-methods-proc/docsI2007/changes_p3_3-0_to_4-0.
pdf [accessed 24 September 2008].

Goodale, c.i., Apps, M.J., Birdsey, R.A., Field, c.s., Heath, L.S.,
Houghton, R.A., Jenkins, J.e., Koh1maier, G.H., Kurz, W., Liu,
S.R., Nabuurs, G.1., Nilsson, S., and Shvidenko, A.Z. 2002. For­
est carbon sinks in the Northern Hemisphere. Ecol. AppI. 12(3):
891-899. doi:l O. I89011051-0761(2002)012[0891 :FCSITN]2.0.
CO;2.

Gosz, J.R., Likens, G.E., and Bormann, F.H. 1976. Organic matter
and nutrient dynamics of the forest and forest floor in the Hub­
bard Brook forest. Oecologia (Berl.), 22(4): 305-320. doi:lO.
1007/BF003453 10.

Grigal, D.F. 2007. Ecosystem carbon storage on the Marcell Ex­
perimental Forest, Minnesota. Report to the US Forest Service,
Northern Research Station, Grand Rapids, Mich.

Griga1, D.F., and Ohmann, L.F. 1992. Carbon storage in upland
forests of the Lake States. Soil Sci. Soc. Am. J. 56(3): 935-943.

Hale, e.M., Frelich, L.E., Reich, P.B., and Pastor, J. 2005. Effects
of european earthworm invasion on soil characteristics in north­
ern hardwood forests of Minnesota, USA. Ecosystems (N. Y.,
Print), 8(8): 911-927. doi:IO.1007/sI0021-005-0066-x.

Hall, S.A., Burke, i.c., Box, D.O., Kaufmann, M.R., and Stoker,
J.M. 2005. Estimating stand structure using discrete-return lidar:
an example from low density, fire prone ponderosa pine forests.

Published by NRC Research Press



812

For. Ecol. Manage. 208(1-3): 189-209. doi:lO.1016/j.foreco.
2004.12.00 I.

Hall, S.A., Burke, I.c., and Hobbs, N.T. 2006. Litter and dead
wood dynamics in ponderosa pine forests along a 160-year
chronosequence. Eco1. Appl. 16(6): 2344-2355. doi:1O.1890/
1051-0761(2006)0 16[2344:LADWDI]2.0.CO;2.
PMID: 17205909.

Harmon, M.E., Krankina, O.N., Yatskov, M., and Mathews, E.
200 I. Predicting broad-scale carbon stores of woody detritus
from plot-level data. In Assessment methods for soil carbon.
Edited by R Lai, J. Kimble, and B.A. Stewart. CRC Press, New
York. pp. 533-552.

Harmon, M.E., Bible, K., Ryan, M.G., Shaw, D.C., Chen, H., Klo­
patek, J., and Li, X. 2004. Production, respiration, and overall
carbon balance in an old-growth Pseudotsuga-Tsuga forest eco­
system. Ecosystems (N. Y., Print), 7(5): 498-512.

Hocker, H.W., and Earley, DJ. 1983. Biomass and leaf-area equa­
tions for northern forest species New Hampshire Agricultural
Experiment Station Research Report 102. pp. 1-27.

Jenkins, J.c., Chojnacky, D.C., Heath, L.S., and Birdsey, RA.
2003. National-scale biomass estimators for United States tree
species. For. Sci. 49(1): 12-35.

Keane, R.E., Frescino, T., Reeves, M.C., and Long, J.L. 2006.
Chapter 12 - Mapping wildland fuel across large regions for
the LANDFIRE Prototype Project. In The LANDFlRE Prototype
Project: nationally consistent and locally relevant geospatial data
for wildland fire management. Edited by M.G. Rollins and c.K.
Frame. USDA For. Servo Gen. Tech. Rep. RMRS-GTR-175.
pp. 367-396.

Koukoulas, S., and Blackburn, G.A. 2005. mapping individual tree
location, height and species in broadleaved deciduous forest
using airborne lidar and multi-spectral remotely sensed data.
Int. J. Remote Sens. 26(3): 431-455. doi: 10.1080/
0143116042000298289.

Kueppers, L.M., Southon, J., Baer, P., and Harte, J. 2004. Dead
wood biomass and turnover time, measured by radiocarbon,
along a subalpine elevation gradient. Oecologia (Ber1.), 141(4):
641-651. doi: I0.1007/s00442-004-1689-x.

Laiho, R, and Prescott, C.E. 2004. Decay and nutrient dynamics of
coarse woody debris in northern coniferous forests: a synthesis.
Can. r. For. Res. 34(4): 763-777. doi:1O.1139/x03-241.

Little, T.L, Pluth, DJ., Corns, I.G.W., and Gilmore, D.W. 2002.
Post-fire forest floor development along toposequences of white
spruce - trembling aspen mixedwood communities in west-cen­
tral Alberta. Can. J. For. Res. 32: 892-902. doi:1O.1139/x02­
007.

McGee, G.G., Leopold, DJ., and Nyland, RD. 1999. Structural
characteristics of old-growth, maturing, and partially cut north­
ern hardwood forests. Ecol. Appl. 9(4): 1316-1329. doi:10.
1890/1051-0761(1999)009[1316:SCOOGM]2.0.CO;2.

Monson, R.K., Turnipseed, A.A., Sparks, J.P., Harley, P.c., Scott­
Denton, L.E., Sparks, K.L., and Huxman, T.E. 2002. Carbon se­
questration in a high-elevation, subalpine forest. Glob. Change
BioI. 8: 459-478. doi:10.1046/j.1365-2486.2002.00480.x.

Nichols, D.S., and Verry, E.S. 2001. Stream flow and ground water
recharge from small forested watersheds in north central Minne­
sota. J. Hydrol. (Arnst.), 245: 89-103. doi: 10.1016/S0022­
1694(01)00337 -7.

Ollinger, S.V., and Smith, M.L. 2005. Net primary production and
canopy nitrogen in a temperate forest landscape: an analysis
using imaging spectroscopy, modeling and field data. Ecosys­
tems (N. Y., Print), 8(7): 760-778. doi:1O.1007/s10021-005­
0079-5.

Ollinger, S.V., Smith, M.L., Martin, M.E., Hallett, R.A., Goodale,

Can. J. For. Res. Vol. 39, 2009

c.L., and Aber, J.D. 2002. Regional variation in foliar chemistry
and N cycling among forests of diverse history and composition.
Ecology, 83(2): 339-355.

Pearson, J.A., Fahey, TJ., and Knight, D.H. 1984. Biomass and
leaf-area in contrasting lodgepole pine forests. Can. J. For. Res.
14: 259-265. doi:l 0.1 I39/x84-050.

Perala, D.A., and Alban, D.H. 1993. Allometric biomass estimators
for aspen-dominated ecosystems in the upper Great Lakes.
USDA For. Serv. Res. Pap. NC-3 I4.

Pregitzer, K.S., and Euskirchen, E.S. 2004. Carbon cycling and sto­
rage in world forests: biome patterns related to forest age. Glob.
Change BioI. 10(12): 2052-2077. doi: 10.11I l/j. I365-2486.2004.
00866.x.

Prescott, C.E., Blevins, L.L., and Staley, CL. 20ooa. Effects of
clear-cutting on decomposition rates of litter and forest floor in
forests of British Columbia. Can. J. For. Res. 30: 1751-1757.
doi: 10.1I39/cjfr-30-1 1-1751.

Prescott, C.E., Maynard, D.G., and Laiho, R. 2000b. Humus in
northern forests: friend or foe? For. Ecol. Manage. 133(1-2):
23-36. doi:10.1016/S0378-1127(99)00295-9.

Ribe, J.H. 1973. Puckerbrush weight tables. Maine Agricultural Ex­
perimental Station, Miscellaneous Research Report 152.

Running, S.W., Nemani, R.R., Heinsch, F.A., Zhao, M.S., Reeves,
M., and Hashimoto, H. 2004. A continuous satellite-derived
measure of global terrestrial primary production. Bioscience,
54(6): 547-560. doi:lO.164110006-3568(2004)
054[0547:ACSMOG]2.0.CO;2.

Scheller, R.M., and Mladenoff, DJ. 2004. A forest growth and bio­
mass module for a landscape simulation model, LANDIS: de­
sign, validation, and application. Bcol. Model. 180(1): 211-229.
doi: 10.1016/j.ecolmodel.2004.01.022.

Schimel, D.S. 1995. Terrestrial ecosystems and the carbon cycle.
Glob. Change BioI. 1: 77-91. doi:1O.llll/j.1365-2486.1995.
tb00008.x.

Schlerf, M., Atzberger, C; and Hill, J. 2005. Remote sensing of
forest biophysical variables using Hymap imaging spectrometer
data. Remote Sens. Environ. 95(2): 177-194. doi.IO. 1016/j.rse.
2004.12.016.

Schlesinger, W.H. 1997. Biogeochemistry: an analysis of global
change. Academic Press, San Diego, Calif.

Schlesinger, W.H., and Andrews, J.A. 2000. Soil respiration and
the global carbon cycle. Biogeochemistry, 48: 7-20. doi:lO.
1023/A: 1006247623877.

Smith, lE., and Heath, L.S. 2002. A model of forest floor mass for
United States forest types. USDA For. Servo Res. Pap. NE-722.

Sun, OJ., Campbell, J., Law, B.E., and Wolf, V. 2004. Dynamics
of carbon stocks in soils and detritus across chronosequences of
different forest types in the Pacific Northwest, USA. Glob.
Change Bio!. 10(9): 1470-1481. doi:lO.111l/j.1365-2486.2004.
00829.x.

Tinker, D.B., and Knight, D.H. 2000. Coarse woody debris follow­
ing fire and logging in Wyoming lodgepole pine forests. Ecosys­
tems (N. Y., Print), 3: 472-483. doi:lO.1007/s100210000041.

Turner, D.P., Ollinger, S.V., and Kimball, J.S. 2004. Integrating re­
mote sensing and ecosystem process models for Jandscape- to
regional-scale analysis of the carbon cycle. Bioscience, 54(6):
573-584. doi: 10.I64110006-3568(2004)054[0573:IRSAEP]2.0.
CO;2.

Turner. D.P., Ritts, W.D., Cohen, W.B., Maeirsperger, T.K.,
Gower, S.T., Kirschbaum, A.A., Running, S.W., Zhao, M.S.,
Wofsy, S.c., Dunn, A.L., Law, B.E., Campbell, J.L., Oechel,
W.c., Kwon, HJ., Meyers, T.P., Small, E.E., Kurc, S.A., and
Gamon, J.A. 2005. Site-level evaluation of satellite-based global
terrestrial gross primary production and net primary production

Published by NRC Research Press



Bradford et al.

monitoring. Glob. Change BioI. 11(4): 666-684. doi:IO.11 111j.
1365-2486.2005.00936.x.

Ustin, S.L., Roberts, D.A., Gamon, J.A., Asner, G.P., and Green,
R.O. 2004. Using imaging spectroscopy to study ecosystem pro­
cesses and properties. Bioscience, 54(6): 523-534. doi:10.1641/
0006-3568(2004)054[0523:UISTSE]2.0.CO;2.

Whittaker, R., Bormann, F.H., Likens, G.E., and Siccama, T.G.
1974. Hubbard Brook ecosystem study - forest biomass and
production. EcoI. Monogr. 44(2): 233-252. doi: 10.2307/
1942313.

813

Woodall, C.W., Heath, L.S., and Smith, J.E. 2008. National inven­
tories of down and dead woody material forest carbon stocks in
the United States: challenges and opportunities. For. EcoI. Man­
age. 256(3): 221-228. doi:IO.1016/j.foreco.2008.04.003.

Yanai, R.D., Currie, W.S., and Goodale, c.L. 2003. Soil carbon dy­
namics after forest harvest: an ecosystem paradigm reconsid­
ered. Ecosystems (N. Y., Print), 6(3): 197-212. doi:IO.1007/
s10021-002-0206-5.

Published by NRC Research Press


