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ABSTRACT

Eddy-covariance and biometeorological methods

show significant net annual carbon uptake in an

old-growth Douglas-fir64 forest in southwestern

Washington, USA. These results contrast with

previous assumptions that old-growth forest eco-

systems are in carbon equilibrium. The basis for

differences between conventional biomass-based

carbon sequestration estimates and the biomete-

orologic estimates are discussed. Annual net eco-

system exchange was comparable to younger

ecosystems at the same latitude, as quantified in

the AmeriFlux program. Net ecosystem carbon

uptake was significantly correlated with photo-

synthetically active radiation and air temperature,

as well as soil moisture and precipitation. Optimum

ecosystem photosynthesis occurred at relatively

cool temperatures (5�–10�C). Understory and soil

carbon exchange always represented a source of

carbon to the atmosphere, with a strong seasonal

cycle in source strength. Understory and soil carbon

exchange showed a Q10 temperature dependence

and represented a substantial portion of the eco-

system carbon budget. The period of main carbon

uptake and the period of soil and ecosystem respi-

ration are out of phase, however, and driven by

different climatic boundary conditions. The period

of strongest ecosystem carbon uptake coincides

with the lowest observed values of soil and eco-

system respiration. Despite the substantial contri-

bution of soil, the overall strength of the

photosynthetic sink resulted in the net annual

uptake. The net uptake estimates here included

two correction methods, one for advection and the

other for low levels of turbulence.

Key words: net ecosystem exchange (NEE); gross

ecosystem production; eddy covariance; biomete-

orology; old-growth forest; carbon flux; carbon di-

oxide; Wind River Canopy Crane.

INTRODUCTION

Despite controversy about the location of a carbon

(C) sink, there is an emerging consensus about the
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existence of a terrestrial carbon sink of 1–2 Pg1

carbon per year in the Northern Hemisphere

(Pacala and others 2001). Several mechanisms

have been suggested to account for this sink, in

particular forest regrowth, especially reforestation

in the eastern United States have been suggested

(Schimel 1995; Goulden and others 1996; Fan and

others 1998; Battle and others 2000; Schimel and

others 2000). The role of old-growth forests in se-

questering carbon has not been explored, and it has

been generally assumed that these forests represent

carbon sources or are neutral (Odum 1963, 1965;

Melillo and others 1996). Recently Carey and col-

leagues (2001) found a potentially significant car-

bon sink in old forests in the Rocky Mountains.

Detailed measurements of the exchange of carbon

dioxide (CO2) between vegetation and the atmos-

phere are needed to understand the role of various

forest ecosystems in the global carbon budget.

A number of articles published in the past

15 years have suggested that old-growth conifer

forests are at equilibrium with respect to net eco-

system productivity (NEP) or net ecosystem ex-

change (NEE) (DeBell and Franklin 1987; Franklin

and DeBell 1988; Schulze and others 1999), as an

age-class end point of ecosystem development.

Related to this concept is the view that young

forests represent some of the most significant sinks

of CO2 because of their rapid growth (Houghton

and others2 1983; Birdsey and others 1993; Heath

and Birdsey 1993; Wofsy and others 1993; Turner

and others 1995; Schimel and others 1996: 783 ;

DeLucia and others 1999). Janish and Harmon

(2002) examined carbon stores in the Wind River

watershed and found maximum carbon accumu-

lation in forests of the 200-year age class. Respira-

tion in young stands released more carbon because

of legacies from prior forests. Goodale and col-

leagues (2002), using inventory data of temperate

and boreal forests and models, concluded that over

80% of the estimated terrestrial sink occurred in

just one-third of the forest area, in temperate re-

gions affected by fire suppression, agricultural

abandonment, and plantation forestry, implying

that regrowth was a significant factor in forest

carbon sequestration. These studies have been

mainly based on aboveground biomass estimates

derived from biometry and other inventory meth-

ods. It is generally assumed that forests reach

maximum productivity at an intermediate age and

productivity declines in mature and old-growth

stands (Franklin 1988), presumably as dead woody

debris and other respiratory demands increase.

Douglas-fir–western hemlock forests reach a tran-

sition point between density-dependent mortality

(thinning) due to competitive exclusion and den-

sity-independent mortality (due to insects, disease,

and windthrow) between 80 and 250 years, when

woody debris accumulates and crown gaps begin to

be created (Franklin and others 2002). Presumably,

the increasing respiratory costs largely account for

declining productivity. Maturity-related declines in

forest productivity are relevant to planning miti-

gation strategies (Banuri and others 2001).

Other biometric and inventory studies have re-

ported that older forests may have substantial sink

activities (Grier and Logan 1977; Turner and others

2000). The difficulty in determining source and

sink relationships in such studies partially stems

from the large number of processes that must be

inventoried, including significant belowground

processes that may be major fractions of the total

NEE and NEP (Ehman and others 2002; Malhi and

others 1999; Schulze and others 1999).

One way to estimate NEE independently is to use

micrometeorologic methods (Malhi and others

1999; Post and others 1999). Although traditionally

these methods have been confined to idealized lo-

cations with flat terrain and uniform vegetation

cover over large areas, they have been extended to

much less ideal ecosystems (nonflat terrain, heter-

ogeneous ecosystems) in the past decade (Wofsy

and others 1993; Goulden and others 1996; Bal-

docchi and others 2000; Valentini and others 2000;

Paw U and others 2000). Eddy covariance involves

the fewest assumptions of any of the micromete-

orologic techniques. In this method, high-fre

quency data from scalars, such as the CO2 con-

centration, are multiplied, point by point, with

corresponding high-frequency data of the vertical

wind velocity, to obtain the vertical exchange of

the scalar. Some caution must be used, in esti-

mating NEE from eddy flux, as described by Lee

(1998) and Paw U and colleagues (2000), and as

described in the methods section4 .

In this report, we describe the estimation of CO2

exchange from the oldest forest ecosystem

(500 years old) in the AmeriFlux network, based

on eddy covariance, using accepted AmeriFlux

correction techniques for low friction velocities and

turbulence levels, and related advection calculation

methods. We examine the CO2 exchange response

to diurnal, seasonal, annual, and interannual var-

iations, and relate the exchange to meteorologic

variables such as photosynthetically active radia-

tion (PAR) and soil and air temperatures. Harmon

and colleagues (2004) estimate NEE from inven-

tory methods, and Winner and coworkers (2004)

from scaling photosynthesis measurements. Rela-

tionships between environmental variables and
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photosynthesis are described by Winner and col-

leagues (2004), transpiration is described by Uns-

worth and colleagues (2004), and the light

environment is described by Parker and coworkers

(2004) and Mariscal and colleagues (20045 ). To-

gether, these studies provide insight into the

mechanisms and controls on carbon exchange in

an old-growth forest.

METHODS

The 500-year-old Wind River old-growth forest

studied is in southwestern Washington, USA, and is

composed mainly of Douglas-fir (Pseudotsuga men-

ziesii) and western hemlock (Tsuga heterophylla)

(Shaw and others 2004). It represents the end point

of several gradients: age, biomass (Harmon and

others 2004) and structural complexity (leaf-area

index estimates range from 7 to 12, tallest tree height

of 65 m),6 and tree density (Franklin and others 2002;

Parker and others 2004; Shaw and others 2004). The

site and canopy crane are described more completely

by Morell (1994), Shaw and colleagues (2004), and

Parker and colleagues (2004).

The climate is strongly seasonal with most pre-

cipitation confined to the winter and drought oc-

curring during the summer (Shaw and others

2004). The mean air temperature at the site is

8.7�C, and the mean precipitation is 2467 mm y)1.

The site of the study is located in the Gifford Pin-

chot National Forest, in southern Washington

(latitude 45�49)13.76 second, longitude 121�57)
06.88 second, elevation 371 m above sea level).

The slope is 3.5% from southwest toward the

northeast. The predominant wind direction, based

on the modal frequency from an annual wind rose,

is from the west. The site has its best micromete-

orologic fetch to the west, where several kilometers

of old-growth forest grows across a gradual slope

(see above7 ). Hills to the northwest and to the east

could potentially influence our measurements, by

creating mean vertical flow and other turbulence

features if the wind flows directly over the hills.

However, wind-rose data show that the wind flows

around the hills, reducing adverse topographic ef-

fects. Microclimatic measurements were made at

stations at 2, 12, 23, 40, 57, and 68 m above ground

level. Further information about the microclimate

data is reported by Pyles and colleagues (2000) and

Shaw and colleagues (2004).

Our estimates of NEE involved the following

general methodology. Data reported here were

collected between May 1998 and August 1999.

Eddy covariance was assumed to represent an im-

perfect measurement technique because of limita-

tions at low turbulence levels and because it is only

one component in the general mass budget equa-

tion for scalar exchange (Paw U and others 2000).

The general mass budget equation for NEE for an

elemental volume involves much more than tur-

bulent exchange (Paw U and others 2000); after

integration in time (half-hour periods usually), the

vertical equation becomes:

NEE ¼ Fh þ Fv þ Fe þ S þ Feu ð1Þ

where the terms are identified by their associated

processes: S is the storage, Fh is the mean horizontal

advection, Fv is the mean vertical advection, Fe is

the detectable vertical eddy covariance of CO2

measured at 70 m, and Feu is any undetectable

vertical eddy covariance of CO2 (because of small

turbulent velocities or CO2 perturbations). We as-

sumed that Feu was small and could be neglected.

When NEE is reported in this article as carbon mass

exchange, it has been converted from the measured

or estimated CO2 exchange, Fe.

We used two types of methods, the first of which

assumed all nonnegligible terms were measured or

estimated. The second method assumed that the

sum (Fh + Fv) at low turbulence levels (see below8

for the u*9 threshold discussion) could be approxi-

mated by a function based on the dependence of

Fe3 and Fe on soil and air temperature, measured

during moderate to high turbulence levels, where

Fe3 is the eddy covariance measured at the 3-m

level. The sum (Fh + Fv) was assumed to be negli-

gible when the turbulent friction velocity u* was

above the threshold discussed below10 , following

Figure 1. Nighttime half-hour 70 m eddy-covariance as

a function of friction velocity u*. The 0.5 m s)1 threshold

is shown with the vertical line, with u* values greater

than the threshold exhibiting reduced scatter.
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standard methods in eddy-covariance studies

(Black and others 1996; Goulden and others 1996;

Falge and others 2001; Pilegaard and others 2001;

Barr and others 2002). S was not directly measured

and was neglected because it should be approxi-

mately zero when integrated over a daily or an

annual cycle. However, the storage term is poten-

tially important for hourly and half-hourly analysis

of energy budget data (Pyles and others 2000).

Two identical eddy-covariance systems were

mounted at 3 m (35 m west of the Wind River

canopy crane tower) and at 70 m (on the tower).

Eddy-covariance estimates of vertical water11 and

CO2 fluxes were made using Solent Gill HS 3-D

sonic anemometers (Gill Instruments, Lymington,

UK) and fast-response Li-Cor 6262 infrared gas

analyzers (IRGAs; Li-Cor Biosciences, Lincoln, NE,

USA65 ), which measured the velocity vector, sonic

temperature, and the concentrations of water12 and

CO2 at 10 Hz. The IRGAs were located close to the

sonic anemometer, and heated sample tubes were

kept short (l–5 m) with high flow rates of 10 L

min)1 to minimize signal loss and to keep time lag

between vertical velocity13 and water13;14 and CO2, re-

spectively, minimal (Dt = 0.5–0.6 s). The lower

eddy-covariance system measured understory (3 m

and below) and soil NEE, and the upper eddy-co-

variance system measured NEE for the ecosystem.

The sonic anemometers operate at low rainfall

rates, and only at the highest rainfall rates (greater

than 4 mm h)1) were data quality degraded. In

addition, power outages and maintenance neces-

sitated replacing missing data periods, the method

for which is described below15 .

All fast-response velocity components and scalars

(sonic-derived temperature, water16 and CO2 con-

centrations) were logged at 10 Hz, and all raw data

were archived. Turbulent statistics, included eddy

covariances, were estimated for 0.5-h intervals of

the raw data. Covariance exchange data were cor-

rected for spectral drop-off and effects that Webb

and colleagues (1980) associated with water-vapor

fluctuations [temperature fluctuations were negli-

gible by the time the gas samples reached the IRGA

because of the line length and the relatively high

thermal conductivity of polytetraflouroethylene

(PTFE)]. Both these corrections were small, affect-

ing only a few percent.

A vertical and horizontal advection system for

CO2 and water was17 implemented by constructing a

manifold valve system to sample the gas concen-

trations at 15 points along two horizontal and one

vertical, almost perpendicular, axes. The manifold

valve system was attached to a single Li-Cor 6262

IRGA, with each of 15 ports sampled every 3 min

during a half-hour period. Eight vertical samples

were taken at 2, 10, 20, 30, 40, 50, 60, and 70 m,

and seven additional horizontal samples were tak-

en 50 and 100 m to the west and 60 m to the north,

at 2 and 30 m above the ground.

We estimated advection by using data gathered

during intensive field campaigns of approximately

2 weeks in April 1999. The horizontal advection

term Fh was estimated by vertically integrating (to

3 m) the product of the half-hour mean horizontal

velocity vector and mean horizontal concentration

gradient. The mean horizontal velocity and

concentration fields were interpolated and ex-

trapolated to the canopy top, from the data taken

at 2 and 30 m, and assuming zero horizontal

concentration gradient above the canopy, where

no carbon source or sinks existed. Similarly, the

vertical advection term Fv was estimated by ver-

tically integrating from 0 to 60 m the product of

the half-hour mean vertical velocity interpolated

throughout the vertical from the 70-m measure-

ment, and the vertical concentration gradients in

layers, as measured by the eight vertical sample

locations. The tilt of the mean airflow18 in com-

parison to the sensor orientation was determined

using the two-dimensional plane regression

method described by Paw U and colleagues

(2000).

The ratio of the mean horizontal advection and

the mean 3-m eddy covariance of CO2 measured

during a field campaign was used to define two

linked correction factors. The correction factor

(0.21 ± 0.21) was multiplied by the 3-m eddy-

covariance data to estimate Fh (mean horizontal

Figure 2. Understory CO2-exchange estimated from the

diurnal half-hourly 3 m eddy-covariance data and in-

cluding storage estimates. Composite averages for half-

hourly values, in February, April and July 1999 are

presented.
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advection). On an annual basis, the 3 m respiration

is approximately 0.7 of the total ecosystem respi-

ration at this site; hence, a second correction factor

of 0.3 was used to incorporate aboveground respi-

ration. These values are slightly higher, but con-

sistent with estimates by Thom (1975) of the 0.12–

0.13 fraction of vertical eddy flux that represents

horizontal advection. The mean vertical advection

(Fv) was negligible on the average, so it was omit-

ted. It was assumed that the correction factor ac-

curately represented the entire year, based on the

hypothesis that the mean turbulent Peclet number

was well represented during the field campaign.

The corrected NEE was estimated as the sum of the

eddy-covariance values at 70 m and estimated Fh

(the 3-m eddy covariance times the correction

factor).

Another widely used correction method was

developed for low wind-speed conditions, when

the low friction velocity u* was less than 0.25–0.5

m s)1 (the threshold was varied to evaluate the

effects) indicated19 that the eddy-covariance sensors

may have missed weak signals or that, under low

turbulence conditions, advection may dominate.

Below u* values of 0.5 m s)1, a decreasing overall

trend and an increase in scatter were20 observed for

Fe70, whereas, above this threshold, Fe70 was always

positive (Figure 1). Therefore, a threshold of u* less

than 0.5 m s)1 was chosen for this site. The rela-

tionship between u* and nighttime Fe did not show

any seasonality. This method also involved the as-

sumption that, under moderate to high winds, the

sum of (Fh + Fv + Feu) could be approximated by a

function based on the dependence of Fe on air

temperature. When the u* was less than the

threshold, eddy-covariance data at 70 m were re-

placed by ecosystem respiration estimated from the

canopy air temperature. Approximately 36% of all

data were replaced for u* less than 0.50 m s)1 (the

screening criterion was applied only to data gath-

ered at night). A related method was used to re-

place Fe3 data during the day to estimate respiration

rather than soil and understory exchange below 3

m where daytime data was discarded but no u*

threshold was applied. An exponential fit against 5-

cm-depth soil temperature was made for all noc-

turnal Fe3.

Other missing data [caused by heavy rain, wind

directions between 45� and 135� (from the east-

erly direction moving over a hill and through the

tower), and power and maintenance outages]

were each replaced by calculating a 4-day average

from the same half-hour period of neighboring

days (12.7% of the data; no apparent seasonal

trend, monthly fill values varying from 1% to

29%). In the case of rainy days, in general,

neighboring days also had high-humidity, cloudy

conditions, such that the NEE was expected to be

similar.

The two correction methods were relatively

independent because the first advection correc-

tion method employed Fe3 for all times multiplied

by the correction factor. In the second method,

high wind-speed measurements of Fe3 and Fe

were used to obtain temperature-dependent re-

lationships; then data with u* values less than

the threshold were omitted and were replaced

with the temperature-based estimates of Fe3 and

Fe, for nocturnal time periods. Therefore, some-

what different data sets were used for these

corrections.

Fe3 did not show any degradation in data quality

by stability during nighttime hours. Vertical tem-

perature profiles show a local temperature inver-

sion at the bottom of the canopy, with warm air

trapped in the lowest 10–20 m of the canopy.

Spectral analysis shows that turbulence is well

formed during nighttime hours. Hence, no u* cor-

rection was applied to the Fe3 data. However, data

clearly show a daytime depression in the Fe3, which

is exclusively positive, representing continuous

respiration into the canopy at the lower boundary.

This depression of soil/understory respiration is

clearly shown in Figure 2 and represents carbon

Figure 3. Average diurnal old-growth forest-atmosphere

exchange of CO2 for May and July of 1998 and 1999, as

measured by eddy-covariance at 70 m, and storage

measured by a vertical profile system. July 1998 was

during El Ni*o-La Ni*a transition associated drought

period, in contrast to July 1999 when ample soil moisture

was available. The night-time temperatures were higher

in 1998 than 1999. Positive values represent a source of

CO260 .
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uptake by photosynthetic activity by the under-

story vegetation. To get an estimate of soil respi-

ration only, we had to correct the half-hourly data

set for this missing amount of carbon by using a

nighttime respiration versus temperature model

and then replace all daytime data with the modeled

results, using this equation:

Fe70 ¼ a expðbTa2Þ ð2Þ

where Ta2 was the 0.5-h mean air temperature at 2

m, a is a constant equal to 1.7 lmol m)2 s)1 with a

standard deviation of 0.3 lmol m)2 s)1, and b is a

constant equal to 0.07�C)1 with a standard devia-

tion of 0.01�C)1, and an overall r2 of 0.2. Tower

effects on 0.5 hour flux estimates were determined

to be less than 5% for the upwind direction, but

potentially higher (15%–30%) in the rare, down-

wind direction, based on an experiment where

sonic anemometers were mounted upwind and

downwind of the tower at 70 m. A footprint model

(Wilson and Swaters 1991) indicated the fetch for

the 70-m measurements was good (200 m or less)

in all directions under unstable (usually daytime)

conditions, but was problematic under stable con-

ditions (1–100 km) due to fragmentation of age

classes in the surrounding areas beyond the old-

growth stand that extended 4 km toward the west.

Preliminary data indicated, however, that eddy-

covariance respiration fluxes (expected to be high

at night) were not sensitive to wind direction,

probably because the nocturnal respiration rates for

the younger biomes21 surrounding the old-growth

forest were similar to that of the old-growth forest

(J. Chen and others 200422 ), and land cover in the

predominant wind directions were forested.

RESULTS AND DISCUSSION

Net Ecosystem exchange

The diurnal variation of estimated NEE, averaged

over a month, involved maximum uptake of CO2 in

the day and net CO2 release at night (Figure 3).

Daily maximum uptake rates were on the order of

20 lmol m)2 s)1. The diurnal maximum in Fig-

ure 3 does not represent the typical clear-sky

maximum because it is the average of data from

both cloudy and clear days.

Both photosynthesis and respiration decreased

during daylight hours when the soil was dry, which

limited net ecosystem photosynthesis in July 1998

compared to July 1999, a period with wetter soil

conditions. The May data show higher net photo-

synthesis rates than July, for both years. In general,

soil moisture is greater in the spring than later

when the seasonal drought starts, allowing for

higher net photosynthesis in spring.

Although there were no sustained periods longer

than a month when a net sink for carbon did not

take place, on a monthly averaged basis some CO2

was released to the atmosphere in July and Sep-

tember of 1998 (Figure 4). July 1998 was a drought

period (no precipitation was recorded; data in the

lowest quartile of climatological records of 1931–77

for this month), probably associated with the El

Niño–La Niña transition (based on Pacific Ocean23

surface-temperature changes). The low precipita-

tion pattern continued through September, result-

ing in lower soil moisture levels in 1998 than 1999

(Unsworth and others 2004). For example, in the

interval 7–17 September 1998, the volumetric soil

moisture averaged 0.106, compared to the same

interval in 1999, where the moisture averaged

0.119 (Unsworth and others 2004). Phillips and

colleagues (2002) also showed soil moisture levels

in August 1998 approximately 10% drier than in

August of 1999. In the more typical climatology of

1999, there were no monthly averages with net

release of CO2; precipitation in May 1999 was in

the highest quartile of the climatological records,

whereas the succeeding 2 months were near the

median. The cumulative NEE from the Wind River

old-growth forest shows remarkable sequestration

of carbon, comparable to many younger forests

(Figure 4). The annual integrated carbon uptake (1

August 1998 to 31 July 1999) from the atmosphere

by the old-growth forest was estimated using the

Figure 4. Cumulative carbon exchange as measured by

the 70 m station between July 1998 and the end of July

1999. The dash-dotted line represents uncorrected mea-

surements; the solid line, advection-corrected estimates

with a 0.21 correction factor; solid gray line, advection-

corrected with a 0.30 correction factor; and the dotted

line, low u* (u* < 0.5 m s)1) corrected estimates61 .
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advection correction (0.21) at 1.9 Mg C ha)1 y)1

(range, 0.2–3.6 Mg C ha)1 y)1), estimated using

0.30 advection correction at 1.5 Mg C ha)1 y)1

(range, )0.2 to 3.2 Mg C ha)1 y)1) and estimated

using the widely used low u* canopy air-tempera-

ture correction method at 1.5 Mg C ha)1 y)1

(range, 1.0–1.9 Mg C ha)1 y)1). Our estimates were

relatively insensitive to choice of the u* threshold

(see Figure 5). Our values are comparable to the

average (1.8 Mg C ha)1 y)1) of younger AmeriFlux

forest sites (40–250 years old; sites are Harvard,

Howland, Metolius, Niwot Ridge, Park Falls/WLEF24 ,

and Willow Creek) at approximately the same lat-

itude (40�–50�) and lower than the average

(2.8 Mg C ha)1 y)1) for younger Fluxnet forests at a

wider range of latitudes (2�–64�), ranging from 30

to 250 years old, including the AmeriFlux sites

identified above and, in addition, Blodgett, Brass-

chaat, Castelporziano, Duke, Flakaliden, Hesse,

Hyytalia, Loobos, Manaus, North Boreas, Norunda,

Tharandt, Vielsalm, and Walker Branch. Forest

types were temperate coniferous, high-altitude

coniferous, boreal coniferous, temperate decidu-

ous, cold-temperate deciduous, Mediterranean ev-

ergreen, and tropical rain forest (Falge and others

2002). Results were also slightly lower than the

average of 2.2 Mg C ha)1 y)1 for the Harvard Forest

from 1990 to 1995 (Goulden and others 1996).

These results apparently contradict the interpreta-

tion of some biomass inventory studies that re-

ported that old-growth forests are not sinks or are

only feeble sinks of CO2 [other forest sites: DeBell

and Franklin (1987), Franklin and DeBell (1988),

Harmon and others (1990), and Schulze and others

(1999); our site: Harmon and others (2004)]. These

results are compatible with other inventory reports

of significant carbon sinks of 1.7–2.9 Mg C m)2 y)1

in forests from 80 to over 200 years old [(Turner

and others 2000) the lower number for the older

forests, no specific site] and a similar estimate of

0.8–2.8 Mg C m)2 y)1 (average, 1.7 Mg C m)2 y)1)

for a 450-year-old Douglas-fir forest (Grier and

Logan 1977), which may have had less nutrient

limitations than the Wind River old-growth forest.

Also, a statistical survey of young, mature, and old-

growth Douglas-fir stands in the Cascade Moun-

tains found increasing basal area and woody-debris

volume between the mature and old-growth age

classes (Spies and Franklin 1991), which also sug-

gests a carbon sink in older stands. Differences be-

tween mature forests and old-growth forests are

often confused. Our definition is adopted from that

of25 Franklin and colleagues (2002), which considers

that mature forests are composed of large live trees

of near full height and a closed canopy. In contrast,

the structure of an old-growth forest differs from a

mature forest in the complexity of its vertical and

horizontal structure, the presence of shade-tolerant

species in the upper canopy, trees of all age classes,

presence of canopy gaps, standing snags, large

woody debris, and more complex structured soil.

The large ranges of plausible values associated

with both the biomass inventory (noted below26 ) and

the micrometeorologic estimates (discussed above27 )

imply that the micrometeorologic and biometric

inventory results are in reasonable agreement

(Anthoni and others 1999; Field and Kaduk 200428 ).

Biomass estimation methods reflect a much longer

time integration and therefore could differ from an

annual measurement. Biomass estimates may have

a wide range of possible errors, not all of which can

be easily quantified by statistical analysis if the

sources of errors are not well understood. This is

reflected in a wide range of estimation values in the

literature for various inventory components at

other sites (Santantonio and others 1977; Keyes

and Grier 1981; Santantonio and Hermann 1985;

Steele and others 1997; Ehman and others 2002;

Malhi and others 1999; Clark and others 2001).

Micrometeorologic methods also have potentially

large errors, as indicated earlier in this report. Thus,

the results reported by Harmon and colleagues

(2004) and ours agree within the range of errors of

the two methods.

The ecosystem net CO2 exchange saturates at

PAR intensities above 1000 lmol m)2 s)1 (Fig-

ure 6). Parker and colleagues (2004) and Mariscal

and colleagues (2004) show that the canopy above

30-m height routinely receives sufficient light for

photosynthetic saturation. The apparent ecosystem

Figure 5. Variation in annual cumulative carbon ex-

change with u* threshold62 .
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compensation point (zero CO2 flux) was approxi-

mately 50 lmol m)2 s)1, well within the range of

several closed canopy forests described by Ruimy

and colleagues (1995). On-site leaf-based chamber

measurements for P. menziesii and T. heterophylla

show a similar saturation at 500–1200 lmol m)2 s)1

(Winner and others 2004). An optimum tempera-

ture range of 5�–10�C was found in April 1999,

which coincides with the mean April air tempera-

ture of 6.4�C, the mean April radiative surface

temperature of 7.1�C (approximately the tissue

temperature), and the mean annual temperature of

the region (8.7�C for the nearby Carson Fish

Hatchery station, averaged between 1978 and

1998). During April 1999, vapor-pressure deficit29

values were low, and no discernible control of water

stress on net CO2 exchange could be determined.

Soil Respiration and Understory Flux

The 3-m eddy fluxes show a Q10 relationship (2.0

for minimum temperature; r2 = 0.61) between the

integrated daily soil and understory respiration and

5-cm-depth soil temperature (Figure 7). The curves

are very similar to the canopy respiration estimates

reported by Greco and Baldocchi (1996). Interest-

ingly, there appeared to be soil respiration even for

slightly subzero temperatures in the soil. This can

be interpreted that the deeper layers of the soil

were sufficiently warm for continued respiration,

or that free water was available possibly because of

freezing-point depression.

Preliminary soil chamber measurements (from

measurements taken during a few hours a day per

month) in May and July 1999 yielded soil efflux

rates ranging from 3.9 to 5.0 lmol m)2 s)1 (J.30

Klopatek personal communication) compared to

the monthly mean 3-m eddy-covariance rates

(corrected for advection and photosynthesis) of

2.2–4.2 lmol m)2 s)1. For the weeks in which the

chamber measurements were taken, the soil tem-

perature-based estimates from the model increased

from 1.9 to 4.8 lmol m)2 s)1. Chamber and

micrometeorologic measurements for gases such as

CO2 and water vapor31 may differ from eddy-covar-

iance measurements. Concurrent eddy-flux meas-

urements range from greater than chamber

measurements, near equality between the two, and

greatly below chamber measurements by more

than 80% (Dugas and others 1991; Norman and

others 1997; Law and others 1999; Janssen and

others 2000, 2001; Anderson and Farrar 200132 ).

The flux measured with the 3-m eddy-covari-

ance33 system represents soil efflux and understory

exchange, including understory photosynthetic

uptake of CO2. On a diurnal basis, we can identify

the contribution of the uptake by vegetation, as

shown by a depression in the efflux during the

middle of the day (Figure 2) during spring and

summer. The flux never becomes negative; that is,

the soil respiration is sufficiently strong that the

understory vegetation cannot photosynthesize all

respired carbon under 3 m, resulting in typical

values of over 2.5 lmol m)2 s)1 for July 1999. In

April 1999, the midday depression is still clearly

visible even though its magnitude and the overall

efflux have been reduced due to lower light and

temperature levels. For the winter, the diurnal

course is almost flat, greatly reduced to values

around or below 1 lmol m)2 s)1, but still positive

with only a very small depression during the day as

shown for February 1999.

The averaged monthly values of the 3-m eddy-

covariance CO2 flux steadily declined from 3–

4 lmol m)2 s)1 in the summer down to 1 lmol m)2

s)1 in December 1998 as the soil temperature

dropped (Figure 3). In the summer of 1998, the site

experienced a 78-day drought in connection with

the 1997–98 El Niño event, such that the associated

water stress reduced understory carbon uptake.

The effects of precipitation dominate carbon ex-

change (Nemani and others 2002). A difference

between the 2 years is apparent (Figure 3) proba-

bly as a result of elevated soil respiration in 1998

compared to 1999, related to temperature effects

(mean July 1998 5-cm-soil temperature 18.0�C;

mean July 1999 soil temperature 15.5�C). Overall,

the forest was a source of carbon for the summer of

1998 due to the dominance of respiration.

Figure 6. Half-hourly exchange of 70 m eddy-covar-

iance CO2-exchange, plotted as a function of above-ca-

nopy PAR, and mean air temperature at 70 m, in April

1999.
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The late winter–early spring (March to May–

June 1999) was the period of the greatest NEE34

uptake as measured by the 70-m eddy-covariance35

system (Figure 4). The relatively low soil respira-

tion coupled with very active photosynthesis by the

canopy enabled the ecosystem to take up signifi-

cant amounts of carbon. During 1999, a cool and

wet summer (La Niña 1998–99), the stand acted as

a sink for carbon despite the elevated respiration

term. The figure also shows that, contrary to the

slow decline in the 3-m CO2 eddy flux for the fall,

the rise in the spring takes place rather rapidly,

jumping from 1 lmol m)2 s)1 in April to 3 lmol

m)2 s)1 in June 1999.

The respiratory exchange from the forest un-

derstory (measured at the 3-m height), including

advection and photosynthetic correction, was

10.9 Mg C ha)1 y)1 (9.0–12.8 Mg C ha)1 y)1), and

the annual ecosystem respiration based on canopy

air temperature and nocturnal 70-m eddy-covari-

ance data was 14.0 Mg C ha)1 y)1. This yields a

gross ecosystem production of approximately 15.5–

15.9 Mg C ha)1 y)1, which is greater than the 10.2–

13.5 Mg C ha)1 y)1 estimated for midlatitude

mixed deciduous forests, boreal forests, and Euro-

flux forests at approximately the same latitude

(Wofsy and others 1993; Black and others 1996;

Goulden and others 1996; Schmid and others 2000;

Valentini and others 2000), but less than the bio-

metric estimates of gross primary production

(21.0 Mg C ha)1 y)1) reported by Harmon and

colleagues (2004).

Total ecosystem respiration can be estimated

using the temperature model for nighttime Fe70 for

hours with u* greater than 0.5 m/s and running it

for all hours of the year. Subtraction of the annual

sum of the 3-m eddy-covariance data corrected for

photosynthesis of the understory from the annual

total ecosystem respiration estimate yielded an es-

timate of 3.1 Mg C ha)1 y)1. This value is an ap-

proximation for aboveground respiration from the

living and dead biomass based on eddy-covariance

data and derived temperature models only, and it is

lower than the biometric estimates (Harmon and

others 2004). It should be emphasized that this

estimate was not used in computing NEE.

CONCLUSIONS

In contrast to frequently stated opinions, old-

growth forests can be significant carbon sinks. Our

eddy-flux estimates of NEE for the 16-month pe-

riod show net carbon gain for the period and are

within the error estimates derived independently

from inventory data by Harmon and colleagues

(2004) that integrate data over a much longer pe-

riod and are based on data measured from a wide

range of sites. The old-growth forest at the Wind

River canopy crane site retains the capacity to se-

quester significant amounts of carbon on an annual

basis. For the period reported here, the annual rate

varied between years consistent with the interan-

nual difference in weather. In the year with higher-

than-average rainfall, carbon sequestration was at

or near the values of other forests, including

younger forests and deciduous broadleaf forests.

The mild winters permit carbon sequestration

throughout the winter, and there were no ex-

tended periods of dormancy, which contributed to

the high annual rate of carbon uptake. The low

light compensation point, penetration of diffuse

light deep into the canopy, and the cool tempera-

ture optimum of photosynthesis contribute to net

carbon sequestration during winter. The highest

rates of carbon uptake occur in spring. The length

and severity of the summer drought appear to

control the magnitude and timing of the switch

from a carbon sink to a carbon source. The old-

growth forests of the Pacific Northwest can con-

tribute to optimizing carbon sequestration strate-

gies while continuing to provide ecosystem services

essential to supporting biodiversity.
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