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We used eddy covariance and ecological measurements to investi-
gate the effects of reduced impact logging (RIL) on an old-growth
Amazonian forest. Logging caused small decreases in gross primary
production, leaf production, and latent heat flux, which were
roughly proportional to canopy loss, and increases in heterotrophic
respiration, tree mortality, and wood production. The net effect of
RIL was transient, and treatment effects were barely discernable
after only 1 y. RIL appears to provide a strategy for managing
tropical forest that minimizes the potential risks to climate associ-
ated with large changes in carbon and water exchange.
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Deforestation in the tropics affects the land–atmosphere ex-
change of trace gases and energy in ways that may impact re-

gional and global climate. Tropical deforestation contributed 16%
(1.5 PgC y−1) of human-induced CO2 emissions during 2000–2006
(1), while increasing land-surface albedo and decreasing available
energy and evapotranspiration (2). The changes in surface–energy
exchange and increase in atmospheric CO2 associated with large-
scale tropical deforestation are predicted to alter precipitation
patterns (3, 4) and cause a net warming of global climate (5, 6).
The avoidance of tropical deforestation as a means to slow the rise
of atmospheric carbon dioxide, while maintaining the role of forest
in the water and energy cycles and sustaining biodiversity and other
environmental services, is a key climate change mitigation goal
(e.g., the United Nations program Reducing Emissions from
Deforestation and Forest Degradation) (7, 8).
The harvesting of marketable trees by selective logging in the

Brazilian Amazon has occurred at an areal rate comparable to
deforestation (1–2 × 104 km2 y−1 between 1996 and 2002) (9–11).
Conventional logging (CL) is highly damaging to forest canopy,
residual vegetation, and soil (12), and increases forest suscepti-
bility to fire (11). The estimated gross CO2 emission to the at-
mosphere from CL in the Amazon amounts to 25% of that due to
deforestation (9). In contrast, reduced impact logging (RIL) is
intended to minimize the disruption of tropical forest carbon and
water cycles (13) via preharvest tree selection and vine cutting,
directional felling, and planned extraction (skid) trails and log
decks. RIL has been shown to reduce canopy destruction (12, 14–
16); however, the effects of RIL on land-atmosphere gas and
energy exchange have not been well quantified.
We report direct measurements of the net effect of RIL on

tropical forest carbon, water, and energy exchange. Two sites in
the Tapajos National Forest (TNF) were studied as part of the
Large-Scale Biosphere-Atmosphere Experiment in Amazonia
(17), denoted by distance south of Santarem, Para, Brazil (Fig.
S1): “km 67” (unlogged control site, 2.85667 S, 54.958889 W) and
“km 83” (logged site, 3.01803 S, 54.97144 W). The logging was
conducted by a local commercial firm (Empresa Agropecuária
Treviso Ltda), with oversight from the Brazilian Institute for the
Environment and Renewable Resources. Parallel measurements

at control and logged sites began 6–12 mo before logging, and
continued at least 29 mo afterward. Our measurements focused
on aspects of tropical forest–atmosphere exchange that under
large-scale land-use change are expected to affect climate: carbon
and energy fluxes, net carbon storage, soil moisture, and albedo.

Results
Loggers cut 3.6 trees ha−1, which created 2.5 canopy gaps ha−1

and decreased canopy coverage from 96% to 88% (18). The
extent of canopy destruction because of RIL was far less than the
30% loss reported for CL (12). The logged trees accounted for
7–10% of the forest’s initial above-ground live biomass (AGLB;
168 MgC ha−1) (Table S1). The amount of bole wood removed
(5.0–6.8 MgC ha−1) was slightly less than the average for the
overall Amazon basin [7.3 MgC ha−1 (11)]. Fifteen additional
trees were killed or damaged for each tree logged at km 83 (19).
Logging generated 13.2–18.2 MgC ha−1 of coarse woody debris,
95% left on the forest floor, and 5% as standing dead trees. The
total carbon either removed or killed was thus 18–25 MgC ha−1,
or 11–15% of initial AGLB.
Logging had a marked effect on the patterns of production.

We partitioned aboveground wood production into three size
classes: small subcanopy trees with diameter at breast height
(DBH; 1.3 m) 10–35 cm, medium midcanopy trees with DBH
35–55 cm, and large upper-canopy trees with DBH 55–100 cm
(20). Wood production before logging exhibited a strong maxi-
mum corresponding to tree heights at the mid-to-upper canopy
levels (∼25 m) (Fig. 1A, open squares). Wood production in the
lower canopy more than doubled following logging (Fig. 1A,
solid circles and hatched area), and the mean tree height of
production descended from 26 to 24 m. Stimulation of tree
growth, especially near gaps, was likely caused by increased light
penetration and facilitated by the low levels of damage to the
canopy and subcanopy (21).
The changing patterns of production among tree-size classes

(Fig. 1A) did not translate into large shifts in whole-stand carbon
fluxes, as measured by eddy covariance. The time series of gross
photosynthesis [gross ecosystem exchange (GEE); positive flux
indicates uptake by the forest] (Fig. 2A) and respiration (R;
positive flux indicates loss from the forest) (Fig. 2B) showed no
distinct changes following logging (Fig. 2 A and B). Differences
in GEE and R between logged and control sites were smaller
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than the uncertainty in the monthly averaged time series (over-
lapping shaded regions in Fig. 2 A and B). The small effect of
RIL on the carbon fluxes is emphasized by the similarity of net
ecosystem exchange (NEE; R – GEE), both magnitude and
seasonal variation, between logged and control sites (Fig. 2C).
Similarly, the cumulative rates of net and gross CO2 exchange

did not change markedly following logging. We summed the fluxes
for 6- and 12-mo periods, and calculated the differences between
sites (Δ = the difference between km 83 and km 67) to obtain
ΔGPP (gross primary production), ΔR, and ΔNEE before and
after logging (Table S2). GPP at km 83 decreased relative to km
67 (ΔGPPpostlog – ΔGPPprelog was negative) by 2–3 MgC·ha−1·y−1

following logging (Fig. 3A), which corresponds to a ∼10% decline
that is comparable to the observed decrease in the area of intact
forest canopy. R at km 83 increased slightly in the first year
following logging (ΔRpostlog – ΔRprelog was positive), and sub-
sequently declined in years 2 and 3 (Fig. 3B). ΔNEEpostlog –

ΔNEEprelog was 2–3 MgC·ha−1·yr−1 during the first year after
logging (Fig. 3C), corresponding to a net release of carbon to the
atmosphere. ΔNEE was indistinguishable from the prelogging
period in years 2 and 3 (Fig. 3C).
Ecosystem carbon budgets were constructed before and after

logging (Fig. 4 and Table S3). Total respiration was partitioned
into autotrophic (Ra) and heterotrophic (Rh) sources by com-
bining the micrometeorological and ecological measurements
(see Materials and Methods). Autotrophic respiration decreased
by 9% (3 MgC·ha−1·y−1), which was similar to the declines in
GPP, intact canopy area, and AGLB. About half the Ra decrease
was offset by increasing decomposition (Rh), resulting in a 1.5
MgC·ha−1·y−1 decrease in total R (Fig. 3B). Similarly, much of
the increase in wood production at the logged site was offset by
a 10% decrease in leaf production (leaf net primary production,

NPPleaf), resulting in a small increase in total NPP (assuming
constant NPProot).
The logging had a marked effect on the local patterns of soil

water content and withdrawal. Soil water dynamics following
logging were measured in two 10-m profiles at km 83, one in intact
forest and the other in a logging gap (22). A larger proportion of
water was extracted from shallower depths in the logging gap, and
the mean depth of withdrawal shifted from 4 m in the intact forest
to 3 m in the logging gap (Fig. 1B, hatched area versus shaded
area). A portion of the 40% decrease in water withdrawal in the
gap relative to the intact area was likely because of the loss of
canopy and hypothesized decrease in live root density. The mature
trees that were harvested may have been deeply rooted compared
with the small stems that grew up in the gap.
Logging had modest and transient effects on the water and

energy fluxes by the entire ecosystem. Changes in water and heat
flux were smaller than the interseasonal and interannual variability
(Fig. 2 D and E, and Table S2). Sensible heat flux at the logged
site increased by several watts per square meter relative to the
control site, corresponding to a change of about 10% (Fig. 3D).
Latent heat flux decreased by a slightly larger amount (3–4W·m−2)
(Fig. 3E). The ratio of sensible to latent heat flux (the Bowen
ratio) increased from 0.2 to 0.3 at the logged site in the first year
after logging, but returned to the prelogging ratio by year 3.
Logging had no discernable effect on the km 83 albedo de-
termined by the National Aeronautics and Space Administration’s
MODIS (Moderate Resolution Imaging Spectroradiometer) sen-
sors (Table S4). The proportional changes in the heat fluxes and
canopy loss, and the lack of change in albedo, imply the shifts in
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Fig. 1. Ground-based measurements of carbon accumulation in wood and
soil water withdrawal at the logged site in Tapajos National Forest, Para,
Brazil. (A) Wood production versus tree height before (November 2000–
September 2001, open squares) and after (October 2001–March 2004, solid
circles) logging for 734 trees, normalized by total wood production. (B)
Water withdrawal versus depth at the logged site measured during the 2002
dry season (August–November) in an intact area (open squares) and within
a logging gap (filled circles), normalized by total column water withdrawal
for the same period. In both panels, the hatched (shaded) region corre-
sponds to increased (decreased) activity after logging.
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Fig. 2. Monthly forest-atmosphere fluxes of carbon (kgC·ha-1·d−1 and
MgC·ha-1·y−1) and energy (W·m−2) at the control (km 67, dark curve) and
logged (km 83, light curve) sites in Tapajos National Forest, Para, Brazil: (A)
GEE (positive to forest); (B) respiration (positive to atmosphere); (C) NEE
(positive to atmosphere); (D) sensible heat flux; and (E) evapotranspiration
and precipitation (mm d−1). Shaded areas about curves correspond to 95%
percent confidence intervals because of sampling error, gap filling, and (A–
C) the u*-filter cutoff (0.17–0.27 m s−1). Vertical shaded region September 15
to December 15 2001 indicates logging period. Horizontal dashed lines in-
dicate the logged-site average during period before logging.
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sensible and latent heat flux were driven by the loss of canopy and
not a change in available energy.

Discussion
Logging resulted in a small, transient net source of CO2 to the
atmosphere, mostly in the first year, presumably because of the
rapid decomposition of fine logging debris (23, 24). The first-year
carbon emission at the logged site was 2.4–2.7 MgC ha−1, which is
less than 10% of GPP and less than 2% of the original above-
ground biomass. RIL-induced greenhouse gas forcing caused by
soil emissions of N2O, CH4, and CO2 were small (25). Off-site
carbon emissions caused by decomposition or combustion of short-
lived products and mill waste were estimated to be 3 MgC ha−1,
assuming one-third of the bole wood removed from the site ended
up as long-lived products (26). The total equivalent carbon emis-
sion was ∼6 MgC ha−1, less than 4% of the forest’s 168 MgC ha−1

AGLB, and much smaller than the 150MgC ha−1 (90% of AGLB)
that would have been released by deforestation (27). Because half
of the net CO2 emission was estimated to occur from the pro-
cessing of harvested boles, improvements in milling and conver-
sion of biomass to energy could further mitigate carbon emissions.
The changes in several key ecosystem processes [GPP, NPPleaf,

latent heat flux (HL)] were in direct proportion to canopy loss,
which underscored the importance of minimizing canopy de-
struction. The ability of the forest to maintain NPP despite the
loss of canopy, and the increased allocation of carbon to stem
production, point to a rapid restoration of biomass following
disturbance. Fig. 2 suggests carbon uptake at the logged site
accelerated relative to the control site throughout the postlog-
ging period. Interestingly, the NPP:GPP ratio, a measure of

carbon use efficiency, increased from 0.29 to 0.35 after RIL
treatment.
Albedo was unaffected by RIL, whereas nearby deforestation

increased albedo by 0.01–0.03 (Table S4). The shifts in sensible
and latent heat flux following RIL were smaller than the 20–40%
changes reported for conversion to pasture in the southwestern
Amazon (2), and, importantly, the changes following RIL per-
sisted for just 1 or 2 y, whereas changes associated with de-
forestation were sustained. Similarly, although measurements of
canopy gap microclimate following RIL showed warmer and
drier conditions near the ground compared with undisturbed
forest (18), the rapid reestablishment of the hydrological cycle
suggests that any increased fire risk was small and transient, as
fire susceptibility at TNF is determined primarily by relative
humidity at the forest floor rather than fuel loading (28).
Simulations of RIL at TNF showed potential for long-term

sustainability with a 30-y cut cycle (29). In contrast, other model
studies for lowland Amazonian forests have predicted substantial
decreases in harvest volume with a similar cut cycle, even at low
RIL intensities (7, 30). At high intensities, models have predicted
degradation of forest biodiversity and ecosystem functioning
(15). These studies conclude that longer cut cycles and postlog-
ging silvicultural interventions are necessary to maintain sus-
tainable timber yields (31, 32). Our measurements captured only
the immediate effects of RIL on carbon and energy fluxes; the
effects on tree mortality, demographic shifts, and changes in
wood production beyond the 3-y study interval are uncertain.
RIL for the 3,130-ha tract logged at TNF was highly profitable

(33). Overall revenue from wood was $830.00 US ha−1, com-
pared with costs of $610.00 US ha−1; thus, RIL resulted in an
internal rate of return (IRR) of 36%, much higher than the most
profitable cattle projects studied in the Amazon (IRR up to
12%) (33). The km 83 logging generated high-paying jobs by
local standards at a rate of one person used for every 14-ha
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Fig. 3. Differences in forest-atmosphere carbon (MgC·ha-1·y−1) and energy
(W·m−2) fluxes, calculated as (Δ = logged − unlogged), in Tapajos National
Forest, Para, Brazil. The flux difference for the period before logging was
subtracted from each postlogging period. (A) GPP (positive to forest); (B)
respiration (positive to atmosphere); (C) NEE (positive to atmosphere); (D)
sensible heat flux; and (E) latent heat flux. Vertical shaded region September
15 to December 15, 2001 indicates logging period. Error bars correspond to
95% percent confidence intervals because of sampling error and gap filling.

Live Plant Biomass : 186 

Necromass: 58.4 

Atmosphere 

units: pools in Mg C ha-1; fluxes in Mg C ha-1 yr-1

GPP: 32.6 

Ra: 23.1 

R: 32.0 

Rh: 8.9 

Mortality + litter production: 9.5 

NPP: 9.5 

Ecosystem 

Live Plant Biomass : 164 

Necromass: 74.4 

Atmosphere 
GPP: 29.9 

Ra: 20.1 

Rh: 10.4 

Mortality + litter production: 11.8 

NPP: 9.8 

Ecosystem 

R: 30.6 

A

B

Fig. 4. Carbon pools (boxes, MgC ha−1) and fluxes (arrows, MgC·ha−1·y−1):
(A) before logging; and (B) for the 3-y period following logging (Table S3).
Carbon pools include live plant biomass (186 MgC ha−1) (34), necromass (58.4
MgC ha−1) (53), and soil mineral carbon (71 MgC ha−1) (54).

Miller et al. PNAS | November 29, 2011 | vol. 108 | no. 48 | 19433

SU
ST

A
IN
A
BI
LI
TY

SC
IE
N
CE

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105068108/-/DCSupplemental/pnas.201105068SI.pdf?targetid=nameddest=ST4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105068108/-/DCSupplemental/pnas.201105068SI.pdf?targetid=nameddest=ST3


logged, with 60% of positions filled by residents of local com-
munities by the end of the project.
Cumulative deforestation in the Brazilian Amazon reached

18% of the original forested area in 2008 (10). At an average rate
of 1.7 × 104 km2 y−1 (2001–2008) (10), business-as-usual scenarios
imply that as much as 35% of Amazon rain forests could be
cleared by 2040, contributing up to 4% of anthropogenic carbon
emissions, altering the energy balance, and warming the climate.
In contrast, with net carbon emission just 4% of that typical of
deforestation, RIL has the potential to significantly reduce the
impact of tropical land use on land–atmosphere exchange.

Materials and Methods
The logged sitewaswithin a 700-ha area thatwas part of a larger, 3,130-ha RIL
demonstration project over a 5-y period beginning in 1999. The logging at the
km83flux tower site occurred betweenAugust andDecember 2001, resulting
in a logged area that extended 1 to 3 km east and north of the flux tower.

Canopy Gaps.After the logging, gap location, size, and shapeweremapped in
a 600-m × 300-m area that extended 500 m to the northeast of the logged-
site flux tower. The logging created 44 new gaps, which ranged in size from
single tree falls, which were ∼10-m across, to log landings used to tempo-
rarily store boles, which were ∼50-m across (18).

Ecological Measurements. Initial surveys of tree DBH were used along with
allometric equations developed for moist tropical forests (34) to calculate
above-ground live biomass in 1999, 2001, and 2005 at the control site (35),
and 2000 at the logged site (36). Large (55–100 cm) and medium (35–55 cm)
trees were measured in a 20-ha plot at the control site, and a 48-ha area at
the logged site; small (10–35 cm) trees were measured in a 4-ha subsample at
the control site, and a 1.8-ha subsample at the logged site. The survey
datasets are available online (37, 38).

Wood production was measured using dendrometer bands to monitor
changes in tree DBH (39). At the control site, 763 bands were installed on 529
small, 119medium, and 115 large trees in a 20-ha area east of theflux tower in
1999 (35). At the logged site, 691 bands were installed on 363 small, 223 me-
dium, and 105 large trees in an 18-ha area east of the tower between
November 2000 and February 2001. DBH increments were measured every
4 wk at the control site and every 6 wk at the logged site. The cumulative DBH
increment for each tree at the control site was calibrated so that the long-term
increment matched the measured change in DBH between the 2001 and 2005
surveys. Treemass and height were calculated for each DBHmeasurement (20,
40), and wood production between measurement intervals was calculated
from changes in tree mass. For each tree-size class, wood production was cal-
culated as the product of the mean per tree growth rate and the stem density
for that size class (Table S5). Uncertainties in wood production rates reflect the
variability (95% confidence interval) in growth rates within a tree-size class.
The wood production datasets are available online (41, 42).

Litterfall (NPPleaf), including leaves, fruit, and wood were collected in litter
baskets east of each flux tower at 2-wk intervals, and were used to calculate
fine litter production. The litterfall data are available online (41, 43).

Micrometeorological Measurements. Carbon and energy flux at each site were
measured from a 67-m tall, 46-cm triangular cross-section tower (Rohn 55G,
Peoria IL). The logged site tower operated for 1,353 d (32,496 h) between July
1, 2000 and March 13, 2004 (44). The control site tower operated for 1,733 d
(41,592 h) between April 13, 2001 and January 9, 2006 (45). Measurements at
both sites were terminated by tree falls that destroyed the towers. The CO2

profile between the surface and the height of the eddy covariance in-
strumentation was measured and used to calculate changes in CO2 storage
within the air column below the flux sensors (Fs). Turbulent CO2 flux (Fc) and
storage were combined to estimate NEE for each flux interval as NEE = Fc + Fs.
Data retention rates for carbon and water fluxes were 75–88% at both sites.
Methodology used to measure and calculate fluxes, fill data gaps, and to
correct for flux loss during conditions with poor vertical mixing (u*-filter) have
been published (36, 45, 46), and the flux data sets are available online (47–49).

Missing meteorological variables and turbulent fluxes were gap-filled
using mean diurnal variation with a 40-d window (46). Missing NEE was filled
using a light-response model (50). Uncertainties in NEE because of sampling
uncertainty and gap filling of missing data were estimated using a bootstrap
method (46). The uncertainty in the carbon fluxes (NEE, GPP, R) because of
the u*-filter was estimated by calculating the carbon fluxes using a range of
u*-filter cutoffs from 0.17 m s−1 to 0.27 m s−1 to generate time series of NEE,

GPP, and R representing lower and upper bounds of plausible carbon ex-
change (e.g., NEE0.17 and NEE0.27). The uncertainty in the carbon exchange
because of the choice of the u*-filter cutoff was calculated as the larger of
the differences NEE0.22 − NEE0.17 (lower bounds) and NEE0.27 − NEE0.22
(upper bounds), and was added to the sampling and gap filling uncertainty
estimates to calculate the total uncertainty at each site (Fig. 2 A–C, and
Table S2). It was previously shown that a u*-filter cutoff of 0.22 m s−1 (e.g.,
NEE0.22) provided the best estimate of ecosystem respiration at both sites
(46); therefore, the u*-filtering uncertainty was not included in the dif-
ferences in carbon fluxes between the sites (ΔGPP, ΔR, ΔNEE) in Fig. 3 A–C,
and Table S2.

Soil Moisture Measurements. Soil moisture measurements were made at the
logged site fromMarch 2002 to December 2003 in two 10-m deep soil pits (1 ×
2 m2 area) within 50 m of the micrometeorological tower (22). Both pits
were within the selectively logged area: one within an intact area of forest,
the other within a gap created by the logging. Soil water content was
measured at 0.1 Hz using water content reflectometers (CS615-G, Campbell
Scientific) installed horizontally into the walls of the pits at 0.15, 0.3, 0.6, 1,
2, 3, 4, 6, 8, and 10 m. Soil water withdrawal was calculated as the difference
between the profile measured at the beginning (first 2 wk of August 2002)
and end (last two weeks of October 2002) of the dry season. The soil
moisture datasets are available online (51).

Albedo. Satellite 8-d composite time series of 500-mMODIS albedo for the km
83 and km 67 sites, and also for a nearby pasture (km 77), were obtained from
the Distributed Active Archive Centers Land Products Web site (http://daac.
ornl.gov/MODIS/). The data included 1 y before logging and 3 y after logging
at each site (Table S4). Shortwave albedo data were used with default solar
zenith angle (local solar noon) and optical depth (0.2). At the forest sites,
mean albedo for each 8-d composite was calculated for an 18.8-ha area east
of the flux tower, 3.5 km (7 pixels) in east-west direction and 2.5 km (5
pixels) in the north-south direction. At the pasture site, a 0.5-km2 area (2
pixels east-west, 1 pixel north-south) was used. The uncertainty in albedo
was estimated by bootstrapping.

Ecosystem Carbon Budget.An ecosystem carbon budget at the logged site was
constructed for the year before logging and the 3-y period after logging by
combining the micrometeorological and ecological measurements. The
relationships between the carbon pools and fluxes are sketched in Fig. 4 and
tabulated in Table S3.

For micrometeorological fluxes (GPP, R, NEE), the prelogging flux (Xprelog,

12 mos.) was calculated as the average for the 12-mo period before logging.
The difference between the post- and prelogging flux at the logged site,
δXtotal, was assumed to include contributions due to the logging, δXlogging,
and caused by interannual differences in climate or “weather,” δXweather,
such that δXtotal = Xpostlog − Xprelog = δXlogging + δXweather, where, for sim-
plicity, measurement error is not denoted; however, its calculation is de-
tailed below. The weather-induced contribution was assumed to be equal at
the two sites, δXweather = δXweather, km 67, and the difference in post- and
prelogging flux at km 67 (the unlogged site) was assumed entirely because
of weather, δXtotal,km67 = δXweather,km67 = Xpostlog,km67 − Xprelog,km67. Rear-
ranging these expressions gives δXlogging = (Xpostlog − Xpostlog,km67) − (Xprelog −
Xprelog,km67) = ΔXpostlog − ΔXprelog, where the Δ notation was used in the main
text and plotted in Fig. 3. This expression was evaluated using only periods
with in situ data at both sites. The postlogging flux was calculated as the sum
Xpostlog = Xprelog,12mo + δXlogging. The uncertainty in the ΔX terms was calcu-
lated as the square root of the sum of the squared uncertainties of X at the
logged and unlogged sites (i.e., their errors were assumed uncorrelated).
Similarly, the uncertainty in δX was calculated as the square root of the sum
of the squared uncertainties of ΔXprelog and ΔXpostlog (i.e., errors before and
after logging were assumed uncorrelated).

NPP was calculated as the sum of wood, leaf, and root production, NPP =
NPPwood + NPPleaf + NPProot, where wood production and leaf production at
each site were measured by dendrometers and litter baskets Table S3 and
NPProot was assumed constant and equal to 2.5 ± 0.5 MgC·ha−1·y−1 (21),
where 20% uncertainty in root production was assumed (52). Litter pro-
duction (above and below ground) was calculated as the sum of NPPleaf and
NPProot, assuming belowground root litter was in steady state with root
production. The uncertainty in NPP and in litter production was calculated as
the square root of the sum of squared uncertainties of the component fluxes
(i.e., uncertainties were assumed uncorrelated).

Mortality at the logged site before logging (1.7 MgC·ha−1·y−1) was as-
sumed in steady state with wood production (36), and after logging was 4.5
MgC·ha−1·y−1 (21). Mortality at the control site was 2.4 MgC·ha−1·y−1 (35).
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The uncertainty in mortality at the logged site was assumed to be 30% (35).
The change in live biomass was calculated as NPP minus the sum of mortality
and litter production, and the change in necromass calculated as net eco-
system production (NEP) minus the change in live biomass (Fig. 4). The
uncertainties in changes in live and dead biomass were calculated as the
square root of the sum of squares of the component fluxes.

Autotrophic respiration (Ra) was calculated as GPP − NPP, and de-
composition (heterotrophic respiration, Rh) was calculated as Rh = R − Ra
(Fig. 4). The uncertainties in Rh and Ra were calculated as the square root of
the sum of squares of the component fluxes.

Additional uncertainty was included in the carbon budget (Table S3) to
account for the fact that overlapping data at the control and logged sites
before logging covers only part of a year (seasonality effect). The carbon
budget was recalculated using only data collected between March and Sep-
tember in each year after logging, tomatchwith themonths of data overlap in
the prelogging period. For each carbon flux in the budget, the magnitude of

the difference between the budget calculated using all months and using only
March to September was used as an estimate of this additional uncertainty,
and was added to the statistical sources of uncertainty described above.
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