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Abstract: Woody encroachment and thickening have occurred throughout the western United States and have been pro-
posed as important processes in the US carbon (C) budget despite large uncertainty in the magnitude of these effects.
In this study we investigated ponderosa pine encroachment near Boulder, Colorado. We reconstructed a time series of
forest structure to estimate changes in C storage by the trees. Advantages of this technique include the ability to esti-
mate changes in C stocks over time with a single series of measurements (i.e., no historical measurements), and the
ability to calculate accumulation rate changes through time. Substantial variation occurred in the C amounts and accu-
mulation rates among the three plots resulting from differences in slope, aspect, and soil conditions. Accumulation
rates increased exponentially as trees increased in size and additional trees established within the plots, and were
highly variable among plots (0.09–0.7 Mg C·ha–1·year–1 during 1980–2001). These rates were less than those used in
studies of the US carbon budget, and only by assuming no mortality for the densest stand could we generate a pro-
jected rate in 2050 that was similar. Thus, time since the initiation of encroachment and rate of encroachment are vari-
ables that should be considered for accurately computing the continental C budget.

Résumé : L’empiètement et la densification des forêts survenus partout dans l’ouest des États-Unis seraient, croit-on,
des processus importants dans le bilan du carbone (C) aux États-Unis malgré une forte incertitude quant à l’ampleur de
leurs effets. Dans cette étude, nous avons examiné l’empiètement par le pin ponderosa dans les environs de Boulder, au
Colorado. Nous avons reconstitué des séries temporelles de la structure de la forêt pour estimer les changements dans
le stockage du C par les arbres. Cette technique comporte plusieurs avantages, incluant la possibilité d’estimer les va-
riations temporelles des stocks de C à l’aide d’une série unique de mesures (c.-à-d. sans mesures antérieures) et la ca-
pacité d’estimer les variations temporelles du taux d’accumulation. Les variations entre les trois parcelles dans la
quantité de C et le taux d’accumulation étaient importantes à cause des différences dans la pente, l’orientation et les
conditions du sol. Le taux d’accumulation a augmenté de façon exponentielle à mesure que les arbres augmentaient de
taille et que de nouveaux arbres s’établissaient dans les parcelles, et il a varié fortement d’une parcelle à l’autre (0,09
à 0,7 Mg C·ha–1·an–1 entre 1980 et 2001). Ce taux est inférieur à ceux utilisés dans les études sur le bilan du C aux
États-Unis, et seulement en assumant une absence de mortalité pour le peuplement le plus dense pouvions-nous prédire
un taux comparable en 2050. Par conséquent, le temps écoulé depuis le début de l’empiètement et le taux d’empiète-
ment sont des variables qui devraient être considérées pour calculer avec précision le bilan continental du C.
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Woody encroachment is the process by which woody
plants expand into grasslands or meadows, and has been
identified in ecosystems throughout the world (e.g., Archer
et al. 2001). A related process called “woody thickening”
(also referred to as “infilling” or “densification”) occurs
when a forest increases in stem density (e.g., Covington and
Moore 1994). Woody encroachment and thickening affect

biodiversity and ecosystem function by changing species
composition as well as stand age and size structure, and by
altering carbon (C) and nutrient cycling. For example, mes-
quite encroachment over the last 100 years in central Texas
has been found to increase soil and plant C and nitrogen
stocks (Hibbard et al. 2001, Asner et al. 2003).

In addition, woody encroachment and thickening have re-
cently been identified as processes contributing to the pro-
posed US carbon sink. Pacala et al. (2001) estimated that
woody encroachment accounts for 0.12–0.13 Pg C·year–1

(1 Pg = 1015 g) or 17%–43% of the total estimated C sink of
0.3–0.7 Pg C·year–1. Pacala et al. (2001) relied on two mod-
eling estimates of the contribution of woody encroachment
to this proposed sink. The first was computed by a process-
based ecosystem model, the Ecosystem Demographic model,
and the second method was taken from Houghton et al.
(2000), who used a bookkeeping model. Houghton et al.
(2000) utilized values of burned and grazed area together
with estimates of C accumulation rates resulting from fire
exclusion to calculate the contributions of land-use change
and fire exclusion to the US carbon budget. Accumulation
rates in ponderosa pine forests were derived principally from
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ecosystem modeling (Keane et al. 1990, Covington and Moore
1994). Houghton et al. (2000) estimated a conterminous US
carbon sink due to fire exclusion of 0.24 Pg C·year–1, with
about half resulting from woody encroachment (used in the
Pacala et al. (2001) study) and half from woody thickening.

In North America, woody encroachment is associated
with several types of ecosystems, including mesquite
shrublands in arid and semi-arid rangelands throughout the
southwestern US (e.g., Archer 1994, Archer et al. 2001),
pinyon-juniper woodlands in the West (e.g., Burkhardt and
Tisdale 1976), aspen stands in the northern Great Plains
(Köchy and Wilson 2001), and conifer forests, especially
ponderosa pine and Douglas-fir across western North Amer-
ica (Steinauer and Bragg 1987, Mast et al. 1997, Hessburg et
al. 1999, Turner and Krannitz 2001).

Causes of woody encroachment and thickening vary
among the different ecosystems and possibly by location.
Fire suppression has occurred since the 1920s in the US
(Houghton et al. 2000). Increases in cattle grazing over the
past 100 years have affected woody plant invasion (Miller
and Wigand 1994, Mast et al. 1998). Climate is a third pro-
cess that could contribute to woody encroachment and thick-
ening by influencing the establishment of seedlings during
favorable growing conditions (Savage and Swetnam 1990,
Miller and Wigand 1994, Mast et al. 1998, Swetnam and
Betancourt 1998). Other factors such as CO2 fertilization, ni-
trogen deposition, and exotic species invasions may also
play important roles (Miller and Wigand 1994, Köchy and
Wilson 2001). The co-occurrence and coupling of these fac-
tors, their wide spatial variation, and lack of historical obser-
vations challenge our understanding of the controls over
woody encroachment and thickening and make projections
highly uncertain.

In conifer forests, fire is an important driver of forest
structure, although different regions have different fire fre-
quencies. Ponderosa pine forests in the pre-settlement South-
west were thought to be maintained as open, park-like
woodlands by frequent, low intensity surface fires, but the
past century of fire exclusion has resulted in more densely
populated ponderosa pine stands (Cooper 1960, Covington
and Moore 1994, Fulé et al. 1997). In contrast, other western
US conifer forests, and even other ponderosa pine forests,
have longer fire return times with naturally occurring stand-
replacing fires, or a mixture of longer and shorter return in-
tervals (Romme and Despain 1989, Shinneman and Baker
1997, Kaufmann et al. 2000, Veblen et al. 2000, Veblen
2003).

In this paper we estimated C accumulation resulting from
ponderosa pine encroachment using plot-level measures of
tree age and diameter. Plot-scale conifer production in the
Cascade Mountains was calculated by Graumlich et al.
(1989) from dendrochronological measurements. These au-
thors compared production with CO2 and climate data to de-
termine that temperatures increased growth in this area.
Similarly, we reconstructed the temporal behavior of stand
age and size for three plots on different slope aspects at the
grassland-forest ecotone near Boulder, Colorado, USA. This
area has experienced pine encroachment during the last
150 years through higher elevation forest expansion into
lower elevation grasslands. Tree establishment dates together
with diameter measurements and allometric equations al-

lowed us to calculate a time series of C accumulation for
each tree. This method provided a means of calculating C
storage without relying on previous studies, an advantage for
locations lacking historical information. Summing the C ac-
cumulation across each plot resulted in a time series of accu-
mulation associated with trees on a per area basis. We did
not address changes in soil C that are likely to affect the to-
tal C stocks of the plots (Jackson et al. 2002). We extend the
work of past studies by utilizing field measurements to esti-
mate time series of C at the tree level, and by focusing on C
in addition to forest structural variables such as basal area.
Thus, we can compare our results with ecosystem modeling
studies used to calculate the impacts of encroachment and
thickening on the continental-scale C budget. Since we stud-
ied only one site, our intent was not to characterize accumu-
lation rates across the western US, but rather investigate
results at a location experiencing documented change.

Materials and methods

Study site
Our study site is located near Boulder, Colorado

(39.94°N, 105.28°W) at an elevation of 2000 m. The area is
at the montane forest–grassland ecotone, which occurs at
similar elevations along a north–south line at the eastern
base of the Rocky Mountains in northern Colorado. Vegeta-
tion of the montane zone varies from open park-like stands
of ponderosa pine (Pinus ponderosa Dougl. ex Laws var.
scopulorum Engelm.) at the forest–grassland ecotone to
denser stands mixed with Douglas-fir (Pseudotsuga
menziesii (Mirb.) Franco var. glauca (Beissn.) Franco) in
more mesic sites and north-facing slopes. Mean tempera-
tures reported by the nearby Boulder station range from
25 °C in July to –10 °C in January. Annual precipitation av-
erages 395 mm, with the majority occurring in spring.

The site encompasses a north–south and an east–west
ridge (Fig. 1). The original purpose of this field study was to
characterize changes in stand structures and fire regimes in
the northern Colorado Front Range along the environmental
gradient from the lower ecotone to the upper limits of the
ponderosa pine distribution; this site was the lowest eleva-
tion location of several identified for study. Because the fire
regime study had somewhat different objectives than the
study discussed in this paper, not all data useful for quanti-
fying C accumulation were measured (e.g., tree heights).
However, as demonstrated later, our results and conclusions
are not sensitive to the assumptions made about the missing
data.

Three plots were located on west-, east-, and north-facing
aspects (hereafter “W plot”, “E plot”, and “N plot”, respec-
tively) to study differences in forest properties. The area was
varied among plots to allow 60–80 trees to be sampled
within each plot (Table 1). The W plot was located in a large
meadow (Fig. 1) and had considerably higher herbaceous
cover compared with the other two plots. The N and E plots
were located higher on the ridge with steeper slopes than the
W plot. Numerous rocky outcroppings were observed in the
E plot.

In this region, the lowest elevation ponderosa pine stands
were characterized by historically high fire frequencies (e.g.,
often 8–10 year return intervals to the same small stand or
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tree, but highly variable) that maintained an open park-like
forest structure prior to the early 1900s (Veblen et al. 2000).
Studies at this site found a high surface fire frequency with
low rates of ponderosa pine establishment until the early
1900s when fire suppression efforts became pronounced
throughout the region (Fig. 2) (Veblen et al. 2000). The fire-
scar record indicates a past regime of surface fires with a re-
turn interval of 12.5 years (17 fire years occurred from 1703
to 1916). Following a dramatic decline in fire occurrence in
the late 1800s and complete cessation of fire after 1916,
ponderosa pine establishment increased sharply at this site.

Precise historical records of grazing are unavailable, al-
though grazing in the Boulder area has been reduced in the

past 30 years (Mast et al. 1998). Logging has occurred in the
E and N plots, but only six stumps were recorded. Mast et
al. (1997) documented woody encroachment in the area us-
ing historical and contemporary aerial photography; the au-
thors calculated a 40% increase in forest cover between
1937 and 1988.

Tree measurements
On each plot we cored all trees greater than 4 cm in diam-

eter at breast height (DBH) at 20 cm above the root–shoot
boundary. Tree rings were crossdated or counted to identify
approximate tree germination dates. Crossdating was accom-
plished visually using the master tree-ring chronology of
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Fig. 1. Aerial photograph from 1999 showing field site. Polygons indicate plot areas. Thick white lines indicate approximate locations of
ridgelines. Maps show location of site in Boulder County, Colo. Increasing stem density can be seen from West to East to North plots.



Veblen et al. (2000). We determined the ages of nearly
100% of the living trees as well as ages and dates of tree
death for standing dead trees and fallen trees if possible. For
those cores that missed the pith, ages were estimated follow-
ing Duncan (1989). To estimate the ages of trees too small
to core (<4 cm DBH) and to estimate the number of rings
missed because of coring height (~20 cm above the root–
shoot boundary), we incorporated existing data on seedling
ages in nearby areas (Veblen and Lorenz 1986, Mast et al.
1998). We used a value of 7 years for ponderosa pine fol-
lowing values reported for a nearby site (approximately
3 km distance) at the forest–grassland ecotone by Mast et al.
(1998). Although Mast et al. (1998) did not report values for
Douglas-fir and Rocky Mountain juniper for Boulder
County, the authors found slightly longer and similar age-at-
coring height relationships compared with those for ponder-
osa pine, respectively, in Rocky Mountain National Park.
Based on this, we chose an age-at-coring height of 10 years
for Douglas-fir and 7 years for juniper. As a sensitivity test,

we added 10 years to the age-at-coring height values in our
subsequent calculations. This had no effect on the 2001 total
C estimate for each tree, which was set by the measured tree
diameter. It also only decreased C accumulation rates by
9%–13% through a longer modeled tree life-span. Missing
ages were estimated from regression equations developed
from trees with both age and DBH measurements (Table 1).

Our method may underestimate the number of trees alive
prior to the 20th century because of decomposition or con-
sumption by fire. Although these potentially missing trees
may influence soil C fluxes, these trees do not contribute to
today’s forest C accumulation rates that we calculated (see
below).

DBH was also recorded for each tree. All saplings less
than 4 cm diameter were tallied, and tree species were iden-
tified. The majority were ponderosa pine, although Douglas-
fir occurred in the N and W plots, and Rocky Mountain juni-
per (Juniperus scopulorum Sarg.) occurred in the W plot
(Table 1). DBH, decay class, and species (where possible)
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Fig. 2. Fire history at site. Bars show percentage of trees scarred at site because of fire; sample depth (dashed curve) shows the num-
ber of recorder trees alive (i.e., trees that can record fire because of previous fire scarring). In spite of an increasing number of trees
available to record fires, the actual number of recorded fires decreased in the 1900s.

Plot
Area
(ha)

No. of
treesa

No. of
saplings

No. of
logsb

No. of
stumpsb

Mean diameter
growth rate
(cm·year–1)c

Median
age
(years)c

East 0.39 0.29 102
PIPO 86 (14) 16 9 (2) 6 (5)
PSME 0 0 — —
JUSC 0 0 — —

West 1.9 0.39 65
PIPO 50 (1) 5 — —
PSME 7 5 — —
JUSC 8 2 — —

North 0.1 0.19 79
PIPO 54 (2) 22 3 (1) 6 (0)
PSME 30 (1) 43 — —
JUSC 0 3 — —

Note: PIPO, Ponderosa pine; PSME, Pseudotsuga menziesii; JUSC, Juniperus scopulorum.
aValues in parentheses for this column indicate how many ages were missing because of rotten cores.
bValues in parentheses for this column indicate how many were identified by species; remainder were

assumed to be PIPO.
cIncludes only cored trees, all species.

Table 1. Plot characteristics.



were recorded for stumps and logs as well. A decay classifi-
cation of 1 (indicating no decay, e.g., needles present, intact
bark) through 4 (indicating extreme decay, e.g., no bark, il-
legible annual rings) was used for recording the decomposi-
tion level of stumps and logs (a simplified version of Brown
et al. 1982).

Calculation of carbon stocks
Estimating C stocks from DBH and tree establishment

data required the following steps: (i) calculating time series
of tree diameters using a model of ring width; (ii) converting
tree diameters to C amounts using allometric equations;
(iii) accounting for stumps and logs in the plots, and
(iv) summing across trees in a plot. Several steps required
specifying models and (or) parameters, and we tested the
sensitivity of each using available alternatives as indicated in
the following sections. In the Results section, we report the
total uncertainty of C accumulation rates by varying our
model and parameters selections together.

Tree diameter time series
We calculated a time series of tree diameter from germi-

nation date to 2001 using the measured DBH together with
the tree age. We tested several models to estimate ring width
and thus tree diameter. The simplest model assumed a con-
stant ring width, corresponding to a linear increase in diame-
ter. However, ring widths of ponderosa pine typically exhibit
a negative exponential shape as the tree ages and the diame-
ter increases, and so we modeled ring width as (Fritts et al.
1969)

[1] W a bt k= +exp –( )

where W is the ring width, t is time, and a, b, and k are con-
stants corresponding to the initial ring width, the rate of de-
crease, and the final ring width, respectively. We chose b and
k from a time series of ponderosa pine ring widths shown in
Cook (1990), and determined a from the measured diameter.
We report C stocks and accumulation rates using the nega-
tive exponential decrease model. However, we also tested
the sensitivity of the C accumulation rate using the constant
ring width model. The 1980–2000 C accumulation rates in-
creased by 20%–41% with the constant ring width model
compared with the method using an exponentially decreas-
ing ring width, owing to the decreased biomass earlier in
each tree’s lifetime.

Carbon storage
We estimated tree biomass using allometric equations re-

lating stem, branch, and foliage biomass to DBH. Gholz
(1982) reported such equations based on measurements of
several tree species in Oregon as

[2] B m n= +exp DBH( ln )

where B is the biomass, and m and n are constants reported
by Gholz (1982). We substituted the allometric equations for
Juniperus occidentalis for J. scopulorum since Gholz (1982)
did not report information on the latter. Biomass values were
converted to C by multiplying by 0.5 (Schlesinger 1997).

We tested our biomass estimates using diameter measure-
ments and height estimates with an allometric equation re-
ported by Edminster et al. (1980) for ponderosa pines in the

Colorado Front Range. Tree height was modeled using a
Chapman–Richards equation following Jiang et al. (1999) as

[3] H h h h= −1 21 3( exp )DBH

where H is height, h1 is the maximum height, and h2 and h3
control the shape of the curve. We set h3 = 0.75 as reported
by Jiang et al. (1999), but adjusted h1 (= 25) and h2 ( )= −0.02
to match heights from Edminster et al. (1980). The behavior
of modeled biomass as a function of DBH was very similar
using the Gholz (1982) and Edminster et al. (1980)
allometric equations, with the resulting C accumulation rates
differing by less than 15%.

Root biomass can be substantial in forests but can be re-
lated to aboveground biomass (e.g., Enquist and Niklas
2002). We used belowground allometric equations from
Grier and Logan (1977) developed for Douglas-fir in Ore-
gon. We also investigated using a constant proportion of
belowground to total biomass, such as the 15.8% used by
Birdsey (1992); this decreased 2001 C stocks and 1950–
2001 accumulation rate estimates by 6–12%. We report both
aboveground and total C stocks because we recognize the
uncertainty associated with belowground biomass estimates.

To account for tree mortality, we assigned a value for the
number of years since a tree died by the observed decay
class: classes 1–4 corresponded to <10, 30, 50, and
100 years, respectively (R. Sherriff and T. Veblen, unpub-
lished data) (we observed no class 1 stumps or logs and only
ponderosa pine was identified as dead material). We used the
regression equations described above to estimate the age of
each stump and log from the measured DBH. The year of
death, obtained from the decay class, and the age at death,
calculated from the measured DBH, determined the diameter
time series of each stump and log. After death, stumps and
logs were removed from the live biomass calculations but
decayed onsite according to

[4] C C t= −0 exp( / )τ

where C is the carbon amount, C0 is the carbon at the time
of mortality, t is time, and τ is the turnover time. Decompo-
sition in the Front Range is slow because the climate is dry,
and thus we set t = 67 years (Turner et al. 1995). We tested
this assumption by setting t = 30 years, which decreased the
final C accumulation rates by 3%. The long decay time, to-
gether with the relatively recent establishment of trees at this
site, suggests that we accounted for the low mortality that
had likely occurred. We also calculated the effect of varying
mortality date by decay class on the accumulation rate.
Halving the time since death (i.e., 15, 25, and 50 years)
changed the accumulation rate by 4%.

We calculated the fraction of C stock and accumulation
rate in 10-year age bins to assess how different stand ages
contributed to the C estimates. We ignored the C contribu-
tion of the invaded grasslands in our calculations because it
is negligible compared with those of a mature forest. For ex-
ample, in a tallgrass prairie, Schimel et al. (1991) report
aboveground C stocks of 0.4–1.6 Mg C·ha–1. We also did not
address changes in soil C (see Discussion).

To determine how C accumulation rates will change in the
future, we allowed trees and saplings alive in 2001 to con-
tinue growing for an additional 50 years following the ring
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width model. Although it is likely that some of the trees and
saplings alive in 2001 would die by 2050 and that additional
tree establishment would occur in this time period, we did
not account for these effects but report results using either
trees alone or both trees and saplings since we feel these are
likely to bound the actual behavior.

Results

Establishment dates of the measured trees, stumps, and
logs occurred between 1660 and 1960 (Fig. 3). Most of the
trees in the W and N plots germinated after 1900, whereas
the majority of trees in the E plot established after 1870. No
trees were detected before 1850 in the W plot, whereas sev-
eral trees existed then in the E and N plots.

Stem density was highest in the N plot (Fig. 4) and lowest
in the W plot. The rate of increase in stem density was also
highest in the N plot and lowest in the W plot. A large num-
ber of saplings in the N plot established after 1980, whereas
fewer saplings established in the E and W plots.

Despite the substantially greater number of stems in the
N plot, the basal area was only slightly higher than in the
E plot (Fig. 5). This resulted from the larger average stem di-
ameter in the E plot (Fig. 6). In 2001, the E plot had a value
of 15 m2·ha–1, whereas we calculated roughly 19 m2· ha–1 in
the N plot. The large number of saplings present in the N
plot added only minimal basal area (1 m2·ha–1). The effect of
mortality can be seen as the sharp decrease in the basal area
around 1950 and again around 1970. Stumps and logs added
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Fig. 4. Stem density (number·ha–1) time series. Decreases indicate
mortality as derived from stumps and logs. PIPO, Ponderosa pine;
PSME, Pseudotsuga menziesii; JUSC, Juniperus scopulorum.

Fig. 3. Tree establishment dates for all species. Only those trees that have been cored are shown; trees with estimated ages are not in-
cluded.

Fig. 5. Basal area (m2·ha–1) time series. Shown are two time se-
ries per plot: trees and saplings only and trees, saplings, stumps,
and logs. The effect of saplings on basal area is minimal as can
be seen in the results from the North plot.



an additional 3 m2·ha–1 in the early 1900s in the N plot, with
a smaller increase in the E plot.

The time series of aboveground C showed similar patterns
among the three plots as the basal area (Fig. 7). Including
stumps and logs increased the 1950 aboveground C some-
what in the E and N plots. The additional C stored onsite
was reduced in time via decomposition.

Total tree C (above- and belowground) estimates were sim-
ilar to basal area and aboveground C (Fig. 8). The N plot had
the largest amount of C and accumulated C at the fastest rate
among all plots. Carbon stocks of the E plot were slightly
lower than those of the N plot, whereas the W plot contained
very little C. Total C accumulation rates for 1980–2001 were
0.46 Mg C·ha–1·year–1 in the E plot, 0.09 Mg C·ha–1·year–1 in
the W plot, and 0.70 Mg C·ha–1·year–1 in the N plot (Ta-
ble 2). In a cumulative sensitivity study to estimate the range
of rates, we varied the calculation assumptions discussed
above together to change the rates either higher or lower. We
computed the following ranges: E plot, 0.36–
0.67 Mg C ha year⋅ ⋅− −1 1; W plot, 0.08–0.11 Mg C·ha–1·year–1;
N plot, 0.38–0.92 Mg C·ha–1·year–1.

Stand age structure varied among plots (Fig. 9). In the
E plot, ages were evenly distributed over 120 years, while
the W and N plots had few trees older than 100 years. Sap-
lings in the E and N plots constituted a large fraction of the
total number of trees. Figures 9b and 9c show the fraction of
C amount and accumulation rate, respectively, per age-class.
Despite large numbers of young trees, the older trees con-
tributed most to the C stocks and accumulation rates. Partic-
ularly evident was the low number of trees greater than
150 years old (9 and 3 in the E and N plots, respectively)
that contributed 25%–30% to the total C and 15% of the ac-
cumulation rate. Thus, we found that the growth of existing
trees was more important in today’s C budget than more re-
cently established (encroaching) trees. However, as younger
trees age, they will contribute proportionately more to the
plot biomass than today.

Projected basal area and C storage continued to rise into
the future owing to sustained growth and a lack of mortality

(Fig. 10). Including saplings that were alive in 2001 led to a
substantial increase in modeled basal area and C storage in
2050 in comparison with values associated with trees alone.
Projected basal area of trees and saplings in the N plot, ig-
noring any mortality that would likely occur, was similar to
that reported by Covington and Moore (1994) for a modeled
forest in Arizona, though offset by approximately 30 years.
The 2030–2050 C accumulation rate increased substantially
to either 1.12 or 2.81 Mg C·ha–1·year–1, depending on
whether saplings were included. The lack of mortality, such
as fire or insect damage, or additional establishment in this
calculation implies that these numbers are uncertain; we re-
port the values to demonstrate possible forest behavior and
highlight this source of uncertainty in C accumulation pre-
dictions.

Discussion

Changes in soil C might be expected to occur in associa-
tion with woody encroachment. Although some studies of
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Fig. 6. Histogram of diameter at breast height (cm) measure-
ments for East (black bars), West (gray), and North (white)
plots. The North plot has more small trees, whereas the East and
West plots have similar distributions.

Fig. 7. Time series of aboveground carbon (C) storage (Mg C·ha–1)
for each plot. Shown are two time series per plot: trees and sap-
lings only and trees, saplings, stumps, and logs.

Fig. 8. Time series of total (above- and belowground) carbon (C)
storage (Mg C·ha–1) for each plot.
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woody thickening have found modeled increases in soil C in
response to fire exclusion (Liski et al. 1998), other studies
have found little measured change (Tilman et al. 2000).
Studies of mesquite encroachment in the southwestern US
have found either marked increases in soil C (Hibbard et al.
2001) or little change (Connin et al. 1997). Barton and
Wallenstein (1997) found more soil organic matter in a
Pennsylvania savanna than in the expanding Virginia pine
forest. A recent study by Jackson et al. (2002) found both in-
creases and decreases in soil C after woody encroachment

by Prosopis (mesquite), Larrea (creosote), and Juniperus
(juniper) spp. depending on rainfall inputs. Further research
is needed to examine this issue for areas subjected to pon-
derosa pine encroachment and thickening.

Ponderosa pines bear cones as early as 7 years of age, al-
though seeds from trees aged 60–160 years are more viable
than those of younger trees (Burns and Honkala 1990).
Thus, both encroachment and thickening were probably oc-
curring at our study site, though it is difficult to differentiate
these processes. At a given location, seedling establishment
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Fig. 9. Distribution among age-classes of (a) numbers of trees and saplings, (b) the fraction of carbon (C) storage in 2001, and (c) the
fraction of C accumulation rate in 2001 at each of the plots. The older, larger trees in the East and West plots contribute relatively
more to the C storage and accumulation rate than the younger, smaller trees.



would likely be faster in forests experiencing woody thick-
ening due to a preexisting seedbank. Our estimated C accu-
mulation rates may thus be lower than a comparable location
experiencing woody thickening alone.

Plot-level carbon storage
Carbon accumulation at the plot level results from two

processes: the C accumulation per tree and an increase in the
number of trees per plot. At the tree level, C accumulation is
largely a function of stem diameter, which itself is a function
of age and growth rate. However, not only does the C stored
increase as the stem diameter increases, the rate of C accu-
mulation also increases: older trees and (or) faster-growing
trees store C at a faster rate than younger and (or) slower-
growing trees. At the plot level, stem density becomes an
important factor influencing C storage. Although we found
that the oldest trees contribute most to today’s C stocks,
trees that established in later years did affect C storage, and
faster encroachment rates drove greater accumulation rates.
However, high stem densities may be coupled to lower
growth rates, as in the N plot, as a result of increased com-
petition for light, nutrients, and water.

Stands saturate with respect to C accumulation as mortal-
ity increases to balance tree establishment. At our field site,

however, mortality was not yet a factor, and we expect that
C will continue to accumulate for several decades in the fu-
ture, leading to increased accumulation rates (Fig. 10). How-
ever, we also expect mortality to accelerate as the stands
mature. Table 3 compares characteristics of ponderosa pine
forests from several studies. Our 2001 stand characteristics
nearly match those reported by some studies, whereas our
projected forest stand structure in 2051 (Fig. 10) was similar
to mature ponderosa pine stands reported in other studies.
Additional seedling establishment will likely occur in the
next 50 years, and disturbances such as fire and insect out-
break are possible, making our predictions uncertain. How-
ever, we expect increased mortality compared with
establishment and growth within the next several decades,
decreasing the accumulation rate.

The three plots in our study had different age, growth rate,
and tree establishment patterns that influenced C storage
(Table 1, Fig. 3). The W plot, located in a meadow, had the
lowest rate of encroachment (establishment) and C accumu-
lation on a per-area basis. Ponderosa pine establishment fa-
vors open, disturbed, coarse-textured soil areas (Peet 1981).
The higher herbaceous cover in the W plot may have in-
creased competition with pine seedlings for resources, delay-
ing tree establishment. The E plot situated higher on the
ridge had more open forest structure and rockier soil, possi-
bly allowing earlier establishment of pines. The slower tree
growth in the N slope may be attributed to increased stem
density and therefore competition for resources. Despite
lower growth rates and younger trees (Table 1), however, the
N plot had the highest C accumulation because of the rapid
encroachment rate. The high spatial variability in C accumu-
lation rates among plots implies that regional estimates of C
accumulation need to account for this heterogeneity.

Comparisons with other studies
Table 2 lists C accumulation rates reported in published

studies of forest structural changes. The rate used by
Houghton et al. (2000), derived from Covington and Moore
(1994), is substantially higher than our calculation for the
late 1900s, although similar to our 2050 estimates for the
densest stand that ignores any mortality. Law et al. (2001)
estimated the C budget for a 15-year-old ponderosa pine for-
est in Oregon, computing an aboveground tree biomass of
5.8 Mg C·ha–1. The resulting average rate of aboveground C
accumulation was 0.39 Mg C·ha–1·year–1. The similarity of
the Oregon accumulation rate and our rate from the E plot,
despite the much younger tree ages at the Oregon site, was
due to several factors. Faster tree growth in Oregon (0.67
versus 0.29 cm DBH·year–1) was likely due to greater pre-
cipitation (552 versus 395 mm). Furthermore, Law et al.
(2001) studied a previously logged site, which would have
facilitated seedling establishment synchronously across the
site because of in situ seed banks. In contrast, our site expe-
rienced woody plant invasion.

Our C accumulation rates were typically less than pub-
lished rates of other forest types. Tilman et al. (2000) inves-
tigated the effects of fire exclusion in a Minnesota
oak savanna, and reported a C accumulation rate of
1.8 Mg C·ha–1·year–1. Burrows et al. (2002) found that C
storage increased at a rate of 0.53 Mg C·ha–1·year–1 across
57 permanent plots in Australian eucalypt forests, and attrib-
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Fig. 10. (a) Basal area (m2·ha–1) projected to 2051 for East
(solid curve), West (short dashed curve), and North (long dashed
curve) plots. Also shown is modeled basal area from Covington
and Moore (1994) for an Arizona ponderosa pine forest respond-
ing to fire exclusion. (b) Carbon storage (Mg C·ha–1) projected
to 2051. Lower curve for each plot indicates behavior of trees
living in 2001 only; upper curve shows behavior for both trees
and saplings alive in 2001.



uted the changes to grazing and altered fire regimes.
Continental-scale changes in forest C have been reported by
several authors using forest inventory data. Birdsey (1992)
calculated the C accumulation rate of all US forests, finding
that US forests were accumulating C at a rate of
1.4 Mg C·ha–1·year–1. Birdsey (1992) estimated that forests
in Colorado were accumulating C at a rate of 0–
0.89 Mg C·ha–1·year–1. Also using inventory data, Lal and
Singh (2000) reported C accumulation rates of 0.31–
1.05 Mg C·ha–1·year–1 for several naturally occurring forest
types across India.

Mesquite encroachment throughout the southwestern US
has also been identified as a potentially significant C sink.
Asner et al. (2003) estimated the change in aboveground C
stocks associated with mesquite encroachment over a
400 km2 region in north Texas. At the individual plant level,
mesquite accumulates aboveground C at a rate of
0.36 Mg C·ha–1·year–1. Over the entire 400 km2 region,
Asner et al. (2003) found an aboveground C accumulation
rate of only 0.02 Mg C·ha–1·year–1, which included woody
vegetation removal throughout the region. At the continental
scale, the relative importance of mesquite, ponderosa pine,
and other woody plant (e.g., pinyon-juniper) encroachment
in the C cycle depends on the accumulation rates and the
area of expansion. To better understand patterns of spatial
heterogeneity of woody vegetation changes at the regional
scale, additional studies are required to investigate this phe-
nomenon across ecosystems.

Causes behind accumulation rate differences compared
with these other forest types include: (i) higher growth rates
due to different climate regimes and (or) species; (ii) differ-
ences in potential biomass (e.g., mesquite woodlands);
(iii) differences in time since tree establishment, which af-
fect tree biomass and therefore growth rates.

Implications for a US carbon sink
We analyzed only three plots on one site in Colorado, and

found large variability in accumulation rates. It is likely that
rates vary substantially across the region in response to dif-
fering climate, soils, and land use. However, past estimates
(Houghton et al. 2000) have relied upon limited modeling
studies. Our results are based on field measurements, and so
we feel that it is appropriate to investigate how our rates af-
fect regional estimates, despite large uncertainties. Addi-
tional studies to quantify the regional variability of C
accumulation are needed but are outside the scope of this pa-
per.

Our largest estimate of 1950–2001 C accumulation rates
was 59% of the total Rocky Mountain region woody en-
croachment value (including several forest types) used by
Houghton et al. (2000), and 26% of the rate based on the
ponderosa pine results of Covington and Moore (1994). As
discussed above, however, the rate increased as the forests
mature, and so the difference may be attributable to the dif-
ferent times since encroachment initiation. The large differ-
ence indicates that this time since initiation is an important
variable when calculating the woody encroachment effect on
the C budget. The difference also indicates that these effects
change in time and that today’s effect may be more or less
than the future effect depending on the maturity of the in-
vading forest. We contend that 2–3 Mg C·ha–1·year–1 is close

© 2004 NRC Canada

Hicke et al. 1293

S
tu

dy
L

oc
at

io
n

D
es

cr
ip

ti
on

S
te

m
de

ns
it

y
(n

um
be

r·
ha

–1
)

B
as

al
ar

ea
(m

2 ·h
a–1

)
A

bo
ve

gr
ou

nd
C

(M
g

C
·h

a–1
)

G
ho

lz
19

82
E

as
te

rn
C

as
ca

de
M

ou
nt

ai
ns

,
O

re
.

M
at

ur
e

an
d

un
di

st
ur

be
d

fo
re

st
49

0
(<

10
cm

D
B

H
);

21
5

(>
10

cm
D

B
H

)
26

.1
68

L
aw

et
al

.
20

01
E

as
te

rn
C

as
ca

de
M

ou
nt

ai
ns

,
O

re
.

15
-y

ea
r

ol
d

fo
re

st
,

pr
ev

io
us

ly
lo

gg
ed

10
32

(<
5

cm
D

B
H

);
34

4
(>

5
cm

D
B

H
)

—
5.

7

M
at

ur
e

fo
re

st
60

4.
9a

—
10

8
F

ul
é

et
al

.
19

97
A

ri
zo

na
P

re
se

tt
le

m
en

t
65

11
.7

—
C

on
te

m
po

ra
ry

(s
ub

je
ct

ed
to

fi
re

ex
cl

us
io

n)
72

0
18

.2
—

C
ov

in
gt

on
an

d
M

oo
re

19
94

A
ri

zo
na

P
re

se
tt

le
m

en
t

30
8.

4
—

C
on

te
m

po
ra

ry
(s

ub
je

ct
ed

to
fi

re
ex

cl
us

io
n)

18
70

27
.2

—

K
au

fm
an

n
et

al
.

20
00

F
ro

nt
R

an
ge

,
C

ol
o.

U
nd

is
tu

rb
ed

13
1–

39
0

9.
4–

20
.7

—
E

as
t

pl
ot

,
th

is
st

ud
y

F
ro

nt
R

an
ge

,
C

ol
o.

W
oo

dy
en

cr
oa

ch
m

en
t

20
7

(>
4

cm
D

B
H

);
41

(<
4

cm
D

B
H

)
14

.6
29

.2
W

es
t

pl
ot

,
th

is
st

ud
y

F
ro

nt
R

an
ge

,
C

ol
o.

W
oo

dy
en

cr
oa

ch
m

en
t

33
(>

4
cm

D
B

H
);

6
(<

4
cm

D
B

H
)

1.
6

2.
9

N
or

th
pl

ot
,

th
is

st
ud

y
F

ro
nt

R
an

ge
,

C
ol

o.
W

oo
dy

en
cr

oa
ch

m
en

t
84

1
(>

4
cm

D
B

H
);

68
1

(<
4

cm
D

B
H

)
19

.1
41

.4
a M

ea
n

st
em

de
ns

ity
ba

se
d

on
a

m
ix

of
ol

d
an

d
m

at
ur

e
pl

ot
s

w
ei

gh
te

d
by

ar
ea

(B
.E

.
L

aw
,

O
re

go
n

St
at

e
U

ni
ve

rs
ity

,
pe

rs
on

al
co

m
m

un
ic

at
io

n)
.

T
ab

le
3.

A
re

vi
ew

of
st

an
d

ch
ar

ac
te

ri
st

ic
s

of
po

nd
er

os
a

pi
ne

fo
re

st
s.



to the upper bound of the C accumulation rate in ponderosa
pine forests, and that many areas experiencing forest inva-
sion may have much lower values.

While the regional contribution of ponderosa pine forest
change may have been overestimated by Houghton et al.
(2000), it is difficult to quantify the magnitude of this over-
estimate. The authors calculated that 153 × 106 ha in the
Rocky Mountains have experienced woody encroachment
(out of a total encroachment area in the conterminous US of
224 × 106 ha), although the contributions from the different
forest types (juniper, mesquite, ponderosa, and others) were
not specified. Ponderosa pine forests cover 22 × 106 ha in
the western US (Houghton et al. 2000), and it is probable
that only some of that distribution is experiencing woody en-
croachment, although much of the distribution may be expe-
riencing woody thickening.

Note that if the regional-scale contribution of woody en-
croachment to the proposed US carbon sink were overesti-
mated, then it is possible that the contribution would
increase as the encroaching forests mature. However, this re-
sult depends on the relative fraction of areas with increasing
versus decreasing accumulation rates (e.g., young versus
mature forests). Given the wide variation of age structure
and fire history within and between ponderosa pine forests
(Shinneman and Baker 1997, Veblen 2003), these sources of
variability are likely to be important.

Conclusions

Forest structural measurements allowed us to calculate
tree establishment dates and a time series of stem densities
of all trees in three plots that have experienced woody en-
croachment over the last 150 years at the Colorado Front
Range forest–grassland ecotone. By using field data to cal-
culate tree establishment dates and diameters, we estimated
C storage rates without requiring measurements from multi-
ple dates. We calculated the C associated with each tree,
then summed across each plot to compute plot-level values.
We found substantial variation in the C accumulation rates
among these plots. The different slopes and aspects among
the plots resulted in different tree establishment dates, stem
densities, and growth rates, probably due to differences in
moisture, solar radiation, grazing, and competition with
grasses.

Our contemporary maximum C accumulation rates were
much smaller than those used to estimate C storage by pon-
derosa pine forests in a study of the US carbon budget by
Houghton et al. (2000). Only by projecting C accumulation
rates 50 years into the future and ignoring any mortality
could we generate similar rates as those used by Houghton
et al. (2000). It is clear that the C accumulation rate changes
substantially through time as encroaching forests mature,
first increasing with time then decreasing as mortality bal-
ances growth.

Woody encroachment and thickening are important
processes when calculating the C budget of the US; recent
estimates report that these processes are responsible for
17%–43% of the total sink (Pacala et al. 2001). Although we
showed here that recent estimates of these processes may be
too high (Houghton et al. 2000, Pacala et al. 2001), addi-
tional studies are required to identify the spatial variation in

the C accumulation rates, both within a forest type and
among different tree species. Furthermore, analyses of soil C
changes associated with forest encroachment are needed to
understand this important process. Quantifying these effects
will reduce the large uncertainty associated with woody en-
croachment and thickening in the US carbon cycle.
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