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Summary Turbulent fluxes of carbon, water and energy
were measured at the Wind River Canopy Crane, Washington,
USA from 1999 to 2004 with eddy-covariance instrumentation
above (67 m) and below (2.5 m) the forest canopy. Here we
present the decomposition of net ecosystem exchange of car-
bon (NEE) into gross primary productivity (GPP), ecosystem
respiration (R.,) and tree canopy net CO, exchange (AC) for an
old-growth Douglas-fir (Pseudotsuga menziesii (Mirb.)
Franco)—western hemlock (Tsuga heterophylla (Raf.) Sarg.)
forest. Significant amounts of carbon were recycled within the
canopy because carbon flux measured at the below-canopy
level was always upward. Maximum fluxes reached 4—6 pmol
m~2s~! of CO, into the canopy air space during the summer
months, often equaling the net downward fluxes measured at
the above-canopy level. Ecosystem respiration rates deviated
from the expected exponential relationship with temperature
during the summer months. An empirical ecosystem stress
term was derived from soil water content and understory flux
data and was added to the R.., model to account for attenuated
respiration during the summer drought. This attenuation term
was not needed in 1999, a wet La Nifia year. Years in which cli-
mate approximated the historical mean, were within the nor-
mal range in both NEE and R..,, but enhanced or suppressed
R.., had a significant influence on the carbon balance of the en-
tire stand. In years with low respiration the forest acts as a
strong carbon sink (217 g C m~? year'), whereas years in
which respiration is high can turn the ecosystem into a weak to
moderate carbon source (+100 g C m~? year™).

Keywords: AmeriFlux, carbon exchange, eddy-covariance,
interannual variability, net ecosystem exchange, standardized
precipitation index, Wind River.

Introduction

A detailed understanding of the interactive relationships in
atmosphere—biosphere exchange is relevant to ecosystem

scale analysis and needed to improve our knowledge of the
global carbon cycle. Yet, little is known about the seasonal dy-
namics and interannual variability in old-growth forest carbon
exchange. The Wind River AmeriFlux tower represents a
unique measurement point within the global FLUXNET net-
work. This old-growth forest is distinguished by its age
(400-500 years old), structural complexity, the large amounts
of biomass contained in the standing trees and aboveground
dead matter, and belowground carbon allocation (Parker et al.
2002, 2004, Shaw et al. 2004).

In this study, we employed the eddy covariance (EC) tech-
nique, which has advantages over biometric inventories in pro-
viding direct and continuous measurements of carbon, water
and energy fluxes between the ecosystem and the atmosphere.
Eddy covariance, which is well documented within the
FLUXNET community, has been used to estimate carbon ex-
change and annual carbon sink or source strength for a wide
variety of ecosystems (Aubinet et al. 2000, Baldocchi et al.
2001, Law et al. 2002, Valentini et al. 2003). One emerging
pattern from FLUXNET is the surprising amount of inter-
annual variability in net ecosystem exchange of carbon (NEE)
observed in multi-year EC studies such as that conducted at
Harvard Forest since 1992 (Barford et al. 2001, Urbanski et al.
2007). Variability in NEE of more than 350 Mg C ha™' year™
has been measured at the Harvard deciduous forest over the
last 13 years, largely driven by successional change in forest
composition, disturbance events and increases in tree biomass
(Urbanski et al. 2007). In contrast, changes in land-use and
forest maturation cannot explain observed interannual NEE
differences in an old-growth forest.

There has been some debate whether interannual variability
is caused by change in ecosystem response or by inherent
problems with the EC method such as non-homogeneous
fetch, noise and nighttime flux estimates; however, intensive
studies including error analysis of EC data (Goulden et al.
1996a, Morgenstern et al. 2004, Ciais et al. 2005, Richardson
et al. 2006), side-by-side comparisons of flux towers (Holl-
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inger and Richardson 2005) and efforts in network wide
cross-calibration of EC systems (AmeriFlux, FluxnetCanada)
give confidence in the reality of the observed variability. In ad-
dition, because systematic errors are of similar magnitude
from year to year, many of the uncertainties inherent in the EC
technique may cancel out in a study of interannual variability
in carbon fluxes (Baldocchi et al. 2000, Massman and Lee
2002, Baldocchi 2003). Multi-year records enable us to under-
stand the sources of interannual variation in NEE, which often
arise from subtle imbalances in canopy photosynthesis and
ecosystem respiration (Re.,) (Goulden et al. 1996b, Barford et
al. 2001, Flanagan et al. 2002, Hui et al. 2003, Xu and Bal-
docchi 2004); thus, long-term EC data provide a valuable tool
for studying interannual variability in carbon fluxes.

An advantage of the EC technique is that, in addition to
measuring NEE on various time scales, the sources and sinks
of carbon within the canopy can be identified with more than
one instrument system (Baldocchi and Meyers 1991, Black et
al. 1996, Lavigne et al. 1997). By using an EC system in the
lowest layer of the forest canopy, in addition to the above-can-
opy instrumentation, we were able to investigate how carbon
fluxes are partitioned (Misson et al. 2007) and recycled within
the old-growth canopy. This multi-level study is analogous to
previous multi-level turbulent studies, including scalar ex-
change measurements within canopies, in other forests (e.g.,
Gao et al. 1989). The dual-level system allowed us to decom-
pose eddy flux measurements of NEE into gross primary pro-
ductivity (GPP) and R.., as well as the difference in net CO,
fluxes attributable to the overstory (AC), enabling close exam-
ination of which environmentally controlled switches and lags
drive the temporal dynamics of the ecosystem component
fluxes. For example, an accurate estimation of R, is particu-
larly important in carbon flux studies because respiration is the
driving force behind interannual variability in NEE at many
forest ecosystems ( Valentini et al. 2000).

Our study objectives were to: (1) identify the temporal dy-
namics of NEE and its associate fluxes R.., and GPP; (2) ex-
amine the time lags between the major environmental driving
variables and NEE, R.., and GPP; and (3) compare the magni-
tude and seasonal pattern of understory fluxes to overstory
carbon exchange.

Materials and methods

The analysis is based on six complete years (1999-2004) of
ecosystem exchange data from the Wind River Canopy Crane
AmeriFlux research station (45°49’14” N, 121°57"7” W,
371 ma.s.l.), located in the Gifford Pinchot National Forest in
southern Washington State. Trees at the site are up to 500 years
old and up to 65 m tall, and the two dominant tree species are
Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) and west-
ern hemlock (Tsuga heterophylla (Raf.) Sarg.). The distribu-
tion of leaf area index (LAI) is bottom heavy with the maxi-
mum LAI between 10 and 30 m. For a temperate conifer, the
forest structure at the site is complex with seven gymnosperm
and two angiosperm tree species in the 2.3-ha crane circle, a
high standing biomass and large amounts of coarse woody de-

bris on the forest floor. However, complexity depends on the
spatial scale, and although the forest is complex in vertical
structure and on the single-tree scale, it is highly homogeneous
at the stand level. More detailed descriptions of the forest
structure and environmental setting of the site as well as the
canopy crane itself can be found in Parker et al. (2004) and
Shaw et al. (2004).

Daily, monthly and annual precipitation, air temperature
(mean, maximum, minimum), snow depth and total snowfall
data were available from 1999 through 2004, as well as histori-
cally from 1919 to 2004, at the nearby Carson Fish Hatchery
NOAA station (45°31712” N, 121°34’48” W, 345.6 m a.s.]).
The NOAA station is 5 km north of the old-growth flux tower
within the Wind River Valley at a similar elevation. The cli-
mate in the region is characterized by wet mild winters inter-
spersed with a strong seasonal summer drought (Shaw et al.
2004, Falk et al. 2005). At the site, mean annual air tempera-
ture is 8.7 °C and mean water-year (defined as July—June) pre-
cipitation is 2467 mm year™', of which on average only
322 mm falls from July through October.

Carbon dioxide flux above and below the canopy

A detailed description of the EC method is presented by Paw U
et al. (2004) and Falk et al. (2005). For a list of symbols, defi-
nitions and units, see Table 1. The two EC systems were placed
in the old-growth forest to obtain the net CO, exchange of both
the entire ecosystem and from the forest floor. The above-can-
opy system (EC7p) was mounted 67 m above ground level on
the Wind River Canopy Crane. The understory tower (ECp;)
was located 35 m to the west of the canopy crane (Paw U et al.
2004, Falk et al. 2005) and EC instrumentation were mounted
at a height of 2.5 m above the forest floor. Each EC system
consisted of a 3D sonic anemometer/thermometer (Solent HS,
Gill Instruments, Lymington, U.K.) and a fast-response non-
dispersive infrared gas analyzer (IRGA) (LI-6262, Li-Cor,
Lincoln, NE) that measured the CO, and H,O mixing ratios.
Half-hourly carbon exchange above the canopy (F.7p; pmol
CO, m~*s7") and below the canopy (Feg3; pmol CO, m~%s™")
were calculated from 10-Hz turbulence data, screened for out-
liers, gap-filled (using a running-mean approach; Reichstein et
al. 2005) and the EC;, data were corrected using a friction ve-
locity (u*)-threshold triggered respiration model for nighttime
data above the canopy with a critical u* value of 0.3 ms~".

The classical assumption is that the EC technique captures
all of the ecosystem exchange. However, in forest ecosystems,
conditions for valid data acquisition are frequently not ful-
filled and storage and advection can play important roles in the
scalar fluxes between forests and the atmosphere. This is espe-
cially true at night when stable conditions frequently suppress
turbulence and invalidate EC measurements, but they can be
important at any time of day (Goulden et al. 19965, Grace et al.
1996, Lee 1998, Paw U et al. 2000).

Carbon dioxide storage within the canopy can be a signifi-
cant component of the ecosystem carbon budget, particularly
at night, when turbulence is limited or during early morning
hours when stored nighttime CO, is released from the canopy
as the stability regime weakens. The first condition results in
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Table 1. Symbols, definitions, units and sign conventions.

Symbol  Definition Units

Sign convention

NEE Net ecosystem exchange

GPP! Gross primary productivity

Reco Ecosystem respiration

Ryoit Soil respiration ¢ Cm 2 month~! or g C m~2 year™
Feo3 Below-canopy CO, flux umol CO, m s

Fepo Above-canopy CO, flux umol CO, m2s7!

u* Friction velocity ms™!

S Storage carbon flux pmol CO, m~2 57!

Ta02 Air temperature at 2 m °C

T, Soil temperature °C

0, Soil water content m’*m™3

NUE Net understory exchange ¢Cm 2 month' org C m~2 year~
AC? Tree canopy net CO, exchange gC m~2 month ! or gC m~? year~

¢ Cm~2month~! or g C m~2 year™

¢Cm 2 month' org C m~2 year~
gC m~2 month ! or gC m~2 year~

! Negative: net C uptake by the ecosystem

Positive: net C loss by the ecosystem

Always positive

Always positive

Always positive

Negative: net C uptake by the understory/soil
Positive: net C loss by the understory/soil
Negative: C uptake by the ecosystem
Positive: C loss by the ecosystem

1
1
1

1
1

Positive: C flux into the canopy space from below 2.5 m
Positive: net C uptake by the tree canopy
Negative: net C loss by the tree canopy

" GPP = R.., - NEE
2 AC = NEE - NUE

an underestimate of the half-hour NEE because CO, may leave
the ecosystem undetected by the IRGA, and the second condi-
tion results in an overestimate because the flux includes “a
build-up” of nighttime canopy CO,. Storage of CO, within the
canopy was estimated with a time derivative of the CO, mixing
ratio from the above-canopy (67 m) LI-6262. We chose this
method over the vertical CO, profile system on the crane be-
cause of data gaps in the latter system. Use of a time derivative
to estimate carbon storage assumes that the above-canopy
IRGA measurement is representative of the entire canopy air
column (Hollinger et al. 1994), but Falk (2005) has shown that
there are no significant differences in the storage flux (§) esti-
mated by this method or from the CO, vertical profile system
measurements at the site. Half-hourly NEE is then calculated
as the sum of F.y9and S, although we found that on monthly
and annual time scales the storage term integrates to zero and
can be ignored in a long-term study. Even daily NEE estimates
may be relatively insensitive to storage because the mean CO,
concentration is relatively constant from day-to-day (although
greatly varying within a day).

A vertical and horizontal advection system for CO, and wa-
ter was implemented at the Wind River site as described by
Paw U et al. (2004). Advection is estimated to contribute be-
tween 10 and 20% of the above-canopy flux at night (Paw U et
al. 2004). The percentage from advective divergence terms is
predicted to vary depending on mean wind speed, canopy
height and effective transfer coefficients (Park and Paw U
2004, Park 2006). The large degree of random scatter made the
hourly advection difficult to measure; therefore, because the
contribution was small, direct corrections for an advective
component were omitted in this study. A further analysis of the
direct advection data for extended periods of time is being
continued, and preliminary results are compatible with the
original measured and modeled estimates of Paw U et al.

(2004), Park and Paw U (2004) and Park (2006).

Understory EC measurements were generally made under
turbulent conditions, related to the nocturnal radiative balance
and modest understory wind speeds at night (Falk 2005, Falk
et al. 2005). Although a formal footprint analysis was not car-
ried out for the understory measurements, partly because a
proven accurate model is lacking for understory footprints, a
study involving several understory EC systems revealed that
the EC system used in this study provided an adequate charac-
terization of a larger footprint (Falk et al. 2005). Full details of
the methods and corrections have been given by Paw U et al.
(2004) and Falk et al. (2005).

Analysis periods and micrometeorological data

The dataset includes half-hour records for 6 years starting in
1999 through 2004, with all CO, exchange components inte-
grated to daily, weekly and monthly sums (Paw U et al. 2004,
Falk et al. 2005). For each half-hour period, micrometeoro-
logical data were taken at heights of 2, 10, 20, 40, 60 and 70 m
on the crane tower and included air temperature, relative hu-
midity, net radiation, wind speed and direction. Measurements
of soil temperature (75; 5, 15 and 30 cm) and soil water content
(0,; 0-30 cm) were taken every half-hour near the understory
station. We used these data to examine the environmental con-
trols of NEE over half-hourly to daily time scales. Further in-
formation about the micrometeorological data can be found in
Pyles et al. (2000) and Shaw et al. (2004). All of the micro-
meteorological data are available at http://depts.washington.
edu/wrccrf/.

Ecosystem carbon exchange components

The objective of our analysis was to detect and quantify sea-
sonal variability in the most significant carbon exchange com-
ponents using EC data. Daily NEE (g C m~? day ') was calcu-
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lated as the sum of the half-hourly ecosystem CO, fluxes:

NEE = Y (F,,+S) (1

Daily R, (g C m~? day~') was estimated based on an em-
pirically derived exponential fit between half-hourly night-
time F70 measured when there was sufficient turbulent mixing
(u*>0.3 ms™!) and the 2-m air temperature (7,g,; Paw U et al.
2004):

Reco = Za exp(b TaOZ) (2)

We found that this simple exponential expression for R,
based on temperature overestimated the daily respiration flux
observed during the dry season. To correct for this, we added a
water-induced respiration-attenuation function triggered by 6,
to Equation 2:

Reco = Z(yo + cexp(de))a eXP(bTaoz) (3)

where the first term on the right-hand side of Equation 3 is the
respiration attenuation function and the fit parameters, y, and
a—d, are empirically derived from high nighttime turbulent
fluxes. The attenuation factor is less than one when 6, drops
below a critical threshold of 0.2 m* m~* and equals one for 6,
above the threshold. For further details on the derivation of the
expression see Falk et al. (2005).

Monthly NEE (g C m~?month ") and monthly R, (g Cm?
month™") were calculated as the sum of daily NEE and daily
R.co, respectively. The NEE and R.., were used to estimate
GPP over half-hourly to annual time periods. The sign conven-
tion for NEE is negative for net carbon uptake, i.e., the atmo-
sphere is losing CO, to the biosphere, and positive for net car-
bon loss by the ecosystem. Under this notation, R, and GPP
are always positive:

GPP = R, — NEE 4)

In addition, we can estimate the amount of carbon entering
the canopy at the bottom based on the below-canopy EC data
(Fep3). For details on the understory flux methodology and F3
measurements see Falk et al. (2005). The F.; data can be inte-
grated to yield a daily and monthly net understory exchange
(NUE). Positive NUE indicates carbon moving upward from
the soil and understory below the instrument height (2.5 m)
into the upper-canopy airspace. At Wind River, NUE is always
positive, independent of the integrated time scale because res-
piration from the soil, woody debris and other forest floor
sources is greater than photosynthesis of the understory spe-
cies (Falk et al. 2005):

NUE = zFeo% Q)

Canopy carbon exchange (AC) is calculated as the differ-
ence between NEE and NUE:

AC = NEE - NUE (©6)

The AC term represents both canopy photosynthesis and main-
tenance respiration by the canopy trees and other plants con-
tained in the canopy space from a height of 2.5 to 67 m. Fol-
lowing atmospheric eddy flux notation, AC is negative when
the canopy takes up carbon, and positive when R.., exceeds
canopy photosynthesis.

Standard precipitation index

To compare precipitation amounts during flux measurement
years to the long-term meteorological record (1919-2004) at
Wind River, we used the Standardized Precipitation Index
(SPI) created by McKee et al. (1993), a universal statistic for
defining and monitoring drought. To calculate the SPI for any
site, a long-term precipitation record is fitted to a probability
distribution, and transformed to a normal distribution so that
the mean SPI (or mean precipitation) for the averaging time
period is zero (McKee et al. 1993, Edwards and McKee 1997).
Positive SPI values indicate greater than mean precipitation
and negative values indicate below average precipitation. The
SPI ranges from —3.0 (extremely dry) to +3.0 (extremely wet)
and a drought event is defined by the National Drought Mitiga-
tion Center as a period when the SPI is continuously negative
at a value of —1.0 or less over the time scale of interest. At
Wind River, we calculated the SPI over a 6-month and a
3-month period, to identify anomalies in precipitation over
different time scales. Here, we used the 3-month SPI to deter-
mine seasonal drought and the 6-month SPI to identify
precipitation perturbations over the main growing season
(March—November).

Results

Climate variability

Without exception, mean minimum temperature (3.1 °C) dur-
ing the 6-year flux measurement period was higher than the
long-term mean (2.5 °C, 1931-1997). The interannual and
seasonal variability in mean daily mean temperature has also
been high the last 6 years. Dry season (the period when daily
maximum 0, was consistently below 0.2 m* m~*) mean tem-
perature ranged from 14.3 °C (2000) to 16.4 °C (2003),
whereas the peak growing season (March—June) mean tem-
perature ranged from 8.4 °C (1999) to 10.9 °C (2004) over our
measurement period (Table 2). Water-year (July—June) pre-
cipitation varied widely across the historical range (Fig-
ure 1b), representing years of above normal (July 1998—June
1999), below normal (July 2000—June 2001, July 2003—June
2004) and near normal (July—June 1999-2000, 2001-2002,
2002-2003) precipitation, although all summers except that
of 2004 tended to be drier than the historical mean (Figure 1a).
The flux measurement period included the driest water-year in
the climatological record (1119 mm below normal, July
2000—June 2001).

The 6-month SPI for Wind River during the interval
1998-2004 is shown in Figure 2. Table 3 shows 6-month SPI
values during the peak growing season, 3-month SPI values
during the dry season and annual NEE estimates for
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Table 2. Climate statistics for Wind River from 1999 to 2004. Dry season precipitation and temperature are measured from June to October and

March to June, respectively. Dry season length is the number of days when daily maximum soil water content was consistently below 0.20 m* m

-3

Year Dry season Percipitation (mm) Temperature (°C)
length (days)
Water year Dry season Mean annual Mean annual minimum Peak growing season  Dry season

1999 119 2858 218 8.85 3.02 8.48 14.75
2000 140 2345 195 8.30 2.57 9.67 14.26
2001 112 1247 282 8.72 2.96 9.30 14.72
2002 130 2446 55 8.68 2.53 9.04 14.65
2003 105 2130 180 9.74 3.71 10.25 16.40
2004 44 1857 492 9.55 3.85 10.90 15.88

1999-2004. The 6-month SPI values indicate that water avail-
ability during the peak growing months was near normal dur-
ing each of these years, with the exception of 2001; although
summer precipitation during most years was unusually low.
The 3-month SPI values show significant perturbations in
summer precipitation in 2002 (very dry, 3-month SPI=-1, cu-
mulative probability = 0.16), 2003 (extremely dry, 3-month
SPI =-3, cumulative probability = 0.001) and 2004 (very wet,
3-month SPI = +1.6, cumulative probability = 0.93).

Seasonality of carbon fluxes

When all years were categorized and averaged by month, max-
imum carbon uptake was limited to March through May when
R.., and water stress were low (Figure 3). Typically, GPP
peaked earlier in the year (May) than R.., (July), as observed

Precipitation (mm)
100 200 300

0
100 4

754

50

25+

754 1998-1999

Cumulative probability (%)
o

L~
50 (. 2001-2002
' 1999-2000
254 :
| 20002001 2002-2003
0 2003-2004

1500 2000 2500 3000 3500
Precipitation (mm)

Figure 1. (a) Cumulative probability of dry season (July—October)
precipitation from 1919 to 2004 at Wind River. (b) Cumulative proba-
bility of total water-year precipitation from 1919 to 2004 at Wind
River. The long-term mean, 2366 mm, is indicated by the dotted line.

during the normal climate years 2000 and 2002. Ecosystem
respiration showed a seasonal pattern but lagged NEE by
about 2—3 months. Net ecosystem exchange was most nega-
tive in April when photosynthetic fluxes were typically twice
as large as respiratory fluxes. Stand-level light response func-
tions show that optimal photosynthetic rates at this site coin-
cided with periods of low temperature and diffuse light, as oc-
curred during the spring (Falk 2005).

Interseasonal variability in R.., was high over the 6 years.
The spring and summer of 1999 were characterized by re-
duced respiration of more than 50 g C m~? month~', whereas
the spring of 2003 showed a much earlier rise in respiration ap-
proaching peaks of 75 g C m~* month™' above normal (Fig-
ure 4). The seasonal course of soil/understory exchange
showed reduced respiration during 1999 and marked increases
in 2001 and 2003. This is evident in both the width and height
of the respiration peaks during the year.

From 1999 to 2004, mean annual R.., and GPP were 1328
and 1378 g C m~2 year™', respectively. Annual deviations in
GPP (AGPP) and R, (AR.,) from the 6-year means show that
2003 was a source year (AR, = +437, AGPP =+278 ¢ C m~>
year™"), whereas suppressed respiration (AReco=—212g Cm™>
year~!, AGPP =-40 g C m~? year™") made 1999 a strong sink
year (Figure 5). Highest monthly respiration rates were ob-
served in 2003 and 2004, whereas respiration was lowest in
1999. In 2000, GPP and R.., fluxes were consistently near the

3
2_
very wet
— 14 he K
o o - ° X
» l1e @ * ,’ ..
£ ol oo : A T ——
. v
s} L e % ° S .
g ° ° e % N e
© -1 % ° °® ° ~. .ao
_____________ .______________.__________._______________
_, |severely dry ® °
® o
] ...
-3 (]
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Figure 2. Six-month standardized precipitation indices (SPI) for Wind
River for 1998-2004.
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Table 3. Values of standardized precipitation indices (SPI) for 3-month
and 6-month SPI compared with annual net ecosystem exchange
(NEE).

Year Dry season Peak growing season NEE
3-month SPI 6-month SPI

1999 Near normal Wet =217
2000 Near normal Normal -42
2001 Near normal Extremely Dry -30
2002 Very dry Normal -98
2003 Extremely dry Normal (wet) +100
2004 Very wet Normal (dry) -9

long-term mean (Figure 6). The two outliers in Figure 6 repre-
sent measurements made in summer months. The 1999 sum-
mer was unusual with no soil water stress to limit dry-season
R.co. In this old-growth forest, there is an inverse correlation
between R.., and carbon uptake. The largest reductions in
monthly R.., were observed during the 1999 summer and cor-
respond to the greatest anomalies in carbon uptake (Figure 7).

The GPP to R., flux partitioning ratios showed a pattern of
net carbon uptake (GPP/R,, > 1) lasting from March through
July and peaking in April. The ratios decreased after April un-
til late summer or fall (August through October, depending on
year). Interannual variability in seasonal GPP/R,., ratios was
high: unusually low spring ratios (corresponding to low car-
bon uptake rates) were observed in 2003, whereas higher than
normal ratios were observed in late spring/early summer 1999
and fall 2002 months (Figure 8). Table 4 shows that net carbon
uptake (daily GPP/R., > 1) occurred more often in 1999 than
in any other year, and that the daily ratio was consistently
greater than one during the peak growing season. At the other
extreme, 2003 had the fewest days of net carbon uptake both
annually and during the peak growing season.

The largest differences between understory and overstory

"l

g ﬁ/ N E%

: - % {—f\ijpi
NS4

AN

o

-100+

T 1 T 7 T 1 T 7
J FMAMUJ J A S OND

GPP, R.., and NEE (g C m™ month™)

Figure 3. Six-year mean monthly gross primary productivity (GPP;
O), ecosystem respiration (Rec,; H) and net ecosystem exchange
(NEE; V) fluxes showing the seasonality differences in peak respira-
tory, photosynthetic and net ecosystem exchange fluxes. Error bars
represent one standard deviation.

250 - [

125

100

50

GPP, R,, and NEE (g C month™)

-50 A1

1999 2000 2001 2002 2003 2004 2005

Figure 4. (a) Monthly integrated gross primary production (GPP; O),
ecosystem respiration (R..,; l) and net ecosystem exchange (NEE;
A) fluxes at Wind River from 1999 to 2004. (b) Monthly deviations in
GPP, R, and NEE from the 1999-2004 mean. Both GPP and R, are
represented as positive fluxes and negative NEE represents a net car-
bon sink or conditions when GPP is greater than R..

fluxes were observed during the spring and summer months
and approached 150 g C m~2 month ™" (Figure 9). The mean
CO, exchange difference between the overstory and under-
story fluxes (canopy exchange DC) was near zero during the
winter, strongly negative (overstory fluxes less than under-
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Figure 5. Deviations in annual gross primary productivity (GPP) and
ecosystem respiration (Re,) fluxes from the 1999-2004 mean. Linear
fit (excluding 1999) shown as the dashed line where AR, = 31.0 +
1.41AGPP with an r? of 0.99.
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Figure 8. Monthly gross primary productivity to ecosystem respira-
tion (GPP/R,,) ratio for 1999-2004 and the 6-year mean.

Table 4. Number of days during the year and during the peak growing
season (March—June, day of year 60—200) when daily gross primary
productivity to ecosystem respiration ratio was greater than 1. Net
daily carbon uptake occurred more often in 1999 than in any other
year and almost every day during the peak growing season the ratio
was greater than one.

Year Annual (365 max) Peak growing season
1999 227 129
2000 196 109
2001 180 101
2002 206 101
2003 155 89
2004 167 105

story fluxes) in the spring, and positive when overstory fluxes
dominate in the summer (Figure 9). Large differences between
understory CO, flux and overstory NEE can generally be at-
tributed to strong photosynthetic uptake of recycled carbon in
the canopy above the 3-m EC station (Figure 10).

Evidence of water stress on ecosystem carbon exchange

The ECy, ECy; and meteorological datasets indicated that
dry-season decreases in respiration fluxes can be attributed to
seasonal soil drying. We determined that water availability
was the driving factor behind the observed decreases in Re,
when the following conditions were met: (1) 6, fell below
0.20 m* m~* and stayed below this threshold on a continual ba-
sis (Falk 2005, Falk et al. 2005), (2) the 3-month SPI was be-
low —1 for three or more continuous months and (3) there was
a decrease in midday latent energy flux, indicative of midday
stomatal closure (Unsworth et al. 2004). Summer water stress
on average attenuated annual R.., by 13% and ranged widely
from year to year: 1999 (0%), 2000 (22%), 2001 (20%), 2002
(15%), 2003 (16%) and 2004 (7%) based on the best-fit non-
linear equations (Equations 2 and 3). Figure 11 shows the dif-
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Figure 9. Monthly canopy CO; fluxes at the 3-m (H) and 70-m (O)
eddy covariance stations showing how CO; is partitioned within the
tall forest canopy. Tree canopy net CO, exchange (AC, A) is also plot-
ted.
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Figure 10. Monthly gross primary productivity (GPP) versus tree can-
opy net CO, exchange (AC). Linear fit shown as the dashed line where
AC =—15.06 — 0.51GPP with an 7 of 0.62.

ference between respiration based on the temperature model
(Equation 2) and respiration based on the temperature + respi-
ration attenuation function model (Equation 3) for 2001. Dur-
ing the 2001 dry season, water stress decreased R, by 30%.

Figure 12 compares annual AGPP and AR, against the wa-
ter-year precipitation deviations as well as fall AGPP and AR,
against summertime SPI values. As is evident in the right
panel, fall respiration was reduced during years following a
dry summer (> = 0.96, P < 0.025).

Discussion

Effects of seasonal changes in temperature and water
availability

The results demonstrate that maximum NEE occurred when

temperature and respiration were low, i.e., during the spring
(Figure 3). Cross correlation analysis of NEE and precipita-
tion at Wind River showed that net carbon exchange was most
significantly correlated with precipitation that fell 100—105 days
(~3.5 months) earlier (p =—0.52, P < 0.05). April is typically
the time when GPP approaches twice the magnitude of R.,. In
contrast, when respiration is at a yearly maximum during the
warm summer months and photosynthetic rates in the over-
story trees are attenuated by high vapor pressure deficit (Chen
et al. 2004), reduced NEE was observed. The spring of 2003,
however, shows a much earlier rise in respiration approaching
above-average values of 75 ¢ C m~2 month ™', due to higher
temperatures and adequate soil water during the 2002-2003
El Nifio event (Figure 4), whereas cooler than normal temper-
atures in the spring of 1999 during a La Nifia phase reduced
respiration by more than 50 g C m~% month™".

Enhanced or suppressed respiration had a significant influ-
ence on the annual carbon balance of the stand. In years with
low overall respiration the stand acts as a strong carbon sink
(1999), whereas increased respiratory fluxes in other years can
turn the ecosystem into a weak to moderate carbon source
(Figure 7). The flux residuals in Figure 4 suggest that R, is
the driving force behind monthly NEE anomalies. The signifi-
cance of respiration on annual NEE along the North American
west coast has been observed previously for an 80-year-old
temperate Douglas-fir forest on Vancouver Island, British Co-
lumbia (Morgenstern et al. 2004). Similar to our study,
Morgenstern et al. (2004) found that interannual variability in
NEE was in part caused by differences in R., among the
4 years.

Annual deviations in GPP and R, in Figure 5 show that
2003 stands out as a source year (AR.., =+ 437, AGPP = +278
gCm~?year™"), whereas suppressed respiration (AR, =—182
g Cm?year”', AGPP = 40 g C m~? year™') made 1999 a
strong sink year. The monthly deviations in GPP and R.., (Fig-
ure 6) illustrate that respiratory fluxes are coupled to photo-

100 0

R., (gCm™week™)

Figure 11. Time series of ecosystem respira-
tion (Reco; With (V) and without (O) attenua-
tion factor), soil water content (0—30 cm, 6,,
) and soil temperature (5 cm, 7, B) in 2001
showing the period of water stress (dark verti-
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360 cal lines) and the subsequent attenuated R,
derived from our model.
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Figure 12. Scatter plot showing the sensitivity of ecosystem respira-
tion (Reco; O) and gross primary productivity (GPP; B) anomalies to
deviations in water-year precipitation (left panel) and fall R.., and
GPP anomalies to the 3-month summer standardized precipitation in-
dex (SPI; right panel).

synthetic fluxes so that the flux components typically decrease
or increase together over a monthly integrated time step, al-
though this is not true for all months (see the outliers in 1999).
Carbon fluxes within the understory were always positive,
indicating that respiration at the bottom of the canopy was
greater than the photosynthetic fluxes from understory vegeta-
tion. In contrast, the overstory data show that overall the eco-
system is a net carbon sink throughout the spring and early
summer, but becomes a net carbon source during the late sum-
mer and fall. Atall times of year, the canopy is always a carbon
sink, as shown by AC (Figure 9). The phase difference be-
tween the maximum canopy AC photosynthesis, which occurs
between May and October, and the understory respiration
peak, which occurs between June and August, results in the
shift of NEE from sink to source. Canopy AC is generally re-
duced to zero during the winter months when NEE is near
equilibrium and NUE is small but positive, and indicates that
F3 1s being recycled within the canopy. Strong canopy sink
activity in the spring is indicated by the negative values of AC.

Effects of weather and climate

Short-term (e.g., weekly) effects of water availability on the
component carbon fluxes could not be detected with the SPIs
as chosen, but a closer examination of the data, as shown in
Figure 11, revealed that the old-growth ecosystem responds to
changes over shorter time scales. For example, respiration
rates were attenuated less by water availability in late August
2001 during a week of rain and lower temperatures than during
the weeks before or after. Thus, SPIs were useful for determin-
ing seasonal anomalies in precipitation and for linking them to
the observed seasonal flux perturbations.

Ecosystem respiration was attenuated by both water avail-
ability and temperature (lower temperatures occurred during
the high precipitation years), whereas GPP was less sensitive
to soil water availability, probably because this forest ecosys-
tem maximizes photosynthesis in diffuse light. The left-hand
panel in Figure 12 shows what we would expect: GPP and R..,
are maximized during normal precipitation years but decrease
in unusually dry or wet years for different reasons. In dry

years, respiration and photosynthetic rates are both lowered by
water limitations, whereas during the wettest year, it is mostly
a decrease in R, (from decreased temperatures) that drives
the annual carbon balance.

In 2002, 2003 and 2004, the forest switched from moderate
sink (=98 g C m~? year') to moderate source (+100 g C m~*
year™") to equilibrium (— 9 g C m~? year™"), although precipi-
tation during the peak growing seasons did not deviate signifi-
cantly from normal during these years. Instead, the high inter-
annual variability during 2002-2004 can be attributed to a
combination of extreme perturbations in dry-season precipita-
tion in 2002, 2003 and 2004 and above-average temperatures
in 2003 and 2004. Higher than normal GPP/R,, ratios imme-
diately following the intensely dry summer in 2002 indicate
that water stress continued to attenuate R., throughout the fall,
whereas irradiance and temperatures enhanced GPP. This pro-
vides evidence that the effects of drought on ecosystem carbon
exchange in this old-growth forest can last beyond the ~100
day dry season.

The dependency of carbon flux terms on climate anomalies
is complex and nonlinear because both temperature and pre-
cipitation/soil water anomalies are not independent of one
another (Figure 12, left panel). Wetter climatic conditions tend
to be cooler (spring 1999) whereas drier conditions often ac-
company warm periods (spring 2004).

Uptake of CO, in northern hemisphere temperate conifer
forests typically peaks during June or July (Falge et al. 2002,
Valentini et al. 2003), whereas we observed a GPP peak occur-
ring in May at Wind River. Fluxes of GPP at the old-growth
forest are limited by water supply during the summer, al-
though during wetter years (1999) we observed that photo-
synthetic fluxes peaked much later in the year (August) coin-
ciding with peak respiration (Figure 4). Anomalies in respira-
tion and photosynthetic fluxes were mostly positively corre-
lated, i.e., they both increased or both decreased depending on
climate perturbations in a manner similar to observations made
at EuroFlux sites (Ciais et al. 2005). Even so, anomalies to this
trend occurred (see Figure 6 for outliers in 1999) and appar-
ently caused R, to have a greater impact on NEE variability at
this site.

Data for two years of flux measurements at the Sylvania
Wilderness mixed old-growth forest in the upper Midwest
show that overall NEE (147 g C m~*year ™' in 2002 and 72 g
C m~? year™' in 2003) were significantly lower than at a
nearby mature forest site (Desai et al. 2005), most likely be-
cause of higher R, (965 g C m~> year™' and 883 g C m~>
year™', respectively) at the old-growth site. Desai et al. (2005)
state that growing-season R., had greater interannual variabil-
ity at the old-growth site compared with the mature forest. In
comparison, initial data from the Hainich deciduous old-
growth forest in central Germany show large but relatively
constant R.., (1075 + 21 g C m~? year™") and large negative
NEE (-522+52¢C m~2 year™") for 2000—2002 (Knohl et al.
2003, Granier et al. 2007). However, during the extremely dry
year of 2003, R.., was significantly reduced (851 g C m~?
year™') at the Hainich site but NEE was still large (=475 g C
m~2 year™") (Granier et al. 2007). Differences in carbon flux
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magnitudes and variability among the old-growth stands may
be the result of a combination of site-specific parameters in-
cluding regional climate regime, biomass, dominant vegeta-
tion type (conifer or deciduous or mixed), tree age distribution
and growing season length. It is evident that it is difficult to ac-
curately assess the dynamics of the carbon budget of old-
growth forests based on short (1-2 years) time series of flux
measurements because of the observed variability over longer
time scales.

Limitations of the eddy-covariance method

The EC based annual NEE measurements (mean=—50 g C m 2

year™', NEE range = +100 g C m~? year ' to =217 g C m?
year™") are well within the long-term biometric estimates (mean
NEE=-20gCm ?year”', NEErange=+116to—156gCm™>
year™') shown by Harmon et al. (2004), with the exception of
1999. Net ecosystem exchange of carbon in 1999 (=217 g C
m~2 year™") most likely represents the near-maximum carbon
uptake potential of this forest which cannot be detected through
biometric inventory estimates that have longer measurement
times (5—10 years) at this site.

Ecosystem respiration is a major factor in the calculation of
GPP, but R, is the ecosystem partitioning component with the
greatest uncertainty because it is a modeled term and hard to
measure directly. The assumption that even the modified expo-
nential fit respiration model (Equation 3) holds true during the
daytime may not always be valid, as is the case in any EC
study. Our estimates of R, derived from EC data were lower
than estimates from long-term biometric data given by Har-
mon et al. (2004) and Parker et al. (2004). However, earlier
work showed that annual estimates of R derived from under-
story EC data (1110 = 150 g C m~' year™'; Falk et al. 2005)
agree well with inventory estimates (914 g C m™" year™;
Harmon et al. 2004, Parker et al. 2004) and scaled periodic
chamber measurements (1194 g C m~' year™'; Klopatek 2002).

Our GPP estimates were not independently derived from
R..o and were lower than the annual value of 2200-2460 g C
m~2 year™' given by Winner et al. (2004) using a SVAT-model
and the 1906 g C m~? year~' given by Harmon et al. (2004) us-
ing inventory estimates, but higher than the 1300 g C m~?
year™' modeled by Field and Kaduk (2004). Biometric inven-
tories cannot capture seasonal or interannual variability in R,
and GPP because they represent measurements taken over lon-
ger time periods. Our EC data show that carbon fluxes are
highly sensitive to climate anomalies and are thus higher or
lower from year to year. Although an accurate estimate of res-
piration on the time scales represented in this paper is still dif-
ficult, we hope that future measurements and modeling activi-
ties can help improve our understanding of the processes
involved and constrain our respiration estimates.

In conclusion, over the 6 years, we observed high variability
in seasonal temperature and precipitation, induced in part, by
El Nifio (2003) and La Nifia (1999) phases. This cycle allowed
us to observe the sensitivity of GPP and R.. to seasonal
weather perturbations and assess how these component fluxes
have an overall impact on NEE. Seasonal to interannual vari-
ability in precipitation and the consequent water balance ap-

pears to influence the timing of the switch from photosynthe-
sis-dominance to respiration-dominance, ultimately determin-
ing whether the forest is an annual net carbon sink (switches in
late summer) or source (switches in early summer). While any
global warming and rising soil and biomass temperatures will
lead to increased respiration (Raich and Schlesinger 1992,
Lloyd and Taylor 1994), drought limitations on summer respi-
ration might be the more important factor in ecosystems such
as the one we studied (Anthoni et al. 2002, Reichstein et al.
2002) if droughts increase in length and severity across the Pa-
cific Northwest (Leung et al. 2004). Climate change could re-
sult in increased CO, emissions to the atmosphere by such an-
cient forests, a particular concern because old-growth forest
ecosystems in the Pacific Northwest represent a regional upper
limit on carbon storage (Smithwick et al. 2002), and conse-
quently represent a large source of carbon that could be re-
leased to the atmosphere. Furthermore, interannual variability
in terrestrial ecosystem carbon exchange is a significant factor
in the variation in annual global atmospheric CO, concentra-
tion (Houghton 2000). Our results show that the interannual
variability in NEE, GPP and R, at the old-growth conifer
Wind River site can be attributed to variation in environmental
drivers, especially precipitation and temperature. However,
because GPP and R., respond differentially to climate pertur-
bations depending on the time of year, the resulting variability
in NEE is large (317 g C m~? year™') and complex. Recent
modeling work suggests that capturing interannual variability
in forest NEE with current generation models remains a major
challenge (Hanson et al. 2004, Siqueira et al. 2006). Better
predictions of future ecosystem carbon exchange will require
an improved understanding of the causes of interannual vari-
ability in ecosystem response to environmental drivers.
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