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Abstract

With growing interest in wood bioenergy there is uncertainty over greenhouse gas emissions associated with

offsetting fossil fuels. Although quantifying postharvest carbon (C) fluxes will require accurate data, relatively

few studies have evaluated these using field data from actual bioenergy harvests. We assessed C reductions and

net fluxes immediately postharvest from whole-tree harvests (WTH), bioenergy harvests without WTH, and

nonbioenergy harvests at 35 sites across the northeastern United States. We compared the aboveground forest C

in harvested with paired unharvested sites, and analyzed the C transferred to wood products and C emissions

from energy generation from harvested sites, including indirect emissions from harvesting, transporting, and

processing. All harvests reduced live tree C; however, only bioenergy harvests using WTH significantly reduced
C stored in snags (P < 0.01). On average, WTH sites also decreased downed coarse woody debris C while the

other harvest types showed increases, although these results were not statistically significant. Bioenergy harvests

using WTH generated fewer wood products and resulted in more emissions released from bioenergy than the

other two types of harvests, which resulted in a greater net flux of C (P < 0.01). A Classification and Regression

Tree analysis determined that it was not the type of harvest or amount of bioenergy generated, but rather the

type of skidding machinery and specifics of silvicultural treatment that had the largest impact on net C flux.

Although additional research is needed to determine the impact of bioenergy harvesting over multiple rotations

and at landscape scales, we conclude that operational factors often associated with WTH may result in an over-
all intensification of C fluxes. The intensification of bioenergy harvests, and subsequent C emissions, that result

from these operational factors could be reduced if operators select smaller equipment and leave a portion of tree

tops on site.
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Introduction

There is growing interest in managing rising atmo-

spheric carbon dioxide (CO2) emissions (Forster et al.,

2007) through mitigation measures, including: decreas-

ing use of fossil fuels; improving energy efficiency;

increasing use of renewable fuels; and enhancing forest

carbon (C) sequestration (IPCC, 2007). Forests have been

a focus of those C mitigation efforts (Hamilton et al.,

2010) due to their large capacity to sequester and store

C (Nabuurs et al., 2007). However, some hypothesize

that using the wood in place of fossil fuels for energy

production (‘bioenergy’ such as combusting woodchips

or pellets for electricity, heating, or combined heat and

power) could result in a net C benefit (Hall, 1997; Kro-

etz & Friedland, 2008).

The short-term net C outcomes associated with man-

aging forests for bioenergy production remain uncer-

tain. In the northern hardwood region of the

northeastern U.S. wood biomass harvested for energy

applications is only one of several products supplied by

a logging operation. Thus, C-accounting needs to

consider C left on site in residual biomass and C fluxes

(i.e. net positive or negative emission of C to the atmo-

sphere) into and out of the forest system, as well as

C transferred to wood products, the life cycle of those

products, and fossil fuel offsets (Eriksson et al., 2007;

Mckechnie et al., 2011). Previous accounting studies

(e.g. Manomet Center for Conservation Sciences, 2010;

Nunery & Keeton, 2010; Mckechnie et al., 2011) have

been limited by a relative lack of empirical data from
Correspondence: William S. Keeton, tel. + 1 802 656 2518,

fax + 1 802 656 2623, e-mail: William.Keeton@uvm.edu

290 © 2012 Blackwell Publishing Ltd

GCB Bioenergy (2013) 5, 290–305, doi: 10.1111/j.1757-1707.2012.01183.x



actual bioenergy harvests, requiring modeling assump-

tions about harvesting practices, such as whole-tree har-

vesting (WTH) and increased removals of low grade

material. In this study, we use field data to assess

whether bioenergy harvesting in the northeastern U.S.

results in intensified cutting that increases net C fluxes

immediately postharvest.

Effects of forest management on C pools

Despite the development of complex forest C-accounting

protocols in the Kyoto framework (Nabuurs et al., 2007)

and by developing C markets (American Carbon Regis-

try, 2010; California Air Resources Board, 2010; Verified

Carbon Standard, 2010), some aspects of forest manage-

ment effects on C dynamics remain in debate. The issue

is how to rigorously account for above and below-

ground forest C pools, C fluxes through the wood

products stream, and avoided emissions (i.e. ‘offsets’)

associated with substituting wood for other building

materials and fossil fuels (Eriksson et al., 2007).

Depending on the assumptions made about each of

these and their relative weight in the C-accounting,

studies can come to very different conclusions about

forest management. For instance, many studies have

determined that less intensive harvesting practices

result in the greatest net increase in C storage (Harmon

et al., 1990; Harmon & Marks, 2002; Swanson, 2009;

Nunery & Keeton, 2010). Other studies have concluded

exactly the opposite, stressing substitution effects

(Eriksson et al., 2007; Davis et al., 2009; Routa et al.,

2011), which are market-driven and may be difficult to

predict. For instance, Eriksson et al. (2007) concluded

that, in some cases, intensive harvesting combined with

substitution of bioenergy for fossil fuels may result in

the greatest net emissions reductions due to accumula-

tion of fossil fuel offsets. Under their modeling frame-

work fertilizing, harvesting slash and stumps, and

substituting wood for construction material and coal

had a greater C benefit than retaining residues and

offsetting natural gas (Eriksson et al., 2007). Others have

questioned the assumptions regarding substitution

effects (Schulze et al., 2012). Accurate accounting, and to

some extent resolution of the on-going debate about for-

est bioenergy (Harmon & Marks, 2002; Searchinger

et al., 2009; Mckechnie et al., 2011), will depend on the

advent of real data.

In terms of bioenergy harvesting, a critical consider-

ation is the extent to which operations might result in

increased C removals through intensified harvesting

practices (Zanchi et al., 2011), such as WTH. Similarly,

accounting for fossil fuel offsets requires information

about the types of fuels replaced, for which accurate

data are not consistently available. As demand for wood

bioenergy increases (Briedis et al., 2011a; Munsell et al.,

2011; Zanchi et al., 2011), understanding the C trade-offs

of different forest management approaches, including

those specific to bioenergy (e.g. WTH), will become

increasingly important.

Quantifying the net C effects of forest management

practices, including bioenergy harvesting, requires

understanding the pathways and rates of changes in

forest C pools. This may be particularly important for

WTH because it involves removal of large amounts of

aboveground biomass in whole trees (see Fig. 1), includ-

ing tree tops and limbs (Johnson & Curtis, 2001). This

differs from stem-only conventional harvesting where

only roundwood is taken off site (Vanguelova et al.,

2010). WTH is an economical and efficient way to har-

vest residues, including roundwood on upper tree

stems (Briedis et al., 2011a; Lippke et al., 2011), which

otherwise is considered unmerchantable and left on site.

Chipping this material and using it to generate energy

provides an additional revenue source.

In addition to impacting aboveground live tree

C pools, WTH may increase the intensity of the harvest

and impact the dead C pools, including snags and

downed wood (Briedis et al., 2011a). Timber harvesting

often disproportionally impacts dead C pools through

effects on input rates, species composition, and size dis-

tribution of downed coarse woody debris (DCWD;

Harmon et al., 1986). WTH can increase dead wood

C impacts through removal of tree crowns and upper

stems and by harvesting dead and low vigor trees,

impairing DCWD recruitment (Lattimore et al., 2009),

and altering the quantity and temporal dynamics of

C storage in the DCWD pool (Harmon et al., 1986).

Although C is emitted through decomposition (Parikka,

2004; Johnson, 2009; Searchinger et al., 2009), the overall

dead wood pool can accumulate for long periods

(Harmon, 2001), ultimately accounting for >10% of total

aboveground C storage in late-successional northern

hardwood-conifer forests (Keeton et al., 2011). Removal

of DCWD recruitment sources over multiple rotations,

thus, may result in a long-term reduction in forest stand

C (Harmon et al., 1990; Harmon & Marks, 2002). There-

fore, assessing the impacts of bioenergy harvesting on

dead wood pools, in addition to aboveground live tree

C pools, is important for understanding the C impacts

of bioenergy harvests.

Carbon mitigation through bioenergy harvests

Some have assumed that bioenergy is ‘carbon-neutral’

because harvested C, which is combusted and emitted as

CO2, is later sequestered through forest regrowth (Kroetz

& Friedland, 2008). However, a developing literature has

questioned many of the fundamental assumptions in this
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argument (Johnson, 2009; Searchinger et al., 2009;

Mckechnie et al., 2011; Zanchi et al., 2011; Gunn et al.,

2012; Schulze et al., 2012). Important uncertainties

remain regarding the temporal dynamics of C fluxes

associated with bioenergy use. One of these is the

timeframe over which an initial C ‘debt,’ or C flux,

might be compensated by a C ‘dividend’ from fossil

fuel offsets and forest regrowth (Mckechnie et al.,

2011; Routa et al., 2011; Zanchi et al., 2011).

Another key consideration is how these dynamics

will play out at landscape scales as a function of har-

vests scheduled or staggered across time and space

(Gunn et al., 2012). There may be compensatory effects

at landscape scales, possibly equilibrating C emissions

and C uptake across multiple stands harvested at differ-

ent time schedules (Ryan et al., 2010). However, there

may nevertheless be a permanent flux of C off the land-

scape if overall harvesting intensity increases. This

would result in lower net average landscape C storage

that may not be compensated by fossil fuel offsets. The

complex question of whether greater reliance on wood

bioenergy reduces C emissions would depend on the

rate at which the loss of landscape C storage is compen-

sated by avoided fossil fuel emissions. Our study

addresses the former, using field data to determine

whether bioenergy harvests are in fact intensifying C

removals and increasing the net C flux, and thus might

have the potential to reduce net landscape C storage.

The intensity of bioenergy harvests in the northeast-

ern U.S. may vary considerably, by factors such as the

area, volume, and the type of material harvested. Cur-

rently, the main source of bioenergy in developed coun-

tries is primary (i.e. harvests producing logs, sawlogs,

pulp, veneer, and woodchips) and secondary (i.e. har-

vests producing finished or semifinished products with

no primary products) wood product operations

(Lattimore et al., 2009). The scale varies from small, family-

owned firewood operations to large industrial energy

plantations, and material can be generated from thin-

ning operations, residues and mill waste, bioenergy

Fig. 1 An example of a ‘heavy’ harvest in our dataset that employed WTH with single-tree selection, both a grapple and a cable

skidder, and a shear (top left). This site resulted in a �101% difference in forest stand C from reference unharvested to harvested

stand. Tree tops left on landing at a WTH site waiting to be chipped (top right). An example of a ‘light’ WTH that used single-tree

selection, a cable skidder only, and a shear with a chainsaw (bottom right). This harvest had more tree tops (and of larger diameter)

left on site and resulted in a �39% difference in forest stand C postharvest. A CAT 535B grapple skidder used at a site in our dataset

(bottom left). (Photo credit: C.E. Littlefield, except bottom right photo by A.M. Mika).
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plantations and agro-forestry operations, and fuel wood

gathered from urban areas (Lattimore et al., 2009).

Although there is concern that rising demand for bioen-

ergy will intensify removals of dead wood and harvest-

ing residues (Briedis et al., 2011a), some bioenergy

harvesting may improve stand stocking and stem qual-

ity by removing low grade material. For example, thin-

ning from below (termed ‘stand improvement cutting’),

sometimes used for bioenergy harvesting, can increase

merchantable volume production and rates of C uptake

(Hoover & Stout, 2007), although there is still an initial

flux of C after the disturbance (Harmon, 2001).

In this study we evaluated the effects of a range of

bioenergy harvesting types and intensities on posthar-

vest aboveground forest C storage and net C fluxes. The

study objectives were to: (1) determine whether bioener-

gy harvests, especially those using WTH, are more

intensive than nonbioenergy harvests by comparing

their respective immediate postharvest changes in

aboveground forest C pools, (2) evaluate whether bioen-

ergy harvests had greater total net C emissions than

harvests without bioenergy as a product, and (3) assess

which site-specific and operational variables most

strongly predict net C outcomes.

Materials and methods

Study site

Our study area was within the northern hardwood region of

northeastern U.S., focusing on northern New York, Vermont,

and New Hampshire (Fig. 2). The climate is humid continental

(i.e. moist temperate) with even distribution of precipitation

throughout the year, cold winters, and warm to hot summers.

The topography is characterized by postglacial valleys, pla-

teaus, hills, and the Green, White, and Adirondack mountain

ranges. Alluvial sediments and glacial tills created fertile

edaphic conditions, consisting mostly of the well-drained and

partially loamy Tunbridge soils series. Vegetation is predomi-

nantly mature (50–100 years old), even or multiaged northern

hardwood or northern hardwood-conifer forests. Dominant

species include Acer saccharum (sugar maple), Fagus grandifolia

(American beech), Betula alleghaniensis (yellow birch), and Tsuga

canadensis (eastern hemlock) with significant components of

Fraxinus americana (American white ash), Acer rubrum (red

maple), and Pinus strobus (eastern white pine).

From a request sent to 115 professional foresters in the

region, we identified 43 recently harvested candidate sites to

which we applied selection criteria; of these 35 met our require-

ments and were included in the study (Table 1). The selection

criteria included the following: public or private ownership;

harvested within 3 years; naturally regenerated stands (no

plantations); low to mid elevation (610 m maximum); moderate

to high site productivity (sugar maple site class 1–3); and pres-

ence of an unharvested adjoining portion of each stand. Har-

vests were not selected based on the type of operation (e.g.

whole-tree vs. nonwhole-tree harvest), but rather were a repre-

sentative sample of the harvest activity occurring in our study

region. We specifically excluded clear-cutting operations in our

study because most harvests in the Northeast are partial har-

vests (Sader & Legaard, 2008) and structural retention consid-

erations for clear-cutting are fundamentally different. Each

harvested site was paired with an immediately adjacent unhar-

vested portion of the stand of similar ecological characteristics

(i.e. overstory composition, structure, and disturbance history)

as a reference for estimating preharvest conditions. Our study

included sites, which had been harvested for wood products in

Fig. 2 Map of the study sites (N = 35). Where two sites overlap due to close proximity, a ‘2’ indicates that there are 2 properties sam-

pled in that location.
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addition to bioenergy with and without WTH. The sites ranged

in age from 40 to 130 years of age; however, with partial har-

vesting common in the study area, most stands are multiaged.

The final set included 25 sites harvested for bioenergy using

WTH (‘bioenergy WTH’), 4 sites harvested for bioenergy with-

out WTH (‘bioenergy non-WTH’), and 6 sites harvested for

conventional products without bioenergy (‘nonbioenergy’;

Table 2). The unequal sample sizes are an artifact of both the

sites available and a trend toward greater use of WTH in the

study area. Finally, using a standardized survey, we collected

information about ownership, certifications, management objec-

tives, silvicultural treatments, harvesting and skidding machin-

ery, end-user(s) of bioenergy, physical characteristics, and

other operational variables from the foresters and contractors

involved with each logging operation (Table 2).

Field data collection

We inventoried forest structure and composition with 4–7 vari-

able radius prism plots (2.3 metric basal area factor) at each

site, the number being proportionate to site area. The plots

were randomly placed using a random number table to estab-

lish compass bearing and distance from a central point of ori-

gin, ensuring that sample plots were well distributed. Trees

>5 cm at breast height (1.37 m) were inventoried including

diameter at breast height (dbh), species, and live or dead sta-

tus. For dead trees, aka ‘snags,’ the decay class (ranging from 1

to 9) was recorded and the height measured using an Impulse

200 laser range finder (Laser Tech, Inc., Englewood, CO, USA).

At the location of each prism plot, we also placed a fixed

area plot centered on the same location. We used the line inter-

cept method (Van Wagner, 1968) with transect lengths of 35.7

and 25.24 m to inventory DCWD and fine woody debris

(FWD), respectively. Trees leaning below a 45° incline from the

ground, � 10 cm in diameter at point of intercept, and � 1 m

in length were counted as DCWD. We recorded the diameter

and decay stage (1–5) following Sollins (1982) for each piece of

DCWD at the point of intercept. FWD was considered to be

any limb between 2 and 10 cm in diameter at intercept and

� 20 cm in length. The diameter and angle to the ground of

each piece of FWD was measured with a clinometer. Angles

were recorded in 5° increments to be used in the Woodall &

Williams (2005) volume equations.

Data processing

Inventory data were input into the Northeast Ecosystem

Management Decision model, NED-2 (Twery et al., 2005) to

generate structural and compositional biometrics, including

aboveground biomass of live trees, calculated allometrically

using the Jenkins et al. (2003) equations. The Jenkins et al.

(2003) equations have been widely used in other studies (e.g.

see Fredeen et al., 2005; Keeton, 2006; Lamsal et al., 2011; Van

Tuyl et al., 2005). We computed the volume, biomass, and C

content of the four pools (aboveground live, aboveground dead,

DCWD, and FWD) as described below. We chose not to include

belowground C due to lag times in soil C responses and vari-

ability associated with silvicultural treatments, particularly

partial harvests, found by previous research (Yanai et al., 2003;

Jandl et al., 2007; Nave et al., 2010).

The volume of DCWD by decay stage was determined for

each site following Van Wagner (1968) as modified by Woodall

& Williams (2005). DCWD biomass was calculated by multiply-

ing the volume of each log by the specific gravity correspond-

ing to decay stage from Harmon et al. (2008). As the species of

each piece of DCWD could not be determined consistently, a

weighted average of the specific gravities (using Harmon et al.,

2008) for each decay class was used. The weighted average was

computed based on percent basal area by species for all live

and dead trees at each site. The C in the DCWD pool at each

site was then calculated by multiplying the total biomass by

the following C values by decay stage: 0.499 (decay stage 1);

0.488 (decay stage 2); 0.486 (decay stage 3); 0.518 (decay stage

4); and 0.501 (decay stage 5; Harmon et al., 2008). The average

volume of FWD was determined by taking the mean of the

angles of each piece of FWD for each plot and using equations

from Woodall & Williams (2005). The biomass and C in the

FWD pool at each site was calculated in the same manner as

for DCWD. As the decay stage and species of each piece of

FWD was not identified, the average C content of the five

decay stages (i.e. 0.498) was used for all pieces of FWD.

Finally, snag volumes were computed using Honer et al.

(1983) species-specific equations, which use both the diameter

and top height measurements. We used Honer et al.’s (1983)

species-specific tapering functions to convert from our dbh

measurements at 1.37 m height to the 1.30 m height assumed

in the volume equations. Tapering functions for morphologi-

cally similar species were used in some cases, as suggested by

Townsend (1996). We converted from volume to biomass and

C content, using decay stage (1–9) specific conversion factors,

according to Harmon et al. (2008). For snags of unknown spe-

cies, we used a weighted specific gravity based on the percent

basal area of live trees and identified snags.

Fossil fuel offsets, wood products, and indirect
emissions

We determined the net C outcomes of the harvests in our data-

set, accounting for: (1) offsetting fossil fuels with bioenergy; (2)

flux of C from the processing of logs into wood products; (3) C

transferred to wood products; and (4) indirect emissions from

harvesting equipment, transport to power plant/mill, and pro-

cessing of woodchips, wood products, and fossil fuels. For har-

vests that produced bioenergy we assessed the C fluxed from

energy generation from wood, and thus was assumed to have

offset or prevented fossil fuel emissions. The amount of fossil

fuels, and therefore C, that was offset was calculated based on

the specific types of energy generated from the harvests in our

dataset. The fossil fuel used for heating and combined heat and

power was assumed to be natural gas, which has a heating

content of 0.12 GJ per gallon (California Air Resources Board,

2010). For electricity, it was assumed that the bioenergy

replaced the U.S. Northeast electricity grid (Table 3; Rothschild

et al., 2009). In addition to the C emitted from combustion, we

calculated the indirect emissions from extraction and process-

ing of fossil fuels, assuming that these ‘well-to-tank’ emissions
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Table 2 Independent variables used in the Classification and Regression Tree (CART) multivariable analysis, their classification as

categorical or numeric, levels if categorical, and number of sites for each classification. Certifications included in this study were:

Northeast Organic Farming Association (NOFA; http://www.nofa.org/index.php); Vermont Family Forests (http://www.familyfor-

ests.org); Tree Farm (http://www.treefarmsystem.org); and Forest Stewardship Council (FSC; http://www.fsc.org). Other nonformal

certifications included: Vermont Land Trust (VLT; http://www.vlt.org); Biomass Crop Assistance Program (BCAP; http://www.fsa.

usda.gov/FSA/webapp?area=home&subject=ener&topic=bcap); and easements held by the USDA Forest Service (FSE)

Independent Variable Type Levels Number of Sites

Tenure Categorical Public 6

Private 29

Ownership Categorical Family/Co-op 23

State 6

Corporate/Institutional 6

Certifications Categorical No: None, VLT, BCAP, FSE 23

Yes: NOFA, VT Family Forests,

Tree Farm, FSC

12

Current Use Categorical Yes 22

No 13

Current Management Categorical Sugarbush 7

Forestland 28

Marking by Professional Forester Categorical Yes 28

No 7

Season of Harvest Categorical Summer 10

Summer and Winter 4

Fall 4

Winter 17

Type of Harvest Categorical Bioenergy WTH 25

Bioenergy non-WTH 4

Non-Bioenergy 6

Primary Treatment Categorical Thinning from above 8

Thinning from below 10

Single-tree selection 6

Shelterwood 4

Group selection 4

Uneven aged combo 3

Secondary Treatment Categorical Thinning from above 2

Thinning from below 8

Single-tree selection 1

Group selection 4

Salvage logging 2

Scarification 2

None 16

Skidder Categorical Grapple skidder 15

Cable skidder 10

Both cable and grapple Skidders 7

None (bulldozer/forwarder only) 3

Cutting Equipment Categorical Shear 20

Chainsaw 10

Shear/chainsaw 5

Chipping Location for

whole-tree harvested sites

Categorical Landing 25

Electric power plant 4

N/A (nonbioenergy) 6

Bioenergy (% by Volume) Continuous Numeric 29

Buyer/End User of Bioenergy Categorical Municipal 24

Municipal/schools 2

Municipal/pulp-mill or pulp-mill 3

N/A (nonbioenergy) 6
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account for 15% of total (‘well-to-wheels’) emissions from fossil

fuel use (Hudiburg et al., 2011).

The amount of bioenergy generated from each harvest was

determined using two methods, depending on available infor-

mation. The weight of chips in metric green tons, as reported

at each harvesting operation, was used when available; other-

wise, the volume of chips was calculated based on the total bio-

mass harvested, multiplied by the percent volume allocated to

bioenergy. We assumed a coefficient of 0.05 for indirect emis-

sions from woodchips from harvesting, transporting, and man-

ufacturing (Hudiburg et al., 2011). The coefficient assumes a

median trip distance of 81 km (Evans & Finkral, 2009), which

corresponded well to our calculated average trip distance of

79 ± 56 km. Chipping is highly efficient with minimal losses;

therefore, we did not incorporate these losses. We assumed the

woodchips were not dried, as is common practice in the North-

east. The energy conversion factors for both bioenergy and fos-

sil fuels were computed for electricity, heating, and combined

heat and power (Table 3). The C transferred to wood products

was determined based on the information supplied by the for-

esters at each site. The indirect emissions that result from the

conversion into wood products were based on life cycle data

for northern hardwoods presented in Smith et al. (2006). We

assumed that immediately postharvest 61.4% of the hardwood

sawlogs and firewood were in use, 56.9% of the softwood saw-

logs were in use, 51.3% of the softwood pulp, and 65.0% of the

hardwood pulp were in use (Smith et al., 2006). The remaining

C in unutilized residues is emitted during processing or from

decomposition of tree parts (e.g. roots) left in the forest (Smith

et al., 2006). The harvest and transport coefficients of 0.009 and

0.003, respectively, were used (Hudiburg et al., 2011). All C

transferred to wood products was calculated on a per hectare

basis to correspond to the units of the emissions from energy

generation. When records (e.g. mill receipts) for percent vol-

ume by product type were not available, we converted the esti-

mated weights of the products to volume. As we did not have

data on milling residues used for energy generation at the mill,

we did not include this in our analysis. However, as explained

below, we did account for woodchips used at mills. Further-

more, we did not treat firewood as a bioenergy product

because cordwood is a traditional product from nonbioenergy

harvests that we were comparing against, although we recog-

nize that firewood is sometimes considered a type of energy

wood. To determine whether this affected our results, we also

reran our analysis treating firewood as bioenergy (in the same

way as the heating calculations), but did not reclassify sites.

We compared the C fluxed and stored in various pools

between types of harvests. To compare harvested sites with

their paired reference sites, we used a ‘percent difference’ met-

ric modified from Westerling et al. (2006), and calculated as:

ððx1 � x2Þ=�x1;2Þ ð1Þ

where x1 represents a pool of C at a harvested stand, x2 is the

same pool in the paired unharvested stand, and�x1;2 is the mean

of the two. This metric was calculated for all fluxes and C

pools and used to eliminate distorted or misleading values that

can occur in percent change or contrast data. It was also used

so that increases in a C pool from 0 could be calculated;

percent change would calculate this as ‘undefined’. The

percent difference metric normalized relative contrasts

(harvested vs. reference) across all sites, and thus provided a

surrogate for estimating pre to postharvest changes.

Finally, to calculate the net flux of C from each type of har-

vest, we used the following formula to estimate stored (+) and

emitted (�) C:

�CFlux ¼ �CLive þ �CSnag þ �CCWD þ �CFWD þ �CWP stored � �CWP emitted

� ð�CBioenergy � �COffsetÞ
ð2Þ

where WP represents wood products. The emissions from

bioenergy and fossil fuels included both direct and indirect

emissions.

Table 3 Energy conversion factor (GJ ton�1) for bioenergy (GJ ton�1) and fossil fuels (GJ gallon�1), and emission factors

(Mg CO2e GJ�1) for electricity, thermal, and combined heat and power

Type of Energy

Generated

Assumed

Efficiency (%)

Energy Content (GJ)

Emission Factor

(Mg CO2e GJ�1)

Bioenergy

(per ton)

Fossil Fuel

(per gallon) Bioenergy Fossil Fuel

Electricity 30* 2.40† N/A‡ 0.76§ 0.11¶

Thermal 80** 6.40† 0.09†† 0.29§ 0.08††

Combined Heat

and Power

55 (80 overall)‡‡ 4.40† 0.06†† 0.42§ 0.12††

*Midpoint of 20–40% electricity efficiency (Demirbas, 2001).

†Lower heating value of 8 GJ per wet ton (Demirbas, 2001).

‡The Northeast (NEWE) grid is made up of various sources of fuel; therefore, 1 GJ per gallon value is not appropriate.

§Based on assumption that 50% of the mass of wood is C (Birdsey, 1992).

¶NEWE eGrid emission factor (Rothschild et al., 2009).

**Direct combustion with 20% loss (Demirbas, 2001).

††Natural gas (California Air Resources Board, 2010).

‡‡Combined heat and power has 80% overall efficiency: 30% efficiency for electric and 50% for heating.

© 2012 Blackwell Publishing Ltd, GCB Bioenergy, 5, 290–305

CARBON FLUXES FROM BIOENERGY HARVESTS 297



Statistical analysis

We choose nonparametric tests for our data analysis due to

departures from normality for some variables, detected using

the Shapiro–Wilk normality test. All statistical tests were per-

formed in JMP 9.0.0 for Windows (SAS Institute Inc, 2010) and

considered significant at a = 0.05. C pools were compared

between paired harvested and unharvested stands for each

type of harvest, as well as for all the sites combined, using the

Wilcoxon Signed Rank test. This was followed by the Wilcoxon

Rank Sum test with post hoc multiple comparisons for all per-

cent difference tests.

Lastly, we ran a multivariate analysis in S-Plus 8.2 for Win-

dows (TIBCO Software Inc, 2008) to identify the independent

variables most predictive of net postharvest C fluxes (Table 2).

We used a Classification and Regression Tree (CART) analysis

to evaluate which variables contributed the most to determin-

ing postharvest net C outcomes. The CART is a robust non-

parametric statistical method that partitions the variance

(termed ‘deviance’) in a dependent variable based on categori-

cal or numeric independent variables (De’ath & Fabricius,

2000). It is a powerful tool for ecological analysis because of its

ability to accommodate nonlinear relationships, high-order

interactions, and missing values (De’ath & Fabricius, 2000). We

used CART not to establish definitive threshold values for pre-

dicting responses in independent variables, but rather to

understand the relative predictive strength of multiple inde-

pendent variables (De’ath & Fabricius, 2000; Keeton & Franklin,

2005; Keeton et al., 2007).

Results

Effects of harvesting on forest C pools

Values for many of the C pools ranged widely both

within and among treatment categories (Table 4). For all

harvest types, the total mean C in the unharvested

stands ranged from 68.83 to 159.95 Mg ha�1, whereas it

was 40.22–123.81 Mg ha�1 in the harvested stands.

Across all sites the largest aboveground pool of C was

in the live trees, ranging from 75.4–97.7% and

67.3–96.2% of total stand C in the unharvested and har-

vested stands, respectively. The snags comprised a very

small portion of the total C on average, accounting for

less than 7 Mg C ha�1 in the unharvested stands and

2.3 Mg C ha�1 in the harvested stands (with ranges of

0.04–6.9% and 0–5.0% of total stand C, respectively). Of

the total forest C, DCWD pool varied considerably in

both unharvested (1.3–21.0%) and harvested (2.3–26.0%)

stands. The FWD pool was proportionately very small

across all sites, holding only 0.6–2.3% of total stand C in

the unharvested stands and 1.4–6.6% in the harvested

stands.

Comparisons of C levels between paired harvested

and unharvested reference sites revealed statistically

significant differences in aboveground standing pools

and some changes in inputs of dead wood pools

(Table 5). There were significantly higher amounts of

C in aboveground live trees (P < 0.0001), snags

(P < 0.001), and total C (P < 0.0001) in the unharvested

stands compared with the paired harvested stands

(Table 5). There was more C in the FWD pool posthar-

vest (P < 0.0001) compared with unharvested sites, but

no statistically significant difference in the DCWD

C pool (Table 5). Comparing harvest types showed that

bioenergy WTH had less C in the snag pool than paired

unharvested sites (P < 0.01). This was not the case for

bioenergy non-WTH and nonbioenergy sites (Table 5).

Furthermore, statistical tests using the percent differ-

ence metric (comparison of unharvested to harvested

C pools) yielded a different perspective than those

using absolute values. Comparing the percent differ-

ences in each of the aboveground forest C pools as well

Table 4 Residual mean carbon content (Mg C ha�1) and percent differences with standard error comparing aboveground C pools

for harvested and unharvested stands immediately postharvest for three categories of harvest, including whole-tree harvesting

(WTH)

Aboveground

Live Tree

Aboveground

Dead Tree DCWD FWD

Total

Aboveground

Non-Bioenergy

Harvested (Mg C ha�1) 71.00 ± 10.85 1.07 ± 0.31 8.05 ± 1.11 2.35 ± 0.28 82.48 ± 10.65

Unharvested (Mg C ha�1) 96.03 ± 8.96 1.86 ± 0.58 5.33 ± 1.68 1.06 ± 0.10 104.28 ± 9.14

% difference �32.46 ± 0.10 �45.59 ± 0.46 50.51 ± 0.36 73.54 ± 0.11 �25.13 ± 0.07

Bioenergy WTH

Harvested (Mg C ha�1) 57.30 ± 3.12 0.86 ± 0.15 6.26 ± 0.52 2.00 ± 0.23 69.09 ± 3.49

Unharvested (Mg C ha�1) 86.73 ± 3.15 1.56 ± 0.23 6.44 ± 0.60 1.31 ± 0.10 98.10 ± 2.80

% difference �42.41 ± 0.05 �61.75 ± 0.19 �2.14 ± 0.13 36.95 ± 0.11 �36.33 ± 0.04

Bioenergy non-WTH

Harvested (Mg C ha�1) 85.48 ± 4.84 0.75 ± 0.25 9.92 ± 2.03 2.15 ± 0.33 103.42 ± 4.95

Unharvested (Mg C ha�1) 120.04 ± 15.06 3.41 ± 1.05 6.52 ± 1.16 1.32 ± 0.10 142.75 ± 8.63

% difference �31.38 ± 0.08 �123.93 ± 0.32 37.11 ± 0.26 45.07 ± 0.22 �31.81 ± 0.04
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as the change in total aboveground C revealed no statis-

tically significant difference between the three types of

harvest (P > 0.05). Although not statistically significant,

the percent difference in some aboveground C pools

was greater for bioenergy WTH than the other types of

harvests (Table 4). The magnitude of change in above-

ground live tree C was greater (�42.4%) for bioenergy

WTH than for nonbioenergy (�32.5%) and bioenergy

non-WTH (�31.4%). As already mentioned, bioenergy

WTH had lower snag C pool postharvest with a

decrease of 61.8%. Furthermore, bioenergy WTH also

had a smaller increase in FWD C (37.0%) and the only

decrease in DCWD C (�2.1%) of any type of harvest.

Bioenergy non-WTH and nonbioenergy sites had an

increase in DCWD C of 37.1% and 50.5%, respectively.

The total decrease in aboveground C was greater for

bioenergy WTH sites (�36.3%) than bioenergy non-

WTH (�31.8%) and nonbioenergy (�25.1%) harvests

(Table 4).

Emissions from energy production and C in wood
products

All of the bioenergy produced from the harvests and

evaluated in this study was derived from woodchips.

The percent bioenergy by volume of the total product

ranged from 5 to 99%. Most of the bioenergy went to

utility-scale bioenergy power plants around the U.S.

Northeast (83%) including: the 50 megawatt (MW)

McNeil Generating Station in Burlington, VT, USA; the

20 MW Ryegate Power Station in Ryegate, VT, USA; the

16 MW Whitefield Power and Light Biomass Plant in

Whitefield, NH, USA; the 15 MW Pinetree Power Bio-

mass Plant in Bethlehem, NH, USA; with some bioener-

gy possibly going to the other 20 MW Pinetree Power

Biomass Plant in Tamworth, NH, USA. Some bioenergy

went to heat local schools (7%), and the remainder to

combined heat and power at pulp and paper mills

(10%; Table 2).

On average, bioenergy WTH produced about 51%

bioenergy by volume, whereas bioenergy non-WTH

produced only 10%. This higher allocation of harvested

wood to bioenergy rather than wood products resulted

in higher emissions, especially from electricity, than

those from bioenergy non-WTH sites (Fig. 3). The emis-

sions from thermal energy generation (0.19 Mg C ha�1)

and combined heat and power (0.58 Mg C ha�1) were

69% and 22% less than those from electricity

(13.52 Mg C ha�1), respectively. We found a statistically

significant difference in net emissions between the types

of bioenergy harvest based on the results of the Wilco-

xon Rank Sum test. Emissions from bioenergy WTH

were significantly higher (P < 0.01) compared with bio-

energy non-WTH. As the bioenergy WTH yielded more

volume for bioenergy production than bioenergy non-

WTH, they also resulted in more savings from the

avoided burning of fossil fuels. Based on the emission

factors and energy generation efficiencies for various

end-uses of fossil fuels (Table 3), the bioenergy WTH

harvests averaged fossil fuel offsets 2.83 Mg C ha�1,

whereas bioenergy non-WTH had savings of

0.53 Mg C ha�1 from both direct and indirect fossil fuel

avoided emissions (P < 0.01; Fig. 3).

The bioenergy non-WTH harvests generated fewer

emissions (3.87 Mg C ha�1 direct and 0.19 Mg C ha�1

indirect emissions) from energy generation than bio-

energy WTH (19.40 Mg C ha�1 from direct and

0.97 Mg C ha�1 from indirect emissions; Fig. 3). Bioen-

ergy non-WTH practices also left more C stored in the

stand (103.42 Mg C ha�1) and in wood products post-

harvest (19.27 Mg C ha�1) than bioenergy WTH (Fig. 3).

Bioenergy WTH sites had an average of 69.09 Mg C ha�1

residual in forest stands and 10.95 Mg C ha�1 in wood

products (Fig. 3). Of the 35 sites we inventoried, all

Table 5 Wilcoxon Signed Rank test results for comparing paired harvested and unharvested stands for the three types of harvests

for each of the forest stand C pools. The results for all the harvests combined are shown as well. Statistical significance is indicated in

bold

Live Tree Snags DCWD FWD TOTAL

Non-Bioenergy Test Statistic S 10.50 4.50 �5.50 �10.50 10.50

df 5 5 5 5 5

P-value 0.02 0.22 0.31 0.03 0.02

Bioenergy WTH Test Statistic S 162.50 96.50 6.50 �66.00 95.00

df 24 24 24 18 18

P-value <0.0001 0.003 0.87 0.01 <0.0001

Bioenergy non-WTH Test Statistic S 5.00 5.00 �3.00 �3.00 3.00

df 3 3 3 2 2

P-value 0.06 0.06 0.38 0.25 0.13

All Harvests Test Statistic S 10.68 3.70 �0.93 �4.57 13.05

df 34 34 34 27 27

P-value <0.0001 0.0002 0.43 <0.0001 <0.0001
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generated sawlogs, almost half (46%) produced pulp as a

product, 28 produced firewood, 3 produced pallet, and

2 produced veneer. Bioenergy non-WTH harvests had

more C transferred to sawlogs than either the bioenergy

WTH or nonbioenergy harvests (P < 0.05). Bioenergy

WTH had less C in firewood than nonbioenergy harvests

(P < 0.05). Although there was no statistically significant

difference between C transferred to pulp for any of the

harvesting categories (P = 0.85), the total C transferred

to wood products and emitted from harvesting, trans-

porting, and processing wood products was significantly

higher (P < 0.05) for bioenergy non-WTH than for bioen-

ergy WTH harvests.

Effects of harvesting on net C fluxes

There were statistically significant differences in net C

flux between harvest types based on our analysis using

the percent difference metric (Eqn 2). The mean percent

difference in net C flux was �62% for bioenergy WTH,

�29% for bioenergy non-WTH, and �20% for nonbioen-

ergy. The post hoc multiple comparisons showed that,

on average, bioenergy WTH had a larger flux of C than

both bioenergy non-WTH and nonbioenergy harvests

(P < 0.01).

Furthermore, our dataset showed evidence of wide

variability among sites in terms of harvesting effects on

C pools. Specifically, a Kruskal–Wallis test revealed that

the variances between types of harvests were statisti-

cally significant different from each other (H = 12.88;

df = 2; P < 0.01). This range of variability in percent dif-

ference in net C flux was significantly wider (standard

deviation, SD = 0.32 Mg C ha�1) for bioenergy WTH

harvests than for the other treatments (nonbioenergy

SD = 0.15 Mg C ha�1; bioenergy non-WTH SD = 0.07

Mg C ha�1). The percent difference in total C flux

ranged from �142 to �11% for bioenergy WTH, �44%

to �7% for nonbioenergy, and �35% to �21% for bioen-

ergy non-WTH sites. A Wilcoxon Rank Sum test

attributed the significant difference in percent difference

net C flux to the comparison of sites with and without

WTH.

Treating firewood as bioenergy instead of a wood

product did not change our fundamental conclusions.

However, as expected, it did alter the bioenergy and

wood product C flux results between types of harvests.

With firewood excluded from the wood products pool,

the amount of C transferred to wood products, and the

subsequent indirect emissions, were significantly higher

for bioenergy non-WTH harvests than for nonbioenergy

harvests (P < 0.05). There was no statistically significant

difference between C in wood products at bioenergy

WTH sites and the other two types of harvests

(P > 0.05). Furthermore, accounting for firewood as bio-

energy with the woodchip emissions resulted in no sta-

tistically significant difference between types of harvests

for C flux from bioenergy or the avoided emissions fos-

sil fuel offsets from using bioenergy and firewood

instead (P > 0.05). Despite these changes in allocation of

C to different end-uses, our conclusions about percent

difference in total C flux did not change. Bioenergy

WTH sites still had a greater net flux of C than both bio-

energy non-WTH and nonbioenergy sites (P < 0.05).

There was no statistically significant difference between

net C flux from nonbioenergy and bioenergy non-WTH

sites (P = 1.00).

Fig. 3 Total mean carbon (Mg C ha�1) in harvested stands by harvest type. The C per ha is shown for the measured forest stand

pools, C transferred to wood products by wood product type, emissions from the generation of each of those wood products, emis-

sions for bioenergy productions, and avoided emissions from fossil fuel offsets. The error bars indicate total SE for the total forest C,

wood products, and energy emissions.
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Influence of multiple predictors on C outcomes

The CART analysis did not select harvesting type (e.g.

bioenergy vs. nonenergy or WTH) as the best predictor

of net C flux. Instead the analysis indicated that the

strongest predictor for the sites we sampled was the

type and size of skidding machinery (Fig. 4). Specifi-

cally, harvests where a grapple skidder [Fig. 1; e.g. CAT

535B (Caterpillar, Peoria, IL, USA) or John Deere 648H

model (John Deere, Moline, IL, USA)] was used had a

larger total net flux of C (Eqn 2) postharvest than those

employing a bulldozer/forwarder, a cable skidder [e.g.

John Deere JD 540G-III model (John Deere, Moline, IL,

USA)], and/or a grapple skidder. This is evident in the

CART results, where skidder type was the top ranked

independent variable associated with the first partition

of the dependent variable (Fig. 4). Moving down the

regression tree, two variables emerged as most predic-

tive of the second tier partitions in total net C flux.

These were primary silvicultural treatment and type of

felling equipment.

Felling equipment type also explained deviance in the

total C flux postharvest, at levels less than those associ-

ated with silvicultural treatment. Net C flux was more

intense from harvests employing only a tree shear or

mechanized harvester compared with harvests using

only chainsaws (i.e. hand felling) or a combination of

chainsaws and mechanized harvesting (Fig. 4). The

greatest overall net C flux was associated with the

combination of grapple skidding and more intensive sil-

vicultural treatments, whereas the lowest C fluxes

occurred at sites where hand felling was used in

conjunction with cable-skidders, or bulldozers and

forwarders.

Discussion

An on-going debate has focused on whether bioenergy

harvesting will result in lower landscape C storage with

an associated increased C flux to the atmosphere, with

some scientists arguing this as likely (Fargione et al.,

2008; Gunn et al., 2012) and others arguing it as not

(Malmsheimer et al., 2011). Our study suggests the

answer may depend on a variety of factors. In reporting

data on the immediate postharvest emissions associated

with bioenergy harvesting, we add to a developing

understanding of C dynamics associated with forest

management, including impacts on in situ aboveground

forest C storage and wood products pools (Harmon &

Marks, 2002; Swanson, 2009; Nunery & Keeton, 2010),

product substitution effects (Eriksson et al., 2007;

Mckechnie et al., 2011), and energy offsets (Searchinger

et al., 2009; Mckechnie et al., 2011).

There was insufficient evidence in our dataset to con-

clude generally that an increase in bioenergy harvesting

in the northeastern U.S. will result in an intensification

of management with associated increases in net C

fluxes. Instead the results tell a more nuanced story.

Fig. 4 Classification and Regression Tree (CART) analysis on percent difference in total net C flux comparing unharvested to har-

vested sites. The CART ranks the independent variable based on predictive power with the variable that explains the highest amount

of variance in the dependent variable on top. The size of the branch (vertical lines) shows the amount of deviance explained by the

independent variable at the top of the split and the length of the node (horizonal lines) illustrates the total sum of squares explained

by the split. The independent variables used in the CART analysis are those from Table 2. In CART, n is calculated by multiplying

the number of observations (n = 28) by the number of levels of the variable that explains the largest amount of variance (n = 4). Mini-

mum number of observations used before split = 5; minimum node size = 10; minimum deviance required before split = 0.01;

n = 112.
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Our results indicate that bioenergy harvests are highly

variable in net C emissions. WTH sites, specifically, had

larger variability in percent difference of net C flux than

the other two types of harvests. Other researchers have

produced similar findings in terms of impacts on stand

structure and habitat characteristics (Littlefield &

Keeton, In Press). Much of this variability appears

strongly related to silvicultural treatment and opera-

tional variables, which may drive the intensity of the

harvest, rather than the volume allocated to energy

generation specifically.

The CART analysis clearly showed that operational

variables, particularly skidder type, were strongly pre-

dictive of net C flux, which relates to efficiency of vol-

ume removal and associated reductions in residual

stand structure. Grapple skidders and more intensive

silvicultural treatments were, in turn, positively corre-

lated with WTH. For example, WTH operations

employed grapple skidders at 76% of the sites we sam-

pled, whereas only 30% of the non-WTH sites (both

with and without bioenergy) used grapple skidders

(Table 6). Whether or not bioenergy harvests incorpo-

rated WTH also had a strong and positive effect on net

C emissions based on the categorical comparisons; net

C flux from WTH was twice as large as for the other

treatments. These general contrasts between WTH and

non-WTH sites held both with and without the

inclusion of emissions from firewood. Consequently, we

can infer that greater use of WTH would intensify bio-

mass removals and net C fluxes. Our data did not support

a general conclusion that generating multiple products

including bioenergy, removing low grade stems, but

leaving tops in the forests, are likely to result in a signifi-

cant increase in net C flux immediately postharvest.

Harvesting effects on dead C pools

Our data showed wide variability both within and

between types of harvest in terms of removals of dead

wood and residues. However, postharvest decreases in

snag and DCWD C were most pronounced for WTH

operations, showing decreases, whereas bioenergy non-

WTH and nonbioenergy harvests showed increases.

These results were not statistically significant due to

variability within treatment groups and widely unequal

sample sizes. Variability in DCWD retention levels and

spatial distribution is common for both bioenergy and

nonbioenergy harvests (Grushecky et al., 2006; Briedis

et al., 2011b). DCWD is often left both scattered and

clumped (Harmon et al., 1986), with as much as 16–50%

of all downed wood (FWD and DCWD) piled on skid

trails, often deliberately to reduce soil impacts (Briedis

et al., 2011b). Skid trails can cover up to 15% of the har-

vested stand area (Briedis et al., 2011b). Although we

avoided sampling major skid roads in this study, we

included smaller skid trails, which may have contrib-

uted to some of the variability we observed in volumes

of DCWD between sites. Finally, bioenergy WTH was

the only treatment that had a statistically significant

decrease in snag C postharvest, whereas the other treat-

ments showed greater variability in snag C postharvest

relative to reference sites. This indicates that WTH oper-

ations may be more likely to reduce snag abundance,

perhaps due to the use of larger equipment.

Despite variation in harvesting approaches and site

conditions, several other clear trends emerged. The bio-

energy non-WTH had the highest C levels in DCWD

and FWD pools immediately postharvest, likely due to

more tree tops retained on site. At nonbioenergy sites,

total DCWD and FWD C ranged from 10.9 to 13.2% of

total aboveground C in harvested stands; the range was

5.4–8.0% for unharvested reference stands. These num-

bers compare to those reported by Keeton et al. (2011)

for unmanaged, late-successional northern hardwood-

conifer forests, in which DCWD represented 10–11% of

total aboveground C. The comparison suggests that

slash and unmerchantable stem retention maintains a

DCWD pool, proportionate to total stand C, either equal

to or exceeding natural baselines, although volume in

absolute terms is often significantly lower in managed

stands (Mcgee et al., 1999). Effects of harvesting on

Table 6 Number of sites and percent of subtotal using differ-

ent types of skidder and cutting equipment for bioenergy

WTH, bioenergy non-WTH, and non-bioenergy harvests

Bioenergy

WTH

Bioenergy

non-WTH Nonbioenergy

Grapple skidder

Shear 13 – 1

Chainsaw – – –

Shear and chainsaw 1 – –

Total% 56.0 0.0 16.7

Cable skidder

Shear 1 – –

Chainsaw 3 1 3

Shear and chainsaw 2 – –

Total% 24.0 25.0 50.0

Both cable and grapple skidder

Shear 4 – 1

Chainsaw 1 1 –

Shear and chainsaw – – –

Total% 20.0 25.0 16.7

None (bulldozer/forwarder only)

Shear – – –

Chainsaw – – 1

Shear and chainsaw – 2 –

Total% 0.0 50.0 16.7
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woody debris are important not only because of C stor-

age but also because of functions performed by DCWD.

Those include providing wildlife habitat, reducing soil

erosion, enhancing soil moisture retention, cycling

nutrients, and providing riparian functions (Harmon

et al., 1986; Keeton et al., 2007; Evans & Ducey, 2010).

Our data suggest that some bioenergy logging opera-

tions in the U.S. Northeast are either leaving adequate

DCWD on site or are adding additional pieces during

the harvest, although practices and retention levels vary

widely. Thus, there is a role for harvesting guidelines

intended to encourage wider adoption of retention prac-

tices that would maintain greater C storage on site, in

effect setting the bar where it is already being met by

some operators, as supported by our data.

Uncertainties in assessing C emissions from bioenergy
harvests

Some have argued that because burning wood releases

more greenhouse gasses per unit of energy produced

than fossil fuels, greater reliance on wood bioenergy will

create an initial C ‘debt’ that must be compensated over

time both by forest regrowth and avoided fossil fuel

emissions (a ‘dividend’; Searchinger et al., 2009). Others

have commented that the magnitude of C debt and time-

lag until dividend depends on the end-use of the bioen-

ergy (Eriksson et al., 2007; Zanchi et al., 2011). More

recently, a view has emerged that C debt can be avoided

if lowered landscape C stocks in some stands (and asso-

ciated emissions from bioenergy) are compensated by

sequestration in others (Malmsheimer et al., 2011). This

paradigm underpins the U.S. Environmental Protection

Agency’s (EPA’s) current framework for accounting for

bioenergy emissions (EPA, 2011). Immediately posthar-

vest, we found that in all bioenergy harvesting scenarios,

the C removed from stands and emitted from bioenergy

generation was greater compared with equal amounts of

energy produced from fossil fuels. These results were

consistent with Mckechnie et al. (2011).

In our view, the critical first step needed to resolve

this debate is a determination of whether bioenergy har-

vests are likely to intensify C removals. If so, they

would lower the average amount of C stored on the

landscape at any point in time, thereby, representing a

semipermanent C flux to the atmosphere. Other

researchers have found that the source of bioenergy and

the time scale of the analysis impact the net C flux, with

greater emissions from bioenergy in the short-term

(Zanchi et al., 2011). In our study, WTH intensified

C removals and resulted in greater net emissions

compared with other types of harvesting. This finding

challenges the assumption that landscape C stocks will

remain constant as demand for bioenergy increases,

particularly if the industry moves to greater reliance on

WTH methods. However, net emissions from WTH also

were significantly more variable compared with other

harvesting approaches, suggesting that emissions out-

comes will depend to a large degree on operational

variables, attention given to structural retention, and

other site-specific considerations. Understanding the net

effects of bioenergy harvests on C emissions will require

accounting for forest C inputs and outputs over multi-

ple harvest rotations. It will also necessitate accounting

at temporal and spatial scales sufficiently large to cap-

ture landscape-scale C dynamics, particularly those

associated with many different harvests staggered over

time and space (Schlamadinger & Marland, 1999;

Searchinger et al., 2009; Manomet Center for

Conservation Sciences, 2010; Gunn et al., 2012).

We evaluated the C impact of bioenergy harvests in

the northeastern U.S. where forest type and specific sil-

vicultural treatments, including harvesting equipment,

may differ from other parts of the country and the

world. However, the underlying questions about inten-

sification of harvesting for bioenergy production are

globally applicable. Researchers have already pointed

out substantial C-accounting errors associated with the

assumption that bioenergy is C-neutral (Johnson, 2009;

Searchinger et al., 2009). The impact of bioenergy har-

vesting on short- and intermediate-term C flux has also

been studied in Europe (Zanchi et al., 2011). In Austria,

researchers concluded that there is a high risk of

increased net C flux if additional fellings are used for

bioenergy generation when the total volume allocated

to bioenergy is low (Zanchi et al., 2011). Our study sup-

ports these findings and adds that the driver behind an

increased net C flux from bioenergy harvests in the

Northeastern U.S. is likely the use of heavier machinery

associated with WTH.

Implications for bioenergy harvesting and C-accounting

Although atmospheric C reductions may be achieved

in the long-term through sustainable forest manage-

ment that increase C stored in standing forests and

durable wood products (Liu & Han, 2009), our results

suggest allocating more volume to energy generation

than wood products may have a larger initial flux of

C than those that generate more wood products.

Durable wood products, such as furniture or construc-

tion grade lumber, represent an important C pool that

can store C for decades (Malmsheimer et al., 2008),

although there are losses associated with their conver-

sion and the stores decline over time (Smith et al.,

2006). Decisions regarding whether to allocate har-

vested material to bioenergy vs. competing products

and uses will be heavily dependent on future market
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prices for chips as well as sawlogs and pulp fiber

(Eisenbies et al., 2009; Briedis et al., 2011a).

Our results showed that the machinery used during

the harvests had the largest influence on net C flux. In

our sample, WTH sites were more likely to use heavier

machinery, such as a grapple skidder, than harvests

that did not use whole-tree harvesting. The move from

harvesting practices using chainsaws, cable-skidders,

bulldozers, and tractors to feller-bunchers and cut-

to-length systems with forwarders, clambunk, and

grapple skidders may be increasingly profitable

because it improves operational efficiency (Ledoux,

2010). Bioenergy operations, in particular, gain econo-

mies of scale through mechanized harvesting, because

it allows efficient harvesting of low grade/low value

material across larger areas (Goychuk et al., 2011;

Munsell et al., 2011). The trend toward heavier machin-

ery, particularly grapple skidders, is reflected in our

dataset, with most (63%) of the harvests employing a

grapple skidder. Bigger machines open up more and

wider travel lanes (Goychuk et al., 2011), contributing

to the reductions in residual stand structure and above-

ground C pools seen in our dataset. Thus, our findings

strongly suggest that increased, continued investment

in larger, mechanized machinery is likely to accelerate

C removals and postharvest C emissions associated

with bioenergy harvesting.

Finally, our conclusion that WTH may decrease cer-

tain aboveground C pools more than other harvesting

approaches has implications for sustainable forest

management, particularly where minimization of net

C emissions is a key objective. As WTH may decrease

snag and DCWD more than non-WTH methods, we

suggest that foresters carefully consider structural reten-

tion when using these methods. This includes leaving a

portion of tops on site and retaining snags whenever

safety considerations allow.
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