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ABSTRACT
To be able to estimate the cumulative carbon bud-
get at broader scales, it is essential to understand net
ecosystem exchanges (NEE) of carbon and water in
various ages and types of ecosystems. Using eddy-
covariance (EC) in Douglas-fir dominated forests in
the Wind River Valley, Washington, USA, we mea-
sured NEE of carbon, water, and energy from July
through September in a 40-year-old stand (40YR)
in 1998, a 20-year-old stand (20YR) in 1999, and a
450-year-old stand (450YR) during both years. All
three stands were net carbon sinks during the dry,
warm summers, with mean net daily accumulation
of –0.30 g C m�2 d�1, –2.76 g C m�2 d�1, and –0.38
g C m�2 d�1, respectively, in the 20YR, 40YR, and
450YR (average of 1998, 1999) stands; but for in-

dividual years, the 450YR stand was a carbon
source in 1998 (0.51 g C m�2 d�1) and a sink in
1999 (–1.26 g C m�2 d�1). The interannual differ-
ences for the summer months were apparent for
cumulative carbon exchange at the 450YR stand,
which had 46.9 g C m�2 loss in 1998 and 115.9 g C
m�2 gain in 1999. As predicted, the 40YR stand
assimilated the most carbon and lost the least
amount of water to the atmosphere through evapo-
transpiration.

Key words: net ecosystem exchange; carbon;
water; energy; Douglas-fir; eddy-covariance;
microclimate.

INTRODUCTION

In recent years, as scientific interest in determining
the roles of ecosystems as carbon sinks or sources
has intensified, direct measurements of net ecosys-
tem exchange (NEE) of carbon and water between
terrestrial vegetation and the atmosphere have in-
creased (for example, see Falge and others 2002).
For forested regions, it is essential to understand the
carbon fluxes of various-aged stands so that we can

assess the impact of climate change and alternative
land uses at landscape and regional scales (Turner
and others 2000; Carey and others 2001). In terms
of the major forces that drive changes in ecosystem
productivity (Hansen and others 1991; Walker and
Steffen 1997), there is a consensus among scientists
that anthropogenic disturbances,—primarily land-
use changes,—could have synergetic or even more
severe impacts than climate change (Chen and oth-
ers 1999; Dale and others 2002). In the western
United States, for example, intensive human-in-
duced land-use changes have led to the conversion
of most of the virgin old-growth forests into
younger stands, with consequent effects on the car-
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bon fluxes and storage of the region (Harmon and
others 1990). Indeed, Schimel and others (2000)
have estimated that the effects of land conversion
on carbon sequestration by US forests might be
double that caused by the predicted global warm-
ing.

It has been hypothesized that terrestrial ecosys-
tems in North America are sinks for atmospheric
carbon (Tans and others 1990; Fan and others
1998); these systems could account for the missing
carbon within the global carbon budget (Turner and
others 1995), especially because many of them are
young reforested stands. However, due to natural
variability in carbon pools, fluxes in different ter-
restrial ecosystems (Sarmiento and Wofsy 1999),
and problems with the precision and accuracy of
measurements (Lee 1998) much uncertainty still
exists in determining the location of the missing
carbon sinks. Thus, it is becoming increasingly im-
portant to quantify NEE accurately at the broad
spatial scales within which the contributions of in-
dividual ecosystems are understood. Currently,
much of the available data are based on measure-
ments at eddy flux towers, such as those obtained
through the AmeriFlux and EuroFlux Networks,
which are snapshots of larger land mosaics. Simi-
larly, over longer temporal scales, it is well known
that climatic variability (Wofsy and others 1993)
and various disturbances (Dale and others 2002;
Euskirchen and others 2002) drive the magnitudes
and dynamics of carbon and water flux; however,
drivers over shorter temporal periods are not as
well understood. The work presented in this paper
is one of the first attempts to quantify carbon flux at
fine temporal scales within individual ecosystems of
different ages within a landscape. Several projects
within the CarboEurope Cluster program of the
European Union have also been developed to ad-

dresssimilarspace/timescalequestions(http://www.
bgc.jena.mpg.de/public/carboeur/).

Our study objective was to compare the NEE of
carbon and water in the summer season (July–
September) among different-aged stands of Dou-
glas-fir dominated forests. Franklin and others
(2002) proposed that Douglas-fir/western hemlock
forests at approximately 20–30 years should reach
canopy closure and initiate the stage of rapid bio-
mass accumulation, whereas mature forests (over
300 years old) should increase vertical and horizon-
tal diversification due to mortality of the canopy
dominants. When Janisch and Harmon (2002)
modeled net ecosystem production (NEP) for these
forests, they found that young stands shift from
being a carbon source to a sink between 0 and 57
years. Thus, the transition between a forest acting
as a source or a sink occurs near the 20–30-year
period.

Figure 1 illustrates the hypothetical net annual
ecosystem fluxes for energy budgets and carbon for
forests of different ages. We chose to study 20-, 40-,
and 450-year-old stands based on these probable
functional transitions. The summer study period
was selected based on the timing of onset of sea-
sonal drought and the fact that drought has a major
impact on the annual carbon budget (see Chen and
others 2002; Unsworth and others 2004; Paw U and
others 2004). The precipitation regime in the US
Pacific Northwest is strongly seasonal, with little
precipitation in summer months (Shaw and others
2004; Paw U and others 2004). The 3-month period
between 1 July and 1 October encompasses the
seasonal transition from high to low carbon seques-
tration (Waring and Franklin 1979; Paw U and
others 2004).

We developed and installed mobile eddy-covari-
ance (EC) systems in two Douglas-fir (Pseudotsuga

Figure 1. Upper panel: Hy-
pothetical annual fluxes of
biogenic hydrocarbons
(BHCs), carbon dioxide
(CO2), sensible heat (H), la-
tent heat (LE), and albedo
for 20-year-old and 40-year-
old stand and forests older
than 250 years. Lower pan-
el: Hypothetical net ecosys-
tem exchange after a stand-
replacing event.
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menziesii) stands (20- and 40-year-old, abbreviated
as 20YR and 40YR hereafter) to directly measure
net exchange of carbon, water, and energy between
the forest and the atmosphere and thereby test the
hypothesis that both the 20-year-old stand and the
40-year-old stand should be near the zero-net ex-
change point for carbon and that the highest net
flux would occur in the 40-year-old stand. Data
collected from a more permanent EC system in a
450-year-old stand (450YR hereafter) (see Paw U
and others 2004) were used for comparison. Spe-
cifically, we (a) compared carbon, water, and en-
ergy fluxes at hourly, daily, and monthly scales; and
(b) examined possible biophysical controls of car-
bon and water fluxes along Douglas-fir chronose-
quences to assess the potential implications for for-
est management.

METHODS

Our measurements were made at the Wind River
Canopy Crane Research Facility (WRCCRF) in the
T. T. Munger Research Natural Area and in the
Trout Creek Hill Experimental Forest in the Gifford
Pinchot National Forest, located in southwestern
Washington, USA. (see Shaw and others 2004; Paw
U and others 2004). The prevailing wind was from
270°, as determined by measurements between
1995 and 1998 at 70-m height on the canopy crane.
The long-term average precipitation at the Wind
River site is 2,467 mm y�1, with only 5% occurring
in June, July, and August (Paw U and others 2004;
Shaw and others 2004). The summer of 1998 was
extremely dry, as indicated by persistent drought
until late September and record low soil moisture
levels and high vapor pressure deficits (Unsworth
and others 2004). Climate records show that these
months were in the lowest quartile of monthly
precipitation for the period from 1931 to 1997. In
contrast, May 1999 was in the highest quartile for
monthly precipitation, and June and July 1999

were near the long-term mean. The measured sum-
mer temperatures were significantly higher in the
summer of 1998 than 1999 (Table 1).

Scaffolding towers for the younger tree canopies
were constructed in spring 1998 near the east end
of each stand to maximize the fetch of 30 tree
heights in directions between 200° and 310°. The
36-m tower was placed in the 40YR stand in June
1998 and moved to the 20YR stand in June 1999.

The 20YR stand is located at 565 m a.s.l. It was
clear-cut in 1976 and planted in 1978 with Dou-
glas-fir seedlings at 2.7 m � 2.7 m spacing as part of
a plantation experiment. The 33-ha stand was lo-
cated 3.5 km west of the WRCCRF crane and was
dominated in 1999 by Douglas-fir and western
hemlock (Tsuga heterophylla) at a density of 1,529
trees ha�1. Average tree height was 16 m, and
average diameter at breast height (dbh) was 11.3
cm (Table 2). A 19.5-m scaffolding tower was in-
stalled with micrometeorological sensors at about
18.5 m above the ground.

The 40YR stand is located at 561 m a.s.l. It was
clear-cut in 1958 and planted in 1960 with 3-year-
old Douglas-fir at 1.8 m � 1.8 m spacing. The 33-ha
stand was located about 6 km west of the WRCCRF
and dominated by Douglas-fir (67.8%), with a
mean density of 710 trees ha�1. Average tree height
was 31 m, with a closed canopy and a dbh of 19.3
cm (Table 2). A 36-m scaffolding tower was in-
stalled with micrometeorological sensors at about
36.2 m above the ground. The stand is located in
the southwestern part of the Trout Creek Hill Ex-
perimental Forest on the residual lava flow.

The 450YR stand surrounds the canopy crane and
is located within the T. T. Munger Research Natural
Area. The Wind River Experimental forest is located
at 371 m a.s.l. and is 4,208 ha in extent. The forest,
which was approximately 450–550 years old, orig-
inated after a fire or a series of fires and continues to
be dominated by Douglas-fir, although the stand is
undergoing natural succession and is being gradu-

Table 1. Monthly Air Temperature (°C) between June and October of 1998 and 1999 at the Wind River
Canopy Crane Research Facility

1998 1999

Mean Max Min SD Mean Max Min SD

June 14.81 30.73 5.06 5.19 13.85 31.95 1.86 5.51
July 19.97 39.70 7.98 6.21 16.61 33.18 3.52 6.81
August 19.07 36.60 5.20 7.19 18.64 33.90 7.72 6.10
September 15.86 36.37 2.28 7.24 14.91 28.71 3.03 7.03
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ally replaced by western hemlock, western red ce-
dar (Thuja plicata), Pacific silver fir (Abies amabilis),
grand fir (A. grandis), noble fir (A. procera), and
western white pine (Pinus monticola). It contains a
tree density of 443 trees ha�1 and an aboveground
biomass of 669 Mg ha�1; it has an average height of
62 m, a dbh of 33.8 cm, and a basal area of 71.93 m2

(Table 2). A 75-m construction tower was installed
with micrometeorological sensors at about 70 m
above the ground.

Tree heights in the 20YR and 40YR stands were
measured on the tallest 20 trees using Ishii’s equa-
tion (2000). All trees in the 12 ha around the WRC-
CRF were measured; the mean heights of the tallest
trees in the 4 ha immediately surrounding the crane
are shown in Table 2.

Beginning in mid-June of their respective sam-
pling years, measurements were taken in the young
stands. Limited equipment and personnel pre-
vented continuous measurements at all three sites
simultaneously. A 3-D sonic anemometer (CSAT3;
Campbell Scientific Instruments, Logan, UT, USA)
was mounted in the 20YR and 40YR stands at
18.5 m and 36.0 m, respectively, facing 265° and
255°, toward the good fetch directions. A data log-
ger (CR23X; Campbell Scientific Instruments) was
programmed to measure sonic temperature and
10-Hz wind speeds in three orthogonal directions
(that is, x, y, z). An infrared gas analyzer (Li-Cor
6262 IRGA; Li-Cor, Lincoln, NE, USA) was used to
measure carbon dioxide (CO2), water (H2O), tem-
perature, and chamber pressure at the same fre-
quency. Heated Li-Cor Bev-A-Line tubing (4–5 m
long) was used to draw ambient air at about 10 L
min�1. The IRGA was calibrated prior to installation

and brought back to the laboratory every 2–3 weeks
during the sampling period for recalibration and
cross-calibration using the same gas and dew point
generators as for the old-growth stand (Paw U and
others 2004). Because of equipment and power
supply limitations, we did not measure the canopy
storage and advective terms at the young stands
(Lee 1998; Paw U and others 2000). A net radiom-
eter (Q7.1; Radiation Energy and Balance Systems,
Seattle, WA, USA) was mounted more than 2 m
above the canopy, and three soil heat flux plates
(HFT3; Radiation Energy and Balance Systems)
were buried near the soil surface (1 cm) to record
continuous 30-min means of net radiation (Rn) and
soil heat flux (G) based on 20-s scans. The instru-
mentation and measurements at the 450YR stand
are described by Paw U and others (2004).

RESULTS

Clear diurnal patterns in CO2 exchanges (FCO2)
were observed (Figures 2 and 3), with CO2 uptake
(that is, C sink) dominating daylight hours and
respiration (C source) dominating the night. Com-
plex temporal patterns in FCO2 seemed to occur
among the 3 sampling months and between the 2
sampling years. For example, the FCO2 of the old-
growth forest in 1998 and 1999 was clearly differ-
ent in both its average diurnal change (Figures 2
and 3) and daily cumulative values (Table 3). The
450YR stand was a net source in both July and
September of 1998 (Table 3), but whereas high
nocturnal respiration rates contributed to this in
July, low daytime CO2 uptakes were more signifi-
cant in September (Figure 3). In addition, in 1998,

Table 2. Stand Structure and Site Information for Three Douglas-Fir Forests of Different Ages (20-year-
old, 40-year-old, and old-growth 450-year-old) Used for Measurements of Microclimate and Fluxes of
Carbon, Water, and Energy Obtained Using Eddy-Covariance Methods

20YR 40YR 450YR

Latitude (°) 45°49'23.64�N 45°49'13.76�N 45°49'13.8�N
Longitude (°) 122°1'34.85�W 122°57'6.88�W 121°49'6.9�W
Elevation (m) 565 561 371
Age (y) 21 40 450
Last known disturbance (y) 1977 1959 500–600 bp
Stand density (tree ha–1) 1529 710 443
Mean tree height (m) � SD 15.1 � 1.77 31.4 � 1.047 62 � 12.5
Average dbh (cm) 11.3 19.3 33.8
Basal area (m2) 19.30 44.77 71.93
LAI 6.8 8.6 8.9
Sampling period 7/15/99–10/15/99 6/18/98–1/15/98 5/98–10/99

dbh, diameter at breast height; LAI, leaf area index; bp, before present
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the 450YR stand lost an average of 0.51 g C m�2 d�1

(or 46.92 g C m�2 over the 3-month sampling
period) to the atmosphere, but in 1999 it assimi-
lated 1.26 g C m�2 d�1 (or 115.92 g C m�2 in 3
months) from the atmosphere (Table 3).

At the younger stands, FCO2 was higher than at
the old-growth stand during the night, with largest
values at the 20YR stand (Figure 2). Although day-
time FCO2 at both of the young stands was larger
(that is, more negative values at the old-growth
stand), very small differences in daytime FCO2 were
found between the 20YR and the 450YR stands in
July 1999. Because of the high respiratory loss, the
daily average FCO2 of the 20YR stand in 1999 (–0.30
g C m�2 d�1) was 23.8% that of the 450YR stand
(–1.26 g C m�2 d�1) (Table 3). In comparing FCO2

between the 40YR and the 450YR in 1998, we

found that nighttime FCO2 was slightly higher at the
40YR stand, but daytime FCO2 was also much higher
(up to –20 �mol m�2 s�1 in July) (Figure 3). Over
the 3-month sampling period, the daily average
FCO2 was –2.76 g C m�2 d�1 at the 40YR stand but
�0.51 g C m�2 d�1 (that is, a carbon source) at the
450YR stand (Table 3). In summary, the two
younger stands were net carbon sinks from July
through September, but the old-growth stand ap-
peared to be a source in summer 1998 and a sink in
summer 1999 (Table 3).

The FCO2 of the three coniferous stands showed
clear relationships with the biophysical environ-
ment, with photosynthetically active radiation
(PAR) and vapor pressure deficit (VPD) as the most
important variables. The FCO2–PAR relationship—a
typical sigmoid increase with elevated PAR—was

Figure 2. Average diurnal
fluxes of carbon dioxide
(CO2) and water (H2O) in
July, August, and Septem-
ber 1999 in a 20- and a
450-year-old Douglas-fir
forest in southern Washing-
ton, USA. Only data from
good fetch directions (200–
310°) were used. Negative
values indicate uptake (that
is, sink); positive values in-
dicate loss (that is, source).
Dashed lines indicate miss-
ing values.

Figure 3. Average diurnal
fluxes of carbon dioxide
(CO2) and water (H2O) in
July, August, and Septem-
ber 1998 in a 40- and a
450-year-old Douglas-fir
forest in southern Washing-
ton, USA. Only data from
good fetch directions (200–
310°) were used. Negative
values indicate uptake (that
is, sink); positive values in-
dicate loss (that is, source).
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dependent of VPD at all three stands (Figure 4),
with the 450YR in 1998 showing a clearly different
response from the others. In the 450YR stand in
1999 and the two young stands, FCO2 decreased

with increasing VPD at high PAR levels, but it in-
creased at low PAR levels, suggesting stronger neg-
ative influences of VDP when photosynthesis
reached high levels (that is, at high PAR) than that

Table 3. Average Daily Net Exchange of Carbon and Water in July, August, and September of 1998 and
1999 at Three Douglas-Fir Forests of Different Ages (20, 40, and 450 years old) in Southern Washington,
USA

1998 1999

40YR 450YR 20YR 450YR

Carbon (g C m–2 d–1) July –4.27 1.39 –0.56 –0.79
August –2.69 –0.79 –0.01 –1.10
September –1.21 0.93 –0.33 –1.97
Overall –2.76 0.51 –0.30 –1.26
Water (mm d–1) July 1.15 0.87 1.67 2.09
August 1.20 1.43 1.36 2.98
September 0.87 1.58 1.02 1.74
Overall 1.15 1.29 1.35 2.30
CWFR (g kg–1/mmol mol–1) July 3.71/5.57 –1.59/–2.35 0.34/0.51 0.38/0.57
August 2.24/3.36 0.55/0.83 0.007/0.010 0.37/0.56
September 1.39/2.09 –0.59/–0.89 0.32/0.48 1.13/1.70
Overall 2.40/3.60 –0.40/–0.60 0.22/0.33 0.55/0.83

CWFR, carbon dioxide–water vapor flux ratio.
For carbon, negative values indicate uptake (that is, sink), whereas positive values indicate loss (that is, source). For CWFR, negative values indicate a carbon source associated
with water loss.

Figure 4. Effects of photo-
synthetically active radia-
tion (PAR, �mol m�2 s�1)
and vapor pressure deficit
(VDP, kPa) on mean carbon
dioxide (CO2) flux (FCO2,
�mol m�2 s�1) during sum-
mer and fall (15 June and
15 October) in 1998 and
1999.
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at low PAR levels. However, a decreasing trend of
FCO2 with VPD was observed at all PAR levels in the
450YR stand in the summer of 1998, when mois-
ture was extremely low (Table 1). The effect of VPD
on FCO2 at the old-growth forest seemed stronger
than those at the young stands.

Water flux (FH2O) also showed diurnal, seasonal,
and interannual differences. The amount of H2O
lost from the 450YR stand in 1998 (1.29 mm d�1)
was much less than in 1999 (2.30 mm day�1) from
July through September (Table 3). With the excep-
tion of July 1998, daily average FH2O was higher at
the old-growth stand than at the two young stands
(Figures 2 and 3, Table 3). These differences were
associated with large FH2O before midafternoon
(around 14:00 h), when FH2O dropped very quickly
to levels similar to or lower than the younger
stands. Decreases in FH2O at the two younger stands
were less dramatic (Figures 2 and 3). Over the
sampling periods, daily average FH2O (loss) of the
450YR stand was 70.4% and 12.2% higher than the
20YR and 40YR stands, respectively. The energy
budget closure was closer to 100% for the young
stands than for the old-growth forest (Figure 5). In
1998, the closure was 77% at the 40YR stand and
67% at the 450YR stand; whereas in 1999, the
closure was 87% at the 20YR stand and 58% at the
450YR forest (Figure 5b and d). Nevertheless, on
some days, energy budget closure was greater than
90% even in the old-growth stand. The available
energy (Rn-G) in the old-growth stand seemed to be

higher than in the younger stands, with values
frequently greater than 650 W m�2 (Figure 5a and
b). We found that the average Bowen ratios (based
on 30-min mean sensible to latent heat ratio be-
tween 09:00 and 16:00 h) and standard deviations
in 1998 were 3.7 � 4.1 and 2.6 � 2.7, respectively,
for the 40YR and 450YR stands; they were 2.9 � 2.9
and 1.6 � 1.8, respectively, for the 20YR and 450YR
stands in 1999. The missing energy was negatively
correlated with the Bowen ratio (r2 � –0.95) and
positively correlated with canopy height (r2 �
0.94).

DISCUSSION

Our field measurements suggest that the younger
stands (20YR and 40YR) were net carbon sinks
during the summer months (Table 3, Figures 2 and
3), with average carbon fluxes of –0.30 and –2.76 g
C m�2 d�1, or 27.60 and 253.92 g C m�2, respec-
tively, over the 3-month sampling period. Although
they are within the ranges reported for a young,
coastal Douglas-fir forest in British Columbia (5
�mol m�2 s�1 at PAR greater than 1,000 �mol m�2

s�1) (Wilson and others 2002), they are much
smaller than values reported for other temperate
forests during the growing season (Black and others
1996; Greco and Baldochhi 1996; Wofsy and others
1993; Wilson and others 2002). The values are
higher than those reported in boreal coniferous
forests (Hollinger and others 1998; Law and others

Figure 5. Energy budget
closures of three stands as
measured by 30-min means
of net radiation (Rn), sensi-
ble heat (H), latent heat
(L), and soil heat flux (G)
between June and October
in 1998 and 1999. Only
data from good fetch direc-
tions (200–310°) were
used.
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2001) and lower than those in tropical and south-
ern deciduous forests (Greco and Baldocchi 1996;
Clark and others 1999) and a Mediterranean beech
forest in Italy (Valentini and others 1996).

Surprisingly, the 450YR stand was a carbon
source in 1998 (0.51 g C m�2 d�1, or 46.9 g C m�2

total for the study period), but it was a significant
sink for the same period in 1999 (�1.26 g C m�2

d�1, or 115.9 g C m�2 total). These values consti-
tute about 24.6% of the loss and 61.0% of the
annual net carbon accumulation between July
1998 and June 1999 of the total net 1.9 � 0.2 Mg C
ha�1 measured in the 450 YR forest (Paw U and
others 2004). Thus, the role of the old-growth stand
as either source or sink appears to be markedly
dependent on the local climate conditions (Wofsy
and others 1993; Paw U and others 2004).

Because the study area is characterized by a
warm, dry summer climate, photosynthetic uptake
in this period is typically limited by moisture (War-
ing and Running 1998). The 1998 year was an
unusually dry summer with almost no measurable
precipitation, compared with an average precipita-
tion (around 120 mm) during the same period in
1999; this may explain why there was a carbon loss
in the old-growth forest in 1998 and a carbon gain
in 1999.

Waring and Franklin (1979) hypothesized that a
large proportion of ecosystem productivity occurs
during winter and spring in these evergreen forests,
when net photosynthetic gain is combined with low
respiration. Our eddy flux measurements at the
old-growth stand confirm that summer carbon as-
similation is lower than maximum rates recorded in
March (Paw U and others 2004), but that net as-
similation can continue into late summer during
years with more spring precipitation. Clearly, con-
tinuous direct measurements of carbon flux are
needed (especially for young stands) during winter
and spring to quantify the annual carbon budget
and to gain a fuller understanding of the controls on
carbon flux.

The 24-h water-use efficiency, as indicated by
using the carbon dioxide–water vapor flux ratio
(CWFR), was higher for the 40YR stand (2.4 g kg�1)
than the 450YR stand (–0.40 g kg�1) in the summer
of 1998, but the 450YR stand had a higher CWFR
(0.55 g kg�1) than the 20YR stand (0.22 g kg�1) in
the summer of 1999 (Table 3). It is generally
thought that the CWFR increases when the stoma-
tal or surface resistance increases (Rosenberg and
others 1983), at least for individual leaves and day-
time CWFR. Our results are therefore consistent
with the sap flow–derived resistances and direct gas
exchange measurements (McDowell and others

2002) for these forests, which were higher for the
40YR stand than the 450YR stand in 1999 and
higher for the 450YR stand than the 20YR stand in
1998 and 1999 (Phillips and others 2002). Our re-
sults also support the leaf/branch level gas ex-
change measurements of Thomas and Winner
(2000) for this 450YR stand and a 5–10-year-old
stand, which found higher CWFR for the 450YR
stand, if it is inferred that the CWFR for the 5–10-
year-old stand is similar to that of the 20YR. Isoto-
pic studies also imply a higher stomatal or surface
resistance for the 450YR stand than younger stands
(Fessenden and Ehleringer 2002), which supports
our CWFR estimates for the 1999 data but not the
1998 data. However, isotopic data for plant tissue
and other carbon stocks are subject to multiple
interpretations because several factors may create
isotopic ratio variations (Bowling and others 2003).

The marked difference of CWFR for the 450YR
stand between years implies that there is a potential
for great interannual variation between summers.
In 1998, the negative value of CWFR indicated a
carbon source while water was still being lost from
the ecosystem; whereas in 1999, the CWFR was not
only positive but greater than CWRF in a younger
ecosystem. One caution that must be noted in com-
paring the 24-h CWFR and the CWFR derived from
daytime-based measurements and measurements
on particular plant elements is that nocturnal res-
piration and other element respiration (including
soil, large woody debris, and understory carbon
exchange) are included in the EC-based 24-h
CWFR.

Differences in available energy (that is, Rn-G)
(Baldocchi and Meyers 1991) among the three sites
may be an important factor for the higher FH2O

measured at the old-growth site. For example, Eug-
ster and others (1997) found that FH2O was linearly
correlated with Rn across landscapes. In our study,
it was common for the old-growth forest to reach
Rn greater than 650 W m�2 (Figure 5a and b) but
rare for Rn at the either younger stands to reach
these levels (Figure 5c and d), suggesting that FH2O

should be higher at the older stand to maintain leaf
temperatures. The old-growth forest has exception-
ally low albedo (Mariscal and others 2004) in con-
trast to younger stands (Roberts and others 2004),
which explains the higher net radiation at this site.
The lack of energy budget closure at the old-growth
forest for both years (Figure 5 a and b) additionally
suggests that we probably underestimated FH2O,
proportional to the difference in net energy at the
sites, that was likely underestimated in the calcula-
tion of FH2O.

The contribution of understory vegetation offers
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yet another potential explanation for the relatively
high FH2O at the old-growth site. Abundant under-
story vegetation typically contributes 5%–10% of
total ecosystem FH2O (Price and others 1986), but
this may increase significantly when stands are
patchy or open, or when soils are dry. For example,
Tan and others (1978) found that the percentage of
total ecosystem transpiration accounted for by the
understory (salal) of a thinned Douglas-fir stand
increased from 45% to 70% over a 4-week drying
period. In our study, there was almost no under-
story at either younger stands, whereas it was
abundant in the old-growth stand, suggesting that
classical water-use efficiency theory may need to be
adjusted when applied at the ecosystem level.

Our results for FH2O are similar to those observed
in a ponderosa pine (Pinus ponderosa) forest in the
eastern Cascades of Oregon (Law and others 2001;
Irvine and others 2002), where both FH2O and FCO2

were lower in young stands than in older ones.
However, in the pine ecosystems, there was evi-
dence that the old-growth trees were able to access
deeper sources of water than the younger trees
(Irvine and others 2002). Ongoing studies of root
distribution and water uptake with depth at the
Wind River sites have shown no indication that
roots in the old-growth stand had access to water at
depths unavailable to younger stands (B. J. Bond
and others unpublished; Brooks and others 2002),
although total fine-root biomass was significantly
greater in the old stand than the two younger
stands (Klopatek 2002). Despite the greater overall
FH2O at the old-growth stand compared with the
younger stands, differences in the diurnal behavior
of FH2O at the three stands indicated that there was
greater midday stomatal regulation of transpiration
in the old stand (Yoder and others 1994).

CONCLUSIONS

One of the most significant findings of this study
concerns the large variation in NEE of CO2, H2O,
and energy among differently aged forest stands of
the same type within the same landscape that re-
sults from differences in species composition, tree
age and structure, microclimates, soils, and distur-
bance regimes (Chen and others 1999). This sug-
gests that flux measurements obtained at single
locations are not representative of the overall land-
scape, thus limiting the applicability of these results
at broader spatial scales. More work is needed to
understand the scaling mechanisms in complex for-
est landscapes. If EC systems are used to establish a
regional carbon budget, it is clear that they must be
established at multiple sites across the landscape

instead of taking measurements only at a single
point, or they must be placed at sufficient heights to
measure flux footprints that include other land-
scape types (although horizontal advection below
the sensors must then be addressed). Finally, seri-
ous attention should be given to developing a more
complete understanding of the coupled effects of
climate change and land use on terrestrial ecosys-
tems.

Caution should be used in interpreting our find-
ings that indicate higher carbon sequestration in
young stands than in old-growth stands, because
our results strongly suggest that the old-growth
forest may be a stronger carbon sink than previ-
ously believed. However, given its shift between a
carbon source and sink in these two summers, the
potential for long-term net carbon accumulation in
the old-growth stand is uncertain. The 2 years of
data for the summer season examined imply that
these forests are sensitive to interannual weather
conditions and thus will be sensitive to any direc-
tional climate change.

The conversion of long-lived forests into young
stands may change the system from a sink to a
source of carbon for several decades because the
lower leaf area in regenerating forests limits photo-
synthesis while the residual carbon in soils and
woody debris contributes to respiration, whereas
old-growth forests may continue to function as a
net carbon sink, in addition to their many other
important ecosystem functions (for example, criti-
cal habitat, aesthetic values, watershed protection).
Stands younger than 20 years old are expected to be
carbon sources because of low photosynthetic po-
tential and substantial respiratory losses (Janisch
and Harmon 2002), but no such stands were exam-
ined in this study. Our sites are not perfect chrono-
logical sequences due to many physical and ecolog-
ical differences—for example, elevation, soil
nutrients, climate, and historical silvicultural treat-
ments (Chen and others 2002; Klopatek 2002)—
but this study does demonstrate the importance of
age structure in determining the carbon budget.
Further investigation of carbon and water fluxes in
multiple ecosystems along chronological stages of
development are needed because we know very
little about the mechanisms or timing that switch
forest ecosystems from carbon sources to sinks fol-
lowing a disturbance.
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