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Article

Coarse Woody Debris and Carbon Stocks in Pine Forests
after 50 Years of Recovery from Harvesting in
Northeastern California
Jianwei Zhang 1,* , Deborah S. Page-Dumroese 2 , Martin F. Jurgensen 3, Matt Busse 4,† and Kim G. Mattson 5

1 USDA Forest Service, Pacific Southwest Research Station, 3644 Avtech Parkway, Redding, CA 96002, USA
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Abstract: The long-term effects of harvesting on stand carbon (C) pools were assessed in a dry,
interior pine-dominated forest at the Blacks Mountain Experimental Forest in northeastern Cali-
fornia. Six 8-hectacre plots, established in 1938–1943, were treated as either an uncut control or a
heavy-cut harvest (three-quarters of the stand volume removed). Response variables included C
pools in overstory tree and shrub, coarse woody debris (CWD), forest floor, mineral soil (to 30 cm
depth), cubicle brown root fragments of wood, fine roots, and ectomycorrhizal root tips. CWD
was further classified as intact wood or more highly decayed brown rot or white rot types. CWD
nutrient stocks (N, P, K, Ca, and Mg) and soil N content were also measured. In 1992, 50 years after
harvest, total ecosystem C was 188 and 204 Mg C ha−1 in the harvest and control treatments or 8%
lower (p = 0.02) in the harvest stands. There were changes in the distributions of C pools between
the treatments. After 50 years of recovery, most C pools showed statistically non-significant and
essentially no change in C pool size from harvests. Notable reductions in C with harvests were
declines of 43% in CWD including standing snags (p = 0.09) and a decline of 9% of live tree C
(p = 0.35). Increases in C pools after harvest were in a 3-fold build-up of fragmented brown cubicle
rot (p = 0.26) and an 11% increase in soil C (p = 0.19). We observed strong evidence of C transfers
from CWD to soil C pools with two- to three-fold higher soil C and N concentrations beneath CWD
compared to other cover types, and lower CWD pools associated with elevated cubicle brown rot
are elevated soil C in the harvests. Our results showed that while harvest effects were subtle after
50 years of regrowth, CWD may play an important role in storing and transferring ecosystem C to
soils during recovery from harvesting in these dry, eastside pine forests of California. This poses a
tradeoff for managers to choose between keeping CWD for its contribution to C sequestration and
its removal as the hazardous fuels.

Keywords: coarse woody debris; forest carbon pools; forest harvest; pine-dominated ecosystem;
soil carbon

1. Introduction

Forests store large amounts of carbon (C) in the different pools [1,2] and particularly so
in California forests [3], and forests continue accumulating carbon. Therefore, maintaining
and restoring healthy forests remain among the most effective strategies for capturing
and storing C as a climate change mitigation [4,5]. Because forests are naturally dynamic
systems, the C stocks are at risk of loss with disturbances [6–11]. Land managers are con-
sidering new ways to manage forests to maintain or maximize C sequestration and prevent
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loss from disturbances such as harvests, drought, beetle kill, disease, or wildfires [12,13].
Forest being able to capture C even beyond 200 years of age has been shown by eddy
covariance techniques [14,15], but the detailed mechanisms of how forests store and release
C from various pools is still poorly described. On-site measures and construction of forest
C budgets can be expensive, and annual measures generally cannot detect small C gains or
losses. Because of the expense, C budgets are often assembled “ad hoc” from available data
that were not necessarily designed for a C budget in mind. Long-term studies with datasets
on forest C are rare; they are particularly valuable as they can better detect C change on
the timescale of stand development and soil C changes. Such datasets can help managers
understand forests as C processors and will aid it the design of new management options
with C sequestration in mind. Here, we assembled data into a C budget from a field study
designed to statistically test forest harvest effects on C responses after 50 years of recovery.

Disturbances such as wildfires and insect outbreaks in the western U.S. are becoming
larger and more frequent, partially enhanced as a result of a changing climate [13,16–18].
These events can alter C storage via changes in stand dynamics, biodiversity, and ecosys-
tem functions [19,20]. After such disturbances, land managers often use salvage logging
operations to fell and remove dead or dying trees to maximize tree value at sawmills, re-
duce hazards to infrastructure (e.g., roads, campgrounds), and reduce wildfire risk [21,22].
Simultaneously, land managers also thin densely crowded stands as a way to reduce
potential for severe fires or reduce tree competition as a way to enhance resilience to
future disturbances [23]. These restoration harvests (salvage logging and thinning) by
themselves can alter C accumulations via stand dynamics [24] and alter C inputs to
detrital pools [17]. Concerns are that logging operations (i.e., removal of wood products)
may lead to soil compaction, long-term reductions in forest soil productivity [25,26], and
net C losses. Logging can also change stand C cycling by affecting the amount of C left on
site in coarse woody debris (CWD) [27], soil organic matter (OM) [10,11,28], and standing
snags [28–30].

Extensive bark beetle infestations were documented across the western United States
during the 1930s. In response to the large increases in tree mortality from bark beetle
attack, a study was established by the U.S. Forest between 1938 and 1947 at the Blacks
Mountain Experimental Forest Service in northeast California. The study goal was to
determine the effect of different harvesting methods after severe insect attack on future
stand succession and growth [31,32]. This study produced, by design, a wide range of
residual stand structures, soil disturbances, and amounts of CWD on the soil surface [33].
Given the current high incidence of bark beetle occurrence in interior ponderosa pine
(Pinus ponderosa Lawson and C. Lawson) forests, we re-visited the research plots from
this original study to assess the long-term impacts of salvage logging after bark beetle
infestation on above- and below-ground C stocks. The original study had six harvest
treatments, of which we used two in our research: (1) harvests with logging consisting
of heavy Forest Service cut that removed three-quarters of the tree volume (low stand
structural diversity) and (2) uncut control (high stand structural diversity). The specific
objectives of this study were to (1) determine the long-term effects of removing a large
portion of the overstory volume on ecosystem C stocks, (2) examine the distribution
of C pools within each treatment, and (3) assess treatment effects on C storage from
individual pools, especially the role of the CWD.

2. Materials and Methods
2.1. Study Site

The study plots were at the Blacks Mountain Experimental Forest (BMEF; Figure 1),
located approximately 35 km northeast of Mount Lassen in northeastern California,
USA (Lat. 40.7293, Long. 121.1494). The experimental forest occupies 3715 ha on the
Lassen National Forest with an elevational range between 1700 m and 2100 m. The tree
overstory was composed of at least two age cohorts: an overstory of widely scattered
300~500-year-old ponderosa pine (Pinus ponderosa Douglas ex C. Lawson), Jeffrey pine
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(Pinus jeffreyi Balf.), and incense-cedars (Calocedrus decurrens (Torr.) Florin) and a dense
50~100-year-old second cohort of pines, incense-cedar, and white fir (Abies concolor
(Gord. and Glend.) Lindl. Ex Hildebr.) which originated after intensive livestock
grazing ceased in 1910s and with the onset of wildfire suppression (Figure 2). Forest
understory is composed of 5–10% cover of perennial grasses and forbs (coverage) and
10–15% shrub cover predominated by prostrate ceanothus (Ceanothus prostrates) and
bitterbrush (Purshia tridentate) with the remainder in open or non-vegetated condition.
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Figure 1. (A) Location of Blacks Mountain Experimental Forest in northeastern California.
(B) Perimeter of the experimental forest and numbered blocks with treatment plots established in
1938 to examine methods of cutting after mortality from western pine beetle infestation in 1934–1936.
(C) Two plots (uncut control and heavy cut) and our inserted three subplots established in 1992 in
blocks 38, 39, and 43.

Soils are in the taxonomic subgroup Typic Argixerolls and are 1~3 m deep over
fractured basaltic bedrock with mesic soil temperature regimes. Soil properties in the
surface 15 cm of mineral soil are 4.6% OM, 0.1% total N, pH 6.9, and <10% clay content [34].
The climate is characterized by warm, dry summers and cold, wet winters. Annual
precipitation was 440 mm from 1930 to 2017 (Figure 3), as estimated from the PRISM
climate model at Oregon State University (https://prism.oregonstate.edu/; accessed on
10 October 2022) and then calibrated by three surrounding RAWS stations (Bogard: https:
//raws.dri.edu/cgi-bin/rawMAIN.pl?caCBOG, Grasshopper: https://raws.dri.edu/cgi-
bin/rawMAIN.pl?caCGHP, and Ladder Butte: https://raws.dri.edu/cgi-bin/rawMAIN.
pl?caCLDR; accessed on 10 October 2022). Similarly, mean daily air temperature is 6.4 ◦C

https://prism.oregonstate.edu/
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with an average maximum of 13.7 ◦C and minimum of −0.9 ◦C, respectively. January is
usually the coldest month with minimum average of −8.7 ◦C, and during the average
maximum hottest month (July), temperature is about 26.8 ◦C (Figure 3).
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Figure 2. Stand characteristics at Blacks Mountain Experimental Forest. (A) The two-storied layer
of the canopy in the uncut control. (B) Example of large coarse woody debris chosen as one cover
type for forest floor and soil sample collections. (C) Three other ground cover types chosen for forest
floor and soils collections were prostrate ceanothus (CEPR), bitterbrush (PUTR), and pine needle and
herbaceous (OPEN).

2.2. Experimental Design

In 1992, we utilized the original experimental treatment units established beginning
in 1938. This original design was a randomized 10 blocks, with one block installed each
successive year beginning in 1938 [31–33]. Four to six plots, each 8 ha in size, were
established in each block, depending on the size of an area with uniform stand conditions.
Six harvest treatments were installed that ranged from an uncut, old-growth stand (control)
to a clear-cut (Figure 1). For our study, we selected three blocks (38, 39, and 43) and two
treatments: the old-growth control (uncut) and the U.S. Forest Service heavy cut that
removed about three-quarters of large tree volume. The heavy volume removal was one
of the standard harvest methods used on National Forests at that time. The heavy cut
(thereafter we call this treatment as “harvest”) produced a single canopy layer of well-
spaced pole-timber and small sawtimber-sized trees with a few large gaps in the canopy [35]
and was considered an extreme contrast to the uncut forest. The uncut control had no
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cutting of live trees or of dead or dying timber from the beetle attack. Trees were defined to
be stems with dbh > 29.2 cm, and all stems were measured in the entire block. Pole-size
trees were those with 9.1 cm ≤ dbh ≤ 29.2 cm and were tallied by species on four 0.25 ha
strips. Dbh of all standing snags were measured, and snag condition and decomposition
stage were recorded following Maser et al. [36].
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Figure 3. Long-term average yearly temperature and precipitation at Blacks Mountain Experimental
Forest from 1930 to 2017. Data were generated from the PRISM climate model (https://prism.
oregonstate.edu/; accessed on 10 October 2022) and calibrated with three surrounding RAWS stations
(Bogard, Grasshopper, and Ladder Butte).

The original plots across ten blocks for both treatments prior to harvest had an
average of 60 trees ha−1 with a quadratic mean diameter (QMD) of 66 cm and bole
volume of 205 m3 ha−1 [33]. After treatment, the harvested plots had 30 trees ha−1, a
QMD of 53 cm, and standing volume of 57 m3 ha−1. When plots were remeasured in
1990–1991, uncut control and harvest plots both averaged 86 trees ha−1, with a QMD of
56 and 46 cm and a volume of 196 and 120 m3 ha−1, respectively. On six plots among
three blocks (Figure 1), we used the respective tree species’ diameter data to estimate
all aboveground biomass (boles, branches, and needles) based on allometric equations
developed from northern California [37]. These data and other characteristics (basal area
and tree density) were used to characterize the contemporary stand conditions. Although
tree seedlings and saplings with dbh < 9.1 cm were not measured, we estimated this
biomass pool with 5% of total overstory trees that was estimated based on data from high
structural diversity plots by Zhang et al. [38]. The coarse root biomass was assumed to be
at a root/shoot ratio of 22% [39]. Carbon stock was obtained by assuming 50% C content
in the tree biomass.

In the two treatments plots in each of the three blocks, we installed three 500 m2

circular subplots (25.2 m diameter) ( 1©, 2©, and 3©) within the center 4 ha of each plot
in 1992 (Figure 1C). We classified the surface area of each subplot into 4 ground cover
categories: (1) coarse wood debris (CWD), (2) bitterbrush (PUTR), (3) prostrate ceanothus
(CEPR), and (4) pine needles and herbaceous plants (OPEN) (Figure 2). The shrub cover
types (PUTR and CEPR) are both N-fixing plants. Samples were collected for mass and C

https://prism.oregonstate.edu/
https://prism.oregonstate.edu/
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within each ground cover type over five return trips over an 18-month period. The pools
collected were wood fragments of brown cubicle rot, forest floor, and soil (Figure S1).

2.3. Coarse Woody Debris (Lying and Standing Dead Wood)

In each plot, we randomly located CWD transects for lying wood where CWD volume
of pieces 0.6 to 60 cm in diameter was tallied by diameter class according to Brown [40].
Transect data provided an estimate of volume by decay types, intact wood, as white rot
decayed, or brown rot decayed [41], which was converted to mass using estimates of wood
densities. For logs > 60 cm diameter, we selected one log in each treatment plot and cut
three 1-meter-long sections (at each end and the middle, Figure S2), yielding a total of
54 sections (3 blocks × 3 plots × 2 harvest treatments × 3 log sections = 54) (Figure 2B).
Log sections were separated into decay types of intact wood, white rot, or brown rot (decay
types were verified by laboratory analyses described below). The three decay types were
weighed in the field. A subset of the smaller CWD (<60 cm) was also subsampled by decay
type for laboratory analyses.

Dimensions of larger downed logs were used to estimate volume, and these were
converted to mass using estimates of wood density. Total down CWD mass was estimated
by adding the totals from the CWD transects and the larger downed logs.

Snag volumes (standing dead wood including branches) were estimated from the
stem inventories and were based on the snag dbh applied to biometric equations of
Zhang et al. [42] if snags showed no breakage. Snags with broken tops were estimated
as cylinders. Volumes were converted to mass using specific gravity by decomposition
classes [37].

2.4. Forest Floor and Soil Sampling

At each of the five sample dates we randomly selected a sampling point in each
circular plot under each ground cover type (CWD, PUTR, CEPR, and OPEN). Forest floor
(combined Oa, Oe, and Oi including woody debris < 0.6 cm diameter) in a 30-centimeter
ring was first collected. After the forest floor was removed, the mineral soil was sampled
to a 30 cm depth using a 10 cm diameter slide-hammer corer [43]. In the field, the core was
separated into the 0–15 cm and 15–30 cm layers for separate determinations of total- and
fine-soil bulk density. When encountered (typically as a layer on top of the mineral soil),
soil wood was separated out; the decay type was later determined to be nearly all brown
cubicle rot type [41,44]. This brown rot wood was characterized as highly decomposed
woody residue of decay similar to class 5 [45], which was a distinct pool from the brown
rot wood measured in the CWD transects. Collected forest floor and soil samples that
were used for laboratory analysis totaled 720 for mineral soil for over the five sample
dates (n = 3 blocks × 3 plots × 2 harvest treatments × 4 soil cover types × 2 soil depths
× 5 sample dates) and 360 for forest floor samples.

2.5. Laboratory Analysis

Samples of wood, forest floor, and soils were analyzed at the USDA Forest Service,
Rocky Mountain Research Station Forestry Sciences Laboratory (Moscow, ID, USA). Dur-
ing analyses, roots were hand-picked from the forest floor and mineral soils, washed to
remove excess soil, and stored at 2 ◦C until the ectomycorrhizal root tips were counted.
CWD, forest floor, brown cubicle rotted wood, and root samples were dried at 60 ◦C,
weighed, and fine-ground in a Wiley Mill for total C and N analysis on a Leco TruSpec CN
analyzer (Leco Corp., St. Joseph, MI, USA). Coarse wood samples were also analyzed for
phosphorus (P), calcium (Ca), potassium (K), and magnesium (Mg) by inductively cou-
pled plasma emission spectroscopy (ICP) after microwave digestion using a nitric acid di-
gestion mixture. Mineral soil samples were dried to a constant weight at 105 ◦C, weighed,
and passed through a 2 mm screen to remove rock and other fragments > 2 mm [46]. The
sieved soils were analyzed for C and N as described above. Coarse fragments were
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weighed, and volumes were estimated as part of the determination of total- and fine-soil
bulk densities.

The dry mass of the CWD, forest floor, soil wood, roots, and ectomycorrhizal root
tips in each core were extrapolated to total values in each plot. Mineral soil C and N
concentrations were adjusted to a hectare basis using the fine-fraction bulk density [47].
Total soil C and N pools were calculated for each ground cover type based on the soil C and
N contents for the cover type and multiplied by the respective proportion of their plot areal
cover. We did not analyze the coarse rock fragments, which have been found to contain
appreciable amounts of C and N in some soils [48,49]. After grinding, CWD samples were
also analyzed for lignin and hemicelluloses at the USDA Forest Service, Forest Products
Laboratory, Madison, WI using the Van Soest method [50].

2.6. Statistical Analysis

We analyzed the data based on a randomized complete block design with treatments
(uncut control and harvest) as the fixed effect and block as a random effect using SAS
MIXED [51]. This simple model (main plot effect portion of the model) was used to test
treatment effects on overstory large and pole size trees, understory shrubs, and downed
CWD. For other variables that we collected from the four ground cover types, we used a
split-split-plot model with treatments as the main plot effect (4 ha) and different ground
covers (CWD, CEPR, PUTR, and OPEN) as the subplot effect on each of three 0.05 ha
subplots. Then, sampling seasons were regarded as sub subplot effect. The full statistical
model is:

yijklm = µ + αi + ε1ikm + β j + αβij+ε2ijkm + δl + αδil + βδjl + αβδijl + γk + ε3ijklm (1)

where yijklm is the dependent variable summarized for the ith harvesting treatment (uncut
control versus heavy cut), jth ground cover, lth sampling season, mth circular plot, and
the kth block; µ is the overall mean; αi, β j, and δl are the fixed effect of the ith methods
of cutting (i = 1 and 2), jth ground cover (j = 1, 2, 3, and 4), lth sampling season (l = 1,
2, . . . , and 5), and mth circular plot (m = 1, 2, and 3); γk is the random effect of the kth

block (k = 1, 2, and 3), γk ∼ N
(
0, σ2

B
)
; ε1ikm is an experimental error to test main plot

effect (uncut control versus heavy cut); ε2ijkm is an experimental error to test subplot effect
(ground cover type and its associated interaction); and ε3ijklm is an experimental error to test
sub subplot effect (sampling season and its associated interactions), ε1ikm ∼ iidN

(
0, σ2

e1
)
,

ε2ijkm ∼ iidN
(
0, σ2

e2
)
, and ε3ijklm ∼ iidN

(
0, σ2

e3
)
.

Because the ground areas covered by CWD, CEPR, PUTR, and OPEN varied sig-
nificantly in areal coverage from each other, all variables measured beneath them were
weighted by their specific ground area proportions for total C pools. Based on sample
size estimates from this site and others in similar ecosystems [52,53], we expected that
our sample location and sampling intensity within each cover type would yield accurate
estimates of C pools.

For each analysis, residuals were examined to ensure that statistical assumptions of
normality and homoscedasticity were met. If the assumption were not met, a natural
log transformation was applied. Multiple comparisons were conducted for least squares
means by the Tukey–Kramer test by controlling for the overall α = 0.10 due to the limited
replications of the experimental units but we also report P values. If a covariate was used in
the model, we presented least square means and standard errors in the results. Otherwise,
we presented treatment means and standard errors.

3. Results
3.1. Overstory Trees, Shrubs, and Ground Cover

Fifty years after harvesting, there was a greater tree density in the harvest due to an
abundance of pole-size trees (Figure 4C). While total basal area was the same between
treatments, the harvest again had a greater proportion of smaller stems than the control
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(Figure 4B). Although harvested plots showed significantly more C stock for the pole-size
trees and less C stock for the large trees than the uncut control (p < 0.10), the tradeoff
between these two tree categories resulted in only a slightly smaller (9%) mean C stock of
trees in the harvest, which was not statistically significant overall (p = 0.35, Figure 4A).
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Figure 4. Overstory tree C stock (A), basal area (B), and trees/hectare (C) for large trees
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the treatment effect for all trees. Different letters between treatments for each tree category (large or
pole-size) indicate a significant difference (α = 0.10).
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Cover types and areal coverage are given in Figure S3. PUTR coverage was relatively
low with no treatment difference (p = 0.26); mean percent cover ranged in the harvest
from 6.4% to slightly higher in the uncut control with 8.3%. CEPR coverage was nearly
twice that of PUTR in both the control (13.3%) and the heavy cut plots (14.4%), and the
two treatments were not very different (p = 0.72). Assuming a 50% biomass C content, the
combined PUTR and CEPR shrub vegetation contained a relatively small 1.34 Mg C ha−1

in the heavy cut and 1.22 Mg C ha−1 in the uncut control. In addition, there were no
significant differences in the amount of grass, forb, or other ground covers between the
heavy cut and control stands (data not shown). Shrub biomass was further summarized
by Busse et al. [34].

3.2. CWD and Snags

Coarse woody debris (downed logs) covered about 7% of the ground area in both
stands (Figure S3). At least half of the CWD C mass was in brown rot type of decay with
the remainder in intact wood and essentially no white rot. CWD C mass was 1/3 less
(p = 0.09) in the heavy cut compared to the uncut control (21.4 vs. 37.6 Mg C ha−1), and
this was due mainly to differences in the amounts of brown rot as intact wood was similar
between the treatments (Figure 5A). Nutrient content largely followed the C mass patterns
with reduced nutrient stocks in CWD in the harvest due to the differences in brown rots;
there were essentially similar nutrient stocks in the intact wood portion between the
two treatments (Figure 5). In addition, CWD in the heavy cut plots had slightly less but
significantly (p ≤ 0.05) lower lignin concentrations in the brown rot as compared to the
uncut control (Table 1). Higher lignin suggests a more decayed state, and older wood as
lignin is mostly conserved in decaying wood under brown rots [41]. Mass of intact wood
is similar between the treatments, and the mass of nutrients in the intact wood are also
similar. However, all the nutrients except N in brown rots are proportionately reduced
a greater amount than C in harvests versus the controls. This suggests that brown rots
in the harvests may be more highly decayed, having conserved N while other nutrients
were leached. If CWD masses were similar at the initiation of the treatments, brown rot
may have formed faster by higher decay rates and fragmented off the CWD faster in the
harvests (i.e., is now missing). Higher rates of wood stake decomposition in harvested
as compared to uncut control plots have been reported elsewhere [54]. This is one line of
evidence of CWD C transfer to forest floor and soils. However, sampling did not show a
statistically higher level of soil C under CWD in the harvests versus the uncut controls
(Table 2); mean C stocks in brown rot pools collected in the forest floor and soil sampling
were three-fold higher in the harvests.

Table 1. Average lignin amounts (%) in the uncut control and harvest for intact, brown rot, and white
rot decay types sampled from each log.

Treatment Decay Type Lignin (%)

Uncut control
Intact 47.5 (2.0)

White rot 43.4 (2.1)
Brown rot 73.6 (4.3)

Harvest
Intact 46.0 (2.0)

White rot 44.6 (2.1)
Brown rot 67.2 (4.4)
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Table 2. Source of variation, degree of freedom, and probability (Pr > F) for testing fixed effects of treat-
ment (uncut control versus harvest), ground cover type (CWD, CEPR, PUTR, and OPEN), sampling
season (five times), and their interactions on soil C and N as well as fine root and ectomycorrhizal
tips at Blacks Mountain Experimental Forest.

Source of Variation Num df Den df Soil C Soil N Fine Roots Ecto-
mycorrhizae

Treatment (TRT) 1 4 0.961 0.781 0.690 0.523
Ground Cover (GC) 3 253 <0.001 <0.001 <0.001 0.117

TRT * GC 3 253 0.888 0.353 0.927 0.486
Sampling season (SS) 4 253 <0.001 <0.001 <0.001 0.114

TRT * SS 4 253 0.961 0.808 0.340 0.601
GC * SS 12 253 0.285 0.988 0.126 0.630

TRT * GC * SS 12 253 1.000 0.581 0.820 0.867
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Standing snag C was significantly higher (p = 0.049) in the harvest (0.5 ± 0.03 Mg ha−1)
than in the uncut control (5.8 ± 1.91 Mg ha−1) although this pool was grouped into the
CWD pool. The number in the uncut control is very similar to Woodall et al. (2011) who
found an average of 5.2 Mg C ha−1 of standing dead measured in FIA plots of western
coniferous forests on Forest Service lands.

3.3. Forest Floor and Mineral Soil

Harvesting three-quarters of stand volume from the forest 50 years ago did not alter
mineral soil C and N stocks (p > 0.78; Table 2). However, the type of ground cover
significantly affected soil C and N stocks regardless of treatments. Although the comparison
of sampling season was more focused on trends for root and ectomycorrhizae (see below),
we did observe that winter samples had consistently higher soil C and N (p < 0.001; Table 2).
We had no reason to expect increased concentrations in winter, and we cannot exclude
sampling error among subplots. One novel finding, however, something that has not been
commonly studied before (e.g., [55]), is our observation of two- to three-fold higher soil
C concentrations beneath the CWD than other cover types, which is consistent across all
sampling seasons (Figure 6A,B). This was associated with our sampling design of sampling
beneath CWD and into the underlying mineral soil so as to include soil wood in the cores
that were not collected as part of the CWD sampling. No decomposed woody materials
were observed beneath CEPR and OPEN in the uncut control or beneath CEPR and PUTR
in the harvested plots. In comparison, the trends for soil N stocks were more variable with
a trend of higher N also beneath CWD, and the OPEN had elevated N soil N concentrations
in the harvested plots during fall and winter versus the uncut control (p = 0.35). An
unexpected result that N was not higher beneath CEPR and PUTR, which are both N-fixing
species (Figure 6C,D).

Overall, we found no significant differences in fine root biomass or the number of
ectomycorrhizal root tips between the harvest and the uncut control (p > 0.52; Table 2).
However, ground cover and sampling season significantly affected fine root biomass
(p < 0.001). Ectomycorrhizal root tip numbers were highest on tree roots under the OPEN
ground cover, followed by PUTR > CEPR > CWD for both soil depths. None of the treatment
effects were significant for ectomycorrhizal tips counts (Table 2), and the weak seasonal
effect (p = 0.12) suggests reduced tips and lower variability during winter (Figure 7A,B).
Across all seasons, fewer fine roots grew beneath CWD (Figure 7C,D). Although there
were more fine roots beneath both shrub species (CEPR and PUTR) than beneath the other
ground covers collectively, the trends were not consistent across all seasons. As expected,
we observed a majority of fine roots in the mineral soil at the 0–15 cm depth and in the
forest floor beneath both shrub species. In both uncut control and harvest, fine root biomass
tended to be highest in spring and summer.
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3.4. Stand-Level C Pools

Summing all C pools, we calculated 188.0 Mg ha−1 in the harvest and 203.7 Mg ha−1 in
the uncut control (Figure 8). Statistically significant differences were observed for C in the
total ecosystem (p = 0.02) and CWD (p = 0.09). Although they were non-significant, C stocks
in brown cubical rot (p = 0.26) and within the mineral soil (p = 0.19) were substantially
higher in the harvest than in the uncut control. The other measured pools were very
similar between treatments (i.e., differences of ≤10 % and p values ≥ 0.35). Live vegetation
contributed about 52% to total ecosystem C in both treatments. However, the non-soil
detritus (CWD + forest floor + brown cubicles) contributed about 20% to the total C pool in
the harvest and 25% in the uncut control.
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4. Discussion

Total ecosystem C of 204 and 188 Mg C ha−1 for the uncut control and harvest on this
drier site are slightly lower than analogous estimates of pine forests in the western US.
Ecosystem C estimates (Mg C ha−1) include 253 for soils to a 30 cm depth in a 60-year-old
pine plantation on a good growth site in the northern Sierra Nevada Range of California [3]
and 275 for 300-year-old ponderosa pine in eastern Oregon [56]. Powers et al. [37] in
examining mixed conifer stands recovering from fire in northern California reported 206 for
a lightly burned stand (30 cm soil depth) but 282 for a severely burned stand with 100%
stem mortality. The higher C there was due to large amounts of incompletely burned
C left over. Though similar estimates of total C are from Law et al. [57] who estimated
210 Mg C in an older-growth ponderosa stand in eastern Oregon to 1 m soil depth and from
Smithwick et al. [58] who estimated a mean of 195 to 1 m depth soil for four old-growth
forest stands in eastern Oregon.

The control and harvest live C masses of 78 and 71 Mg C ha−1, respectively, are quite
similar to each other suggesting the harvest has recovered; however, the control in this
study had undergone a severe beetle mortality 55 years ago, and it was likely in a recovery
stage itself. These stand C masses were somewhat low when compared to similar pine or
mixed conifer stands of older ages or recovering on better sites. For example, Mattson and
Zhang [3] reported 124 Mg C ha−1 for their 65-year-old pine plantation on a productive site
and 157 for their older-aged mixed conifer stand that had sustained limited cutting entries.
Law et al.’s [56] oldest pine stands in eastern Oregon ranged from 122 to 157 Mg C ha−1.
This suggests the control and harvest stand of this study may still have been accumulating
live biomass as Law et al.’s [56] three younger stands ranging from 57- to 89-years-old
and recovering from harvests had low C masses ranging from 36 to 69 Mg C ha−1. Based
on these comparisons, our stands may still be in a C accumulation phase despite some
remnant older stems in the control. Despite that both the control and harvest may not have
yet reached their full live C pool size found in older stands, the live vegetation harvest
had largely recovered back to near the control C size. Given similar stand sizes, rates of
C inputs from net primary productivity were likely similar, and indeed most of the faster
cycling C pools within the harvested stands were similar to the controls such as the forest
floor and roots. It is notable that the slower cycling C pools, that is the CWD and soils,
were different in the harvest and were still in a recovery stage at year 50.

The reasons for the reduction in the CWD of 16 Mg C ha−1 in the harvests may not be
surprising considering three-quarters of the stem volume was removed during logging,
and pre-existing CWD may have been reduced during the logging operations by equipment
crushing or collapsing older pieces; large declines in CWD were observed by Uzoh and
Skinner [27] immediately following their thinning treatments in nearby plots at Blacks
Mountain. In addition, mortality of the larger trees and the subsequent rate of wood input
to the forest floor would have been expected to be reduced simply due to the removal of
mostly large trees during logging, and since the stands had sustained a beetle kill in the
years just previous to the logging, logging likely removed some of these recently killed
trees. The existence of substantially more standing snags in the uncut control than in the
harvest supports the low input from the harvest in our results.

It is also notable that harvests had three-fold greater amounts of cubical brown rot
wood in the soils. This brown rot wood had fragmented from the CWD and was part of
the organic matter layers in soils beneath CWD. This was associated with slightly higher
(though not statistically significant) soil C stocks in the harvests. These differences from
the control (e.g., greater brown rot wood fragments and higher soil C) suggest that, in
the harvests, the reduced CWD may have been the result of additional C transfers from
the CWD pools to the brown rot fragment pools and ultimately to the soil pools. These
two pools increased by 10 Mg C ha−1, making 6 Mg C ha−1 missing from the CWD when
compared to the control. This missing C could be attributed to the physical disturbance of
the logging or simply to sampling variability. One may expect the forest floors to also show
some evidence of larger C stocks in the harvested stands as decaying and fragmenting
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wood would also be transferred first to the forest floor. However, sampling error due to the
limited replication may again be the problem.

The CWD C stocks including standing dead of 37.6 Mg ha−1 in the uncut control
and 21.4 Mg ha−1 in the harvest are notably high relative to the size of the other C
pools except for overstory trees, representing 18% of the control and 11% of the harvest
stands (Figure 8) of the total forest C when measured to a depth of 30 cm in the mineral
soil. These percentages are higher than the 8% estimated for global CWD contributions
to forest C stocks to a soil depth of 100 cm included in the review by Pan et al. [2].
In the California Mediterranean climate, CWD in northeastern dry ponderosa pine-
mixed conifer forests decomposes relatively slowly, and wood can last decades on the
soil surface [59–61] as large CWD stocks are reported for other temperate and boreal
coniferous forests [55,62].

This CWD C in these two treatments is similar to many other studies for this region.
CWD stocks range from a low value in an 80–120-year-old lodgepole pine stand, also a
dry forest in eastern Oregon, USA, of 9 Mg C ha−1 [63], to a high value for an older aged
northern Sierran mixed conifer stand of 45 Mg ha−1 standing and down CWD [3].

The Forest Inventory and Analysis (FIA) plots in California for CWD mass in
200+ years old stands average a similar 26.1 Mg ha−1 [64]. In addition, using the FIA
dataset from the northwest USA, ponderosa pine stand CWD was 20.4 Mg ha−1, and
lodgepole pine stand CWD was 28.8 Mg ha−1 [65]. Generally, results from FIA plots
include multiple ponderosa pine stand ages and harvest regimes. Large CWD masses
have been reported for other conifer forests when protected from fires in Sierra Nevada
Range of California, ranging from 32 to 49 Mg C ha−1 (reviewed by Uzoh and Skinner).
Uzoh and Skinner [27] reported similarly high C in intact CWD of 29 Mg C ha−1 at nearby
sites in protected old growth forest.

Magnusson et al. [55], in their review of the sequestration of C from CWD in forest soils,
note many knowledge gaps regarding the flux of C from wood to forest soils, especially the
leaching of dissolved C, assimilation by decomposers and transformation of organic com-
pounds, transport by fragmentation, and mixing. However, they also note decomposition
rates are largely unknown and rarely studied and that “results regarding soil C content
change below CWD remain sporadic.” We report a relatively large mass of cubical brown
rotted wood being associated with the intact CWD and the associated two- to three-fold
higher soil C concentrations beneath highly decomposed logs versus concentrations in soils
nearby (Figure 6). An extremely high 88 Mg C ha−1 mass of fragmented brown rot was
reported by Uzoh and Skinner [27] in their old-growth plots before burning treatments,
and nearly all of it disappeared following prescribed burning treatments. It should be
noted such high estimates may be viewed with some caution as methods of collection of
brown rot wood are not standardized, separation of organic layers from mineral soil in the
field is problematic [66], and it is difficult to determine the endpoint of decay where highly
decayed wood becomes soil humus [55]. Further complicating how highly decayed CWD
is categorized, are the input of litter and the amount of excavation needed to describe the
amount of CWD on and in the mineral soil.

Studies of soil C either as a flux from wood or following harvests are varied in methods,
and it is not always easy to disentangle a clear trend [66]. However, two meta-analyses of
large sets of studies of harvests show a tendency of C loss in surface organic matter (forest
floors) and mineral soils with harvest operations [10,11]. Losses tend to be most evident
during the first decades, and James and Harrison’s [11] graphs showed soil C recovers by
year 75. Black and Harding [6] used a chronosequence to study ecosystem C following
harvests with clearing and burning of mixed conifer stands in California. Though their
stands had complications of erosion and a control that showed low soil C, they concluded
that the total forest floor and soils lost C for the first 17 years following harvests, and their
stand at year 79 shows signs of recovery though perhaps not to pre-harvest levels.

Studies of C transfers from woody residues to mineral soil are scarce as
Maganusson et al. [55] point out, but one study that showed such transfers is Busse et al. [67]
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who in a designed study with replication and controls found statistically significant dou-
blings of soil C following mixing of 75 Mg OM ha−1 wood chips into forest soils in Califor-
nia. Fragmentation fluxes from wood are not typically noted in most wood decay studies
as they focus on more recently dead wood and on density loss [68] or CO2 efflux [69].
Studies of later stages of wood decay report relatively high rates of fragmentation of wood.
Lambert et al. [70] reported that fragmentation was the greatest path of C loss during
decay of balsam fir (Abies balsamea (L.) Mill.) in New Hampshire. Larsen et al. [44] in
reviewing their studies of wood decay in conifer forests of the northern Rocky Mountains
noted brown cubicle wood was relatively frequent, being observed in 15% of their transects
lengths; they also believed that brown cubicle wood was more functionally unique than
previously thought, and exhibit functions and characteristics that are similar to (and even
more efficient than) other soil components such as humus. Mattson and Swank [71] re-
ported that CWD in hardwood forests in North Carolina during the last half of wood decay
lost one-third of their mass as fragmentation. Mattson and Zhang [3] reported three conifer
stands that contained on average 16.5 Mg C ha−1 wood fragments on the forest floor and in
mineral soil to a 30 cm depth, but this buried soil wood mass followed the trend of above
ground CWD mass in the forests though soil C mass did not.

As wildfires, insect outbreaks, and diseases seem to be exacerbated by rapid climate
change [12], land manages currently need to consider their options to improve forest
resilience to such disturbances. Furthermore, intact growing forests are increasingly being
looked to as highly efficient C sequestration mechanisms [14,72,73]. Past fire suppression,
grazing, and logging of western forest stands have significantly increased stem density
and have changed stand structure and composition [74,75] and CWD distributions [76].
Therefore, the management goals often are to maintain and even increase forest C capture
while also reducing stand densities to relieve environmental stressors to trees and treat
hazardous fuels build up in public forests [27]. The role of soil in releasing and storing C
following harvests and other disturbances still appears to be complicated and variable, and
general patterns are not easily described. In this context, several management implications
are worth noting from our results. First, the current thinning intensity used in restoration
projects on public land is much lower than what was used in the heavy harvest plots at
Blacks Mountain Experimental Forest. Therefore, evidence of vegetation C recovery here
indicates currently treated stands likely would recover quicker, and the recovery of net
positive C by the forest should be faster. Second, in our study, slightly elevated ecosystem C
50 years after harvests was largely the result of the greater CWD pools in the uncut control,
and CWD may have had a role in enhancing C transfers to the soil during the recovery
period. Last, woody debris is considered a major fuel hazard for some length of time until
advanced stages of decay. In extremely hot fires, the advanced stage of decayed wood can
also be fuel in drought-prone climate regimes [76]. Therefore, managers face a dilemma
to retain CWD in the forests as a C sink or remove it as a fire reduction action. While this
study sheds light on potential benefits of leaving woody debris in forests, such tradeoffs
with increased fire hazards will require further study.

5. Conclusions

We show that overall ecosystem C changes its partitioning among pools at year 50
following recovery from heavy harvest of pine stands in northeastern California. We
also demonstrate a likely pathway of C flux from CWD to forest soils, as observed from
increased soil C concentrations beneath logs, increased mass of brown cubicle rotted wood
beneath logs, and increased soil C pools in harvests where CWD has declined. Because
CWD is a relatively large and long-term C storage source, this resource may be a way to
manage for C sequestration in the wood itself and into the soil pool.
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(B) white-rot fungi decayed wood, (C) Brown-rot fungi decayed wood, (D) decayed wood separation,
and (E) decomposed log that was sampled; Figure S3: Cover percentage beneath coarse woody debris
(CWD), Ceonothus prostratus (CEPR), Purshia tridentata (PUTR), and OPEN in uncut control and
harvest at Blacks Mountain Experimental Forest.
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