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Abstract

The annual net ecosystem productiviBggp) of a second-growth Douglas-fir stand established in 1949 on the Canadian
West Coast varied considerably over the 4-year period between 1998 and 2001. This period included the El Nifio/La Nifia cycle
during the northern hemispheric winters of 1997/1998 and 1998/1999, offering a unique opportunity to study how a typical
forest ecosystem in the Pacific Northwest reacts to interannual climate variability. This was possible even thoudtygmnual
values calculated from eddy covariance (EC) measurements pfl@@s were subject to biases. These were largely due to
the failure of the EC method to accurately measure losses L@@er low turbulence conditions at night, which causggp
overestimates of as much a8 @C n12 per year. As these biases were largely unaffected by interannual climate variability,
it was possible to reliably quantify interannual differences-jip estimates if they were larger than random variability,
which was estimated to be30 g C nT2 per year at most. Interannual differences were mainly due to differences in ecosystem
respiration R) between the 4 years. In the year following the 1997/1998 EI Nifio, high air temperatures led to the highest
annualrR of the 4 years, while annual gross ecosystem photosynti®sigé only slightly higher than normal. This resulted
in 1998 having the lowestnep (270 g C nT2 per year) of the 4 years. For 1999, a cool and cloudy La Nifia fege was
360 g C nT2 per year, much higher than 1998, but somewhat lower than the last 2 years, folfghictalues were 390 and
4209 Cnt2 per year, respectively.
© 2004 Elsevier B.V. All rights reserved.
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changing precipitation regimes and increased surface Pacific Northwest is characterized by relatively mild
temperatures as a result of an increase in atmosphericwinters with high precipitation and moderately warm,
greenhouse gaseL(basch et al., 2001; Mitchell dry summers providing a favorable environment for
et al., 200). A complete understanding of the mech- forest growth. Forests in the Pacific Northwest are
anisms involved in C cycling in terrestrial ecosystems dominated by evergreen coniferous trees, which under
is required to determine how the C budgets of these these climatic conditions have a competitive advantage
systems will respond to changes in climate. To achieve over deciduous trees because of their ability to pho-
this, itis necessary to quantify the functional responses tosynthesize through the mild and wet fall to spring
of major ecosystems to current climate conditions period. The reduced rainfall during summer distin-
and their variations. At present, there is mounting guishes this coastal climate from most other temper-
evidence that terrestrial ecosystems in the northern ate regions in Europe, eastern Asia, and the east coast
hemisphere have, in the last two decades, representedf the United States, where precipitation is relatively
net C sinks Keeling et al., 1996; Prentice et al., 2001; constant throughout the yeawaring and Franklin,
Randerson et al., 1999For the northern extratropi-  1979.
cal regions, recent estimates of total sink strength are  To date, only a limited number of studies have pro-
about 1.5-4.3Pg C per yead¢himel et al., 2001 vided estimates of forest productivity in the Pacific
While there is ongoing debate about which factors Northwest. For a transect of mature stands from the
are the cause of the observed variations in annual C se-coast to sub-alpine forests in Oregdsholz (1982)
questration Jarvis et al., 2001; Piovesan and Adams, estimated above-ground net primary productivity as
2000; Valentini et al., 200Qlong-term CQ flux mea- between 400 and 18@ C n12 per year. High produc-
surements have confirmed that some temperate (e.qg.tivities have also been reported for two 40-year-old
Barford et al., 2001; Pilegaard et al., 20@k well as Douglas-fir stands Rseudotsuga menzies{Mirb.)
boreal forests (e.gGriffis et al., 2003; Lloyd et al., Franco) in Washington State, USA, where estimates
2002 are C sinks. However, several northern forests of above-ground net primary productivity were 640
have been identified as weak C sources, especiallyand 370gC m? per year while total net primary pro-
where growing season length limits ecosystem pho- ductivity was estimated to be 890 and0&yC 12
tosynthesis ), as is the case with boreal evergreen per year Keyes and Grier, 1981 Along the coast,
coniferous forests in Manitoba and Swed&o(lden studies of C exchange for Douglas-fir stands included
et al., 1997; Lindroth et al., 1998These divergent  short-term measurements of above-canopy 2 CO
findings emphasize the need to determine current fluxes in juvenile stands during the summéri¢e
C uptake capacities of forests with different eco- and Black, 1990, 199land long-term monitoring of
physiological characteristics and in diverse climatic CO, fluxes above an old-growth stand in southern
conditions. Furthermore, El Nifio events, which lead Washington StateFalk et al., 2002 In the latter,
to a marked change in weather patterns throughout observed net ecosystem productivitynEp) ranged
the western part of the Americas, have been shown to from —50 to 210 g C m? per year over a 3-year pe-
enhance the rate of increase in atmospheri¢ Cah- riod, i.e., varying from a weak source to a moderate
centration in the order of >1 Pg C per year compared sink. Warm weather significantly enhanced ecosystem
to non-El Nifio yearsFHrentice et al., 20Q1Inversion respiration R) and was responsible for this consider-
analysis of atmospheric GQconcentrations and the  able variation. A long-term study of the C balance of
isotopic signature of C@for these events suggest ponderosa pineRinus Ponderos®ougl. ex P. and C.
that terrestrial ecosystems, mainly in the tropics, are Laws) is monitoring C@ exchange above a mature
largely responsible for this increase. The impact of El stand in coastal Oregoi\(thoni et al., 1999, 2002
Nifio on the carbon balance of terrestrial ecosystems Estimates ofFyep of this stand, which is located in
along the Pacific Coast is currently poorly understood. a semiarid environment, were aboutO3C nT2 per
Pacific coastal forests of the northwestern United year and growing seasdr was strongly affected by
States and Canada cover approximatel§ Ki* be- water availability. Comparing two summerR, was
tween Oregon and Alaska and likely play a significant shown to increase in the wetter year, reduckigp
role in the global carbon cycle. The climate of the (Anthoni et al., 1999
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This study reports measurements Bfgp of a
second-growth Douglas-fir stand established in 1949

on the east coast of Vancouver Island, Canada, during

4 years: 1998-2001. The measurement period in-
cludes the El Nifio/La Nifia cycle during the northern
hemispheric winters of 1997/1998 and 1998/1999. In
the Pacific Northwest, El Nifio events typically in-
duce mild winters followed by unusually warm spring
months and dry summers, while La Nifia years are
characterized by wet winters and relatively cool and
cloudy conditions in the following spring and sum-
mer (Shabbar et al., 1997; Shabbar and Khandekar,
1996. This departure from the regular temperature
and precipitation pattern provides an opportunity to
investigate the sensitivity d® andR to climate vari-
ations and how these fluxes impact annlggip of a
Douglas-fir forest typical of the region.

To gain confidence in estimates of annBgkp and
its interannual variability, errors in the eddy covari-
ance (EC) measurements of €fluxes used to obtain
Fnep must be evaluatedVoncrieff et al. (1996)and
Goulden et al. (19963onsidered random and bias er-
rors of long-term C uptake calculated from EC data,
while Falge et al. (2001pave a detailed account of
the effect of gap filling flux data using simple em-
pirical methods. In this paper, we focus on biases in-
troduced by the methods used to analyze annual CO

exchange measurements. For example, criteria for se-

lecting cases with sufficient atmospheric turbulence
vary, data may or may not be corrected for energy bal-
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and interannual variations dfngp in terms of the
contributions ofP andR.

2. Site and Instrumentation
2.1. The Site

The study site is located 10 km SW of Campbell
River on the east coast of Vancouver Island, BC,
Canada (4%2N, 12520W), at an elevation of
300 m above sea level. It is part of the seasonal dry
variety of the temperate rain forest that covers much
of North America’s Pacific Northwest. Its biogeo-
climatic characterization is very dry maritime with
Douglas-fir succeeding to coastal western hemlock
(Meidinger and Pojar, 1991Logging in the area be-
gan at the turn of the twentieth century. Stands that
were not harvested were lost in the Sayward Fire of
1938. At the time, the majority of stands regenerated
naturally, with stand ages varying according to the
sites ability to regenerate, while some were planted by
conscientious Mennonite objectors of WWII who had
settled in the area. According to forest inventories of
TimberWest Forest Corp., the land owner, the site was
planted with Douglas-fir seedlings in 1949. Approx-
imately, 860 ha of forest, including the research site,
were fertilized by helicopter in 1994 with urea at an
application rate of 200 kg N h&. This has been the
only fertilization application to date (B. Grutzmacher,

ance closure, and various procedures may be used forpersonal communication).

gap filling. All these variations cause systematic biases

The stand covers an area of 130ha and is sur-

that cannot be described by confidence intervals sincerounded by Douglas-fir stands 20-60 years of age.

uncertainty in the results is not due to random noise

It stretches for at least 400 m from the meteorologi-

in the measurements but to the uncertainty about the cal tower in all directions, extending to 700 m in the

correct method of analysis. We follo#arford et al.
(2001)in bracketing the systematic bias by giving an-

north-east and south-west quadrants. These include
the prevailing summer daytime and nighttime wind

nual sums for several combinations of possible steps directions, east—north—east and west—south—west, re-
in the analysis. This enables us to compare the effect spectively. This wind direction pattern is a result of

of different methods of analysis and helps to focus re-

katabatic and anabatic flows caused by the north-east

search on the steps in the analysis associated with thefacing terrain with a slope of 5-t0and a comple-

largest uncertainties.
The objectives of this paper are to (1) evaluate

mentary land—sea circulation, a result of the proximity
of Georgia Strait located about 9 km east of the site.

the importance of systematic biases associated with The forest consists of 80% Douglas-fiPdeu-

deriving annual estimates &fygp from EC data, (2)
determine the responses Bfand R to environmen-

dotsuga menziesivar menziesii (Mirb.) Franco),
17% western redcedaiTljuja plicata Donn ex D.

tal variables and the extent to which these responsesDon) and 3% western hemlocK guga heterophylla

change from year to year, and (3) explain the intra-

(Raf.) Sarg.). The understory is sparse, mainly
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consisting of salalGaultheria shallonPursh.), Ore-
gon grape Berberis nervosaPursh), vanilla-leaf
deer foot Achlys triphylla(Smith) DC), and various
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rate of 9.5 mim! was maintained using a linear AC
pump (model SPP-15EBS-101 Gast Manufacturing
Inc., Benton Harbor, Ml, USA) located at the base of

ferns and mosses. In 1998, the mean stand densitythe tower. Delay times for the GQand water vapor

was 1100 stems h& (95% confidence interval (Cl):

mixing ratios calculated using the SAT temperature

950-1280 stems ha), tree heights ranged from 30 were about 0.8 and 1, respectively.

to 35m, and the mean tree diameter at breast height

(DBH) was 29cm (95% CI: 26-32cm). The leaf

A solenoid-valve system was used to automatically
zero and calibrate the gas-analysis system once a day

area index (projected area basis) was estimated to beat midnight. This was done by releasing, first, nitrogen

9.1 n? m~2 (Gilbert Ethier, personal communication).
The site index was 35 with a mean annual incre-
ment of 12.1 Mha ! (expected tree height in meters

and then CQ in dry air calibration gas through a tee
at the entrance of the sampling tube, causing almost
no pressure change in the sample cé&hé¢n et al.,

and mean annual volume increment per hectare for 1999. The calibrations proved to be stable under

a 50-year-old coastal Douglas-fir staridiymphreys

et al., 2003. The soil at the site is a humo-ferric
podzol with a gravelly sandy loam texture and a sur-
face organic layer averaging 3 cm, but ranging from
1 to 10cm in depth. The total soil C content to 1 m
was 11.5kg C m?, of which 2.5kg C m? was in the
surface organic layer. Sderewitt et al. (2002)or a
more detailed description of soil properties.

2.2. Eddy flux measurements

Half-hour fluxes of CQ, water vapor and sensible

field conditions (typically less than 0.5% variation in
the span and less thanuiol mol~?! variation in the
zero-offset measured in the field over the course of a
year). The calibration gas cylinders were calibrated in
the laboratory using standards provided by the Cana-
dian Greenhouse Gases Measurement Laboratory,
Meteorological Service of Canada, Downsview, Ont.,
Canada. C@mixing ratios of the cylinders used over
the course of the 4 years of measurements varied
between 358 and 3§&mol mol1.

The analog IRGA signals required for EC calcu-
lations were filtered using a low-pass R—C analog

heat above the canopy were measured continuouslyfilter (cut-off frequency 50 Hz) to minimize aliasing

using the EC technique starting in September 1997.
A 45m tall, 51 cm triangular open-lattice type tower
provided support for the sensors. The EC instru-
ments were mounted on the flux tower at a height
of 43m and consisted of a three-dimensional sonic
anemometer-thermometer (SAT) (model 1012R2A
up to March 2001, then model 1012R2, Gill Instru-
ments, Lymington, UK) and a closed-path infrared
gas (CQ/H20) analyzer (IRGA) (model LI-6262,
LI-COR Inc., Lincoln, NE, USA). The IRGA was
maintained in a temperature-controlled box mounted
2m lower than the SAT and on the opposite site
of the flux tower. It was operated in absolute mode
with nitrogen gas scrubbed to remove water va-
por and CQ flowing through the reference cell at
60-80 cnd min~1. Air was drawn from 30cm below
the center of the SAT array into the IRGA sample cell
through a 4.2m-long heated sampling tube (Deko-
ron type 1300, 4.0mm inner diameter (i.d.), Cable
USA, Cape Coral, FL, USA) and a filter located in
the temperature controlled box (model ACRO 50,
Gelman Sciences, Ann Arbor, MI, USA). A flow

and then sampled by a data-acquisition system (DAS)
(model DagBook/200, 10tech Inc., Cleveland, OH,
USA), equipped with an analog-to-digital converter
(16 channels, 16 bit), at a frequency of 125Hz. To
match the non-adjustable sampling speed of the digi-
tal SAT output, the analog signals were subsequently
down-sampled to 20.83Hz after applying a digital
low-pass filter (cut-off frequency 10 Hz) to the signals.
The digital output from the DAS and the SAT were
transferred to a PC via the parallel and serial ports, re-
spectively, and written into output files every 30 min.
On-line flux calculations were performed by the PC
at the site (see below) using software written in MAT-
LAB (The MathWorks Inc., Natick, MA, USA).

2.3. Storage change in the air column

Change in the storage of G@n the air column be-
low the EC measurement level was measured using
a four-level profile sampling system, initially with a
model LI-6262 IRGA for 1 month in the summers of
1999 and 2000. Continuous measurements started in
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June 2001 with a model LI-800 IRGA (LI-COR Inc.).
Air was drawn sequentially down sample tubes (Deko-
ron type 1300, 20 mm i.d.) at a flow rate of 22 | min

for 7.5 min, providing a single measurement for each
sampling height every half-hour. Inlet funnels at the
42, 27, 12, and 2 m heights were equipped with vari-
able lengths of 4mm i.d. Dekoron tube to give the

same pressure drop for all sampling tubes. A sam-

ple was diverted into the LI-800 at a flow rate of
0.8Imin~1. After flushing the IRGA for 60's an aver-
age CQ mole fraction was calculated from measure-
ments in the following 390 s. The IRGA was calibrated
daily at midnight by flushing nitrogen and calibration
gas through the 2 m height sampling tube.

2.4. Supporting measurements: climate and
environmental variables

A pyranometer (model CM 5, Kipp and Zonen Lab-
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soil temperature measurement at five depths between
2 and 100 cm and tree bole temperature measurements
in two trees. Soil water content was measured by soll
moisture reflectometers (model CS-615, Campbell
Scientific Inc., Logan, UT) at four depths between
2 and 100cm and by 11 time domain reflectometry
stations. These extended up to 150 m upwind of the
tower and integrated the top 30 and 76 cm of the soil
(Humphreys et al., 20Q3and, beginning in 2001,
the top 20, 60 and 90 cm. Soil water matric potential
(¥) was calculated from these measurements using
soil water retention curves measured in the labora-
tory and confirmed using occasional measurements
of predawn twig water potentiaHumphreys et al.,
2003. Rain was monitored by two tipping bucket rain
gauges (model 5251, Texas Electronics, Dallas, TX,
USA, and model 2501, Sierra Misco, Berkeley, CA,
USA) at the 24 m height. From these measurements,
the total rate of change in energy storad® com-

oratory) was used to measure downwelling solar radi- posed of the sensible heat storage in the air column
ation, and a quantum sensor (model 190SB, LI-COR beneath the EC instrumentation and the biomass, and

Inc.) measured downwelling photosynthetically active
radiation Q). Net radiation R,) was measured by

the latent heat storage in the air column, were cal-
culated using the algorithm describedhtumphreys

a model S-1 net radiometer (Swissteco Instruments, et al. (2003) The available energy was calculated as
Oberriet, Switzerland) and, since August 1999, by a R =R — G — J.

four-way radiation sensor (model CNR 1, Kipp and
Zonen Laboratory, Delft, The Netherlands) consist-
ing of two pyranometers (model CM 3) and two pyr-
geometers (model CG 3) monitoring upwelling and
downwelling solar and longwave radiation at the 41 m
height. The S-1 was found to give 4% lows than

the CNR 1. Furthermore, a comparison with the CM
5 showed a drift in the S-1 over the 4 years, while

3. Methods

3.1. Calculation of turbulent fluxes

Prior to calculating eddy fluxes, measured mole
fractions x, (mol per mol of moist airx denoting

a comparison of the CM 5 and the quantum sensor either v for water vapor or C for C£) were converted
showed no systematic variation over the measurementto mole mixing ratioss, (mol mol~* of dry air). Wind
period. The S-1 measurements were adjusted to givespeed vectors and fluxes were expressed using a ro-

a consistent relationship with measured downwelling

tated reference frame determined on a half-hourly ba-

solar radiation, leading to a 2—6% increase in net ra- sis using the procedure danner and Thurtell (1969)

diation for 1999-2001.

Soil surface heat flux@) was obtained at three
locations from soil heat flux plates (model F, Mid-
dleton Instruments, Melbourne, Australia) at the 3cm

In this frame, the mean verticabj and lateral {) ve-
locity components as well as the covariance between
these velocity components/(v’) are zero, where the
overbar and prime indicate the temporal mean and

depth and corrected for the heat storage change in thefluctuations around the mean, respectively. The latter

soil layer above. Air temperature and relative humid-
ity sensors (model HMP-35C, Vaisala Oyj, Helsinki,

Finland) were installed at the 4, 27 and 40 m heights.

Additional thermocouples provided air temperature

were calculated by subtracting the half-hourly mean
from the instantaneous values, i.e., by block aver-
aging. For our Douglas-fir site in the year 2000, the
rotated CQ fluxes were only 2% larger than the unro-

measurements at eight different heights on the tower, tated fluxes (median of the relative differences). This
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suggests that the application of the more rigorous ap-
proach ofFinnigan et al. (2003hat defines the rotated
reference frame for fluxes on time periods as long as
months will not lead to large changes in the magnitude
of fluxes.

CO; fluxes were calculated for half-hourly intervals
as Fc = paw'sg, Wherep, is the mean molar density

of dry air andw'si. is the covariance between the
rotatedw and sc (Webb et al., 198)) with positive
covariances corresponding to upward transport. Evap-
orative fluxes were calculated @ = paw's{, from
which the latent heat fluxes were derived &E,
where A is the latent heat of vaporization. Simi-
larly, sensible heat fluxes were calculated His=
(cpapa + cpvpv)w' T}, Wherepy = Sypa, cpa andcpy

are the specific heats of dry air and water vapor at
constant pressure, respectively, antl} is the co-
variance of the rotated vertical wind speed and air
temperature Tg). As the anemometer only provided
sonic temperatureTgonic), which was derived from
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IRGA was representative of the whole air column
(Hollinger et al., 1994

Asc
At

FEC = hmpa (2)
wherehp, is the measurement height and the change
in mixing ratio Asc was calculated as the difference
betweerisc of the following and previous half-hours.
The use of mixing ratio and dry air density avoided
apparent changes in GQtorage due to the addition
of water vapor to the air column. The use of total air
density and mole fraction i&g. (2) resulted in a 2%
reduction of storage values, suggesting an increase of
the same magnitude would have occurred had mixing
ratio measurements been available for usedn (1)

As F'S° was not measured throughout the measure-
ment period, half-hourly net ecosystem exchange of
C (Fneg) was calculated as

FNEE = FC-I-FISEC 3

the measured speed of sound assuming that the air wagor the entire measurement period to avoid systematic

dry, To was calculated a%; = Tsonic(1 + 0.32y) "t
(Kaimal and Finnigan, 1994

3.2. Calculation of storage fluxes and net
ecosystem exchange

The rate of change in COstorage (the “storage
flux”) in the air column below the EC measurement
level was calculated from the mole fraction measure-
ments of the LI-800 IRGA sampling the four profile
levels using

A):(C,_,
At

4
p -
Fg=) Ahjp;
=1

(1)

where Ah; is the depth of the air layejr centered
around each measurement height, ands the mean

air density in the layer. A centered running mean
Xc, = (XC i1 + XC.ji + XC 111)/3 Was used to re-
duce noise due to the single 390 s interval represent-
ing each layer for théth half-hour. Then,A):(cJ/At

was calculated for half-hour using A):(C,N,/At =
()_(C. el )_(C, . 71)/3600 S.

Afternativefy, storage was calculated by assuming
the mixing ratio measurement of the LI-6262 EC

differences irFneg between years. Here, positive val-
ues ofFngeg correspond to C losses from the ecosys-
tem. Mean monthly diurnal courses of the two storage
estimates together with thEyege values calculated
from them are shown iRig. 1for July 2001.FéEC and

Fg showed good agreement at night, during the early
morning and during the early afternoon. Only during
mid-morning (around 09:00 PST) and mid-afternoon
(around 16:00 PST) did"EC slightly underestimate
the magnitude of’§. ConsequentlyFc + F differed
from Fnyee only during these periods. The difference
was about 10% and therefore small enough to justify
the use ofFEC in Eq. (3)to yield a consistent record
of Fnee for the 4 years of measurements.

3.3. Annual net ecosystem productivity

FnepWwas calculated as the integral of all half-hourly
Fnee values with the sign chosen to give positive val-
ues for C uptake by the ecosystem:

n
Fnep = _ZFNEE_iAt
i=1

(4)

wheren is the number of half-hours, e.g.,= 17,520
for the full year, andAt = 1800 s. Gaps in the annual
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Fig. 1. Mean monthly diurnal courses of the storage fluxes cal-
culated from the C@ concentration measured by the EC IRGA
(FEC, @) and from the four-level C@profile system &, O), the
turbulent CQ flux F¢ (<) at the 43 m height, and the net ecosys-
tem exchangeFyee) calculated asfc + FE© (M) and Fc + FS

(C) for July 2001. Standard deviations of the mean diurnal values
of FEC and F§ were less than gmolm=2s* for most of the
day, decreased belowpyinolm—2s~1 during midday and reached
as much as pmolm2s-1 around 06:00 PST.

record of measureéngg were filled and measure-
ments made under low atmospheric turbulence condi-
tions at night were replaced using the following four
steps:

1. Data under sufficiently turbulent conditions at night
were selected when the friction velocity, was
above a chosen threshold valugg).

. An exponential relationship was found between
nighttime Fneg selected in step 1 and soil temper-
ature at the 5 cm depth and used to fill missing and
rejected nighttime data and to calculate daytime
respiration Ry). WhenT, < —1°C, gaps in day-
time data were also filled using this relationship, as
photosynthesis was found not to occur below this
temperature.

. P = —FNgee + Rgq was calculated fronfryeg mea-
surements during the day.

. A Michaelis—Menten relationship betwe&and
Q was found and used to fill gaps in daytime data
whenT; > —1°C.

The gap filled values dfneg, R for both nighttime
and daytime, an® were used to calculate annual and
monthly totals ofFnep, R, andP.
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Observations of low half-hourlyFyee measure-
ments for low turbulence conditions at night were
reported, for example, byGoulden et al. (1996)
Blanken et al. (1998)Pilegaard et al. (2001)and
Barford et al. (2001and exclusion of these data from
the analysis is common practice ($esdge et al., 2001
andBaldocchi, 2003or discussions of this approach).
Gaps resulting from this exclusion can be filled in a
number of ways. For example, 29 studies published
between 1993 and 2001 all used different methods
to find a relationship between nighttinfeyep and
some temperature (step 2 above). Methods differed
in the choice of temperature (soil or air), the degree
of averaging (half-hourly, hourly, or all night), the
choice of relationship (linear, exponential, logistic, or
Arrhenius function), and the mathematical procedure
used to find the best fit between the chosen relation-
ship and the data. Different combinations of these
choices lead to different values used to fill gaps in
the data set and subsequently to differences in annual
Fnep for a single data set even when all other steps
in the analysis are the same. Consequently, they are
a source of biaskalge et al. (2001pave a compre-
hensive overview of the impact of various gap filling
procedures on the values of ann&gajep.

3.4. Ecosystem respiration and photosynthesis

The most common choice of functional relation de-
scribing the relationship between temperature Risl
the exponential function (see, e.Black et al., 1996;
Goulden et al., 1996nd others):

(T—Trer)/10

®)
where Ref is the respiration rate at a reference tem-
peratureTres (here 10C was used) an@ig is the
factor by whichR increases for a 10C increase in
temperaturel(loyd and Taylor, 1994 As an example,
nighttime Fneg measurements with, > 0.3ms 1

for 2000 are plotted against soil temperature at the
5cm depth inFig. 2(a)together with a non-linear or-
dinary least squares (OLS) fit{= 0.40,n = 2197).

It has been argued that the Arrhenius functi®n=
Rref XP(Ea/R((1/ Tret) — (1/1))), whereEa is the
activation energy anfR is the gas constant, provides
a better description of the physiological processes
controlling R (Lloyd and Taylor, 1994 In the case
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temperature was small compared to that of nighttime
Fnee. Fig. 2(b)demonstrates that the data are well de-
scribed byEq. (6) (> = 0.47) and suggests that even
observations above 30molm—2s-1 at the upper end
of the temperature range are consistent with the vari-
ability observed over the whole range. At high temper-
o] atures, more Cgis respired into the canopy space and
- intermittent turbulent events that vent this space lead
to a much greater random variability in the observed
CO, fluxes. On a half-hourly time scale, nighttime
fluxes associated with, > 0.3ms! were better
S . . . correlated to 5¢cm soil temperature than to air tem-
0 5 10 15 perature 2 = 0.41 for regression of log-transformed
Soil temperature at the 5cm depth (°C) FNEE against air temperature). Therefore, the 5 cm soil
Fig. 2. (a) Relationship between nighttime net ecosystem exchange temperature W‘fis used in fmdm_g tﬁér) relatlonShl_p‘_
(Fnee) measurements, representing nighttime respiratiyn nd The most widely used relationship for describing
soil temperatureTs) at the 5 cm depth together with an exponential  the light response oP at the canopy scale (step 3
relationship obtained by a non-linear OLS fit of an exponential above) is the Michaelis—Menten function (e.Ghen

60f

linear regression (transformed data) @
nonlinear OLS fit (untransfor.me'd data) .

401

gl
o
T

-2
FNEE (umolm™s™)

function (thin line). (b) A I_ogarithmic trgnsforr_natipn of theyee et al., 1999: Falge et al., 20))1

values allows the use of linear regression (thick line) and removes

the inhomogeneous scatter of the data around the fitted function. aAmaxQ

Data are nighttime measurements from 2000 with> 0.3ms ™! = m (7)
(n = 2197).

whereq is the quantum yield anflyax is the canopy
photosynthetic capacity. Since the daytime data were
also subject to inhomogeneous scatter, a linearization
was attempted. Unfortunately, this did not solve the
scatter problem as it led to/ P = 1/ Amax+ 1/(«¢Q),
which acted to increase variability for small values of
P andQ. Hence Eq. (7)with a non-linear OLS fit and
Eqg. (6) with a simple linear regression are used here
to describeP andR, respectively.

Error estimates for the values of the param&er
dQ1o in Eg. (6)were derived from the standard er-
rors A(In A) and AB of the linear regression parame-
ters Squires, 196Bthrough Gaussian propagation of
errors as

of the data inFig. 2(a)a fit of an Arrhenius function

is virtually indistinguishable from the exponential
relationship and also give$ = 0.40. Obviously, EC
data is not suitable to decide which relationship de-
scribes respiration correctly because of the variability
in Fnee caused by atmospheric turbulence.

The scatter of the nighttime fluxes around the re-
gression line varies with temperature (heteroscedastic-
ity). When the biotic flux, or respiration rate, is small,
atmospheric turbulence cannot cause large changes inan
the magnitude oFNgE, yet large biotic fluxes can be
significantly affected by the same level of turbulence
and hence the expected variation of meastigek is
larger. As a non-linear OLS fit assumes homogeneous
scatter in the datar@bachnick and Fidell, 2001this 010 = (expB)'® = AQ10 = 10(expB)°AB  (8)
method should not be used to find the regression line. _

A logarithmic transformation of the dat&ig. 2(b) Rret = exp(In A) exp(TretB) = A Rref
removes the problem of inhomogeneous scatter and = Rrefv/ (Tref AB)2 + (A(In A))2 9)
allows the use of a form dEq. (5)that is linear inT:

Errors in the parametessandAmaxin Eq. (7)were es-

Rref In 019 timated by bootstrap Monte Carlo simulatiadgnly,
INR=InA+BT=In <QTref/1o) 0 ! © 1997). From the original data set of sizg n data
10

points were randomly sampled with replacement (i.e.,
Linear OLS regression was used to find the best fit. allowing repeated sampling of the same data point)
The requirement that only the dependent variable hasand Eq. (7) was fitted to this resampled set. This

errors was met since the random error of measured soilprocedure was repeated a hundred times to yield a
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hundred estimates of andAmax. The standard devia- Eq. (10) shows that the random error of the sum
tions of these hundred estimates were used as estimaof Fngg values grows approximately as the square
tors of the standard deviation of the parameters given root of the number of values. The more realistic es-

by the original fit.

Finding parameterizations &for periods less than
a whole year proved difficult. To establish a meaning-
ful relationship, the temperature range covered by the
data had to be sufficient to allow the relationship to
emerge from the scatter in the data. For this, the dif-
ference in temperature needed to be at le4& Gee
Fig. 2), precluding the use of periods shorter than ap-
proximately 3 months. The light response function, on
the other hand, could be extracted from monthly data.
However, the values of the parameters varied little over
the course of the year, with the notable exception in
September. As this deviation lasted for only a short
time, we chose to establish functional relationships for
gap filling on an annual basis for bothandR.

3.5. Evaluating random error and systematic biases

The random errorA Fyep of the annual Fnep
(Eq. (4) was calculated as the random error of a sum
(Squires, 196Busing random error estimatésFneg;
of the half-hourlyFngg; values. Two random error

timate Eq. (11) demonstrates that the random error
will grow monotonically as more measurements are
included.

Systematic biases of the analysis process were in-
vestigated by changing a single step in the standard
method of analysis (steps 1-3 above). The change
in annualFngp then served as a measure of the bias
associated with the new method of analysis. Three
systematic biases of the analytical procedure were in-
vestigated: (A) variation ofi,in, (B) correction for the
lack of energy balance closurand (C) correction for
photoinhibitionof Ry. To estimate bias Ay, was
varied from 0 to 0.6 m3s! following Barford et al.
(2001) who used the variation of annukigp with
Ush to bracket its uncertainty. For bias B, the energy
balance correction was derived from an orthogonal re-
gression off + A E against the available energy, for
nighttime data whem, > u.n and all daytime data.
Orthogonal regression was used here since it accounts
for the error in the independent variabiRy, To correct
turbulent CQ fluxes for energy balance closure they
were divided by the slope of the regression. A similar

estimates were employed: a ‘worst case’ estimate of method was employed bglack et al. (2000) Twine

AFnee; = 10pmolm2s~1, which is the order of
magnitude of midday fluxes, for al measurements
throughout the yearHg. (10) below), and a 20%
random errorA Fneg,; = 0.2| FNeg,i| as suggested by
Wesely and Hart (1985Eq. (11)below). This led to

two random error estimates for the ann&gakp:

n
AFNEP = z:(AFNEE,iAf)2
N
n
= | Y (10pmolm?s-1 Ap?
1
= 10pmolm—?s 1 Ary/n (10)
n
AFngp = | Y (0.2|FngeilAn?
N
n
=02 | ) (IFneeilAn? (11)

L

et al. (2000)referred to this kind of adjustment as
‘Bowen ratio closure’ because the lack of energy bal-
ance closure is attributed to an error in the measure-
ment ofH andAE that is assumed to affect all turbulent
fluxes in a similar way. This allows the Bowen ratio
to be preserved and a correction factor can be derived
for the sum of the turbulent heat fluxes and applied to
the turbulent CQ flux as well.Blanken et al. (1998)
showed that Bowen ratio closure markedly reduced
half-hour to half-hour eddy flux variability anfivine

et al. (2000)presented evidence that it improved the
agreement ofco, andAE with results from indepen-
dent estimates. Nevertheless, Bowen ratio closure is
not a widely accepted practice. Therefore, we assume
that the energy balance correction adds to the overall
uncertainty of the analysis and that the change in an-
nual Fyep estimates due to the application of Bowen
ratio closure reflects the magnitude of this uncertainty.
Bias C, the correction for photoinhibition of respira-
tion, was introduced because it has been found that
daytime leaf respiration is reduced compared to night-
time values Brooks and Farquhar, 1985; Villar et al.,



210 K. Morgenstern et al./Agricultural and Forest Meteorology 123 (2004) 201-219

1994). Janssens et al. (2004)iggested thaRy might the long-term average resulting in an above-average
be overestimated by as much as 15% if photoinhi- mean annual temperature of 9. The warm first
bition is neglected. Therefore, to estimate bias C, half of that year combined with below-normal rain-
all estimates ofRy were reduced by 15% before fall during the summer led to a severe late summer
calculatingP. drought, as indicated by the low recorded in
September. The coldest spring and summer temper-
atures of the measurement period occurred in 1999
4. Results and Discussion following the La Nifia in the previous winter, and con-
sequently the mean annual temperature of C.6vas
well below normal. Late summer drought in 1999 was
moderate due to the above average precipitation for
d much of the year. Annual courses of temperature and
precipitation for 2000 and 2001 were closer to normal
as were their mean annual temperatures of 8.2 and
8.1°C. Late summewr for these years was similar
to 1999.

A comparison ofFigs. 3(c) and 4(cshows that
monthly average soil temperature at the 5cm depth
closely followed the pattern of air temperature, both
being highest in July or Augus® (Fig. 4(b) reached
a maximum value in June or July and was most vari-
able between years in June with the lowest value oc-
curring in 1999 Fig. 4(a)shows that monthly average
u, had a weak annual trend and dropped to 0.2fn's
in late summer when generally fair weather led to
calm conditions. It was often greatest in early spring
(February through April) when frontal passages dom-
inate the weather pattern in the Pacific Northwest.

4.1. Climate and meteorological conditions

The climate at the Douglas-fir site is characterize
by an annual average temperature of&€&vith an av-
erage annual precipitation of 1450 mm, approximately
75% of which occurs between October and March
(Meteorological Service of Canada, 20@2eFig. 3).
Maximum air temperatures occur in July and August,
when the mean monthly temperature reaches %4®,9
while minima usually occur during January, averaging
1.3°C. Monthly average¥ as inFig. 3(b)shows that
low precipitation during summer led to a dry period
peaking in September, and ending in October with the
onset of rainfall in autumn.

Following the typical pattern expected for an El
Nifio/La Nifia cycle in the Pacific Northwest, spring
and early summer temperatures in 1998 were above

’g 600 T T T T T T v
£ — 1008
£ 400H == 1999 @
3 B 2000 T T T T T T r r r r r
. - —— 2001 —~ 0.4 a)1
% 200 B 30-year normal I 0 E g o ( )_
@ y £ N B E N E
5 - 0 ENLIENLIE
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0 B BN L E <~ E
J F M A M A S O D =7

J
Fig. 3. (2) Monthly totals of precipitation, (b) monthly average Mont
soil water matric potential to 30 cm¥), and (c) monthly average

air temperatureTy) at the 43m height. Climate normals are for ~ Fig. 4. (a) Monthly average friction velocityu(), (b) monthly
1971-2000 from theMeteorological Service of Canada (2002) downwelling photosynthetically active radiatio) totals, and

for Campbell River Airport, elevation 105m, 10km NE of the  (¢) monthly average soil temperaturés) at the 5cm depth. The
research site. legend is the same as kig. 3

je i )



K. Morgenstern et al./Agricultural and Forest Meteorology 123 (2004) 201-219

800

211

6001

4001

2
Fee (@Cm2y™

2001

Nighttime data included (%)

0.2

0.3
U (m/s)

0.4 0.5

Fig. 5. Dependence of annual net ecosystem productiiiggg) on threshold friction velocity thresholdi{,) and the range of percentages

of nighttime data included in the analysis.

4.2. Uncertainty in annuaFngp

4.2.1. Systematic biases
Here, we followBarford et al. (2001)n bracketing
the systematic bias by giving annuglgp for the 4

thors and also suggestsy, = 0.3ms . Fig. 5shows
thatu,n values below 0.2 mg are clearly unaccept-
able, yet the choice af,h = 0.3ms! is somewhat
arbitrary. To characterize the range of uncertainty as-
sociated withu,y, we therefore also included,, =

years calculated using the standard method of analysis0.2 m s in the analysis.

(steps 1-4) for varyingih (Fig. 5. The differences
in annualFyep between years increased with increas-
iNG Usth for u.n < 0.3ms L. Fnep in 1998 always

A common criticism of gap filling data below is
that it leads to ‘double counting’ of C that is respired at
night and ejected from the canopy air space early in the

had the lowest value, 2001 had the highest, and 1999 morning @Aubinet et al., 200p Yet, if Eq. (3)always

and 2000 were similar. In all years, annd&|gp de-
creased with increasings to 0.3ms1, when values
leveled off for 1999, 2000, and 2001, but continued
to decrease for 1998. Usings, = 0.3ms 1, only
about 25% of nighttime data (65% of all data) were
acceptable for analysis. The variable behavior of an-
nual Fnep beyond 0.3 m3! is due to the small num-
ber of dataFig. 5. In 1998, isolated events with high
nighttime fluxes at higli, values led to increasing es-
timates ofR and therefore decreasifgyep asUt in-
creased, whereas, for example in 2000 (datéidn 2),
relatively few high flux events occurred at highval-
ues. This caused the estimate to stabilize and con-
sequentlyFnep to level off at highu.n. We therefore
choseu.h = 0.3ms ! for the subsequent analysis.
The dependence of half-hourly nighttime fluxesuan
(e.g.,Blanken et al., 1998; Pilegaard et al., 2pédr
our site looks much like that reported by other au-

accurately represented the biotic flux there would be
no dependence dfneg on u, and consequently no
bias of the annudfnep. Yet, Fig. 5shows such a bias.
Furthermore, we do not observe the early morning
spikes reported by other authors (e.@race et al.,
1995; Greco and Baldocchi, 1996; Yang et al., 1999)
indicating that the C respired during law conditions

at night is lost from the system through non-turbulent
transport. Hence, we feel that our gap filling approach
does not lead to double counting.

Fig. 6 shows 5-day averages &f\gp calculated
using the standard method withy, = 0.3mst
(Fig. 6(a) and the difference betweedfngp calcu-
lated using the standard method and calculated using
uh = 0.2ms1 (bias A,Fig. 6(b). A positive differ-
ence (bias) indicates that an increasap reduces
calculatedFngp values. A reduction of fluxes occurs
mainly during the summer months because of the



212

o2

(gcm2d?

AN O N A

FNEP

'
[e2]

AN O N A

BiasA(gC m~2 d_l)

'
(o))

1999 2000
Fig. 6. (a) Five-day averagEnep calculated using the standard
method (see text) withe,;, = 0.3ms ™t (upper panel) and (b)
bias B in Fyep due to applyingu. to the nighttimeFnge. The
latter was calculated aBnep for usi = 0.2ms1 minus Fnep
for usth = 0.3ms1.

more frequent occurrence of low turbulence condi-
tions (sedig. 4(a). Furthermore, the months of July,
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Table 1

Annual totals ofFnep, P, andRin g C m2 per year for 1998, cal-
culated with the standard method, & = 0.3ms™1), with u, =
0.2ms! (bias A), with energy balance closure correction (bias
B), and with photoinhibition correction diy (bias C)

Standard Bias A Bias B Bias C
Fnep 270 360 300 270
P 2170 2020 2440 2010
R 1900 1660 2140 1740

and nighttime fluxes alike, increasifgandR by 12.3
and 12.6%, respectively, consequently increasing the
magnitude oFNgp by a similar fraction (11.1%), cor-
responding to an increase o § C nT2 per year. Us-
iNg a Uy of 0.2ms?! led to an increase in annual
Fnep of 90 g C nm2 per year. The reduction of,, for
the nighttime data allowed smaller nighttime fluxes
into the analysis, which reduced the annRalstimate.
This resulted in lower estimates Bf and hence also
lowered the annud? estimate. However, as the reduc-
tion in Rresulted from reduction during nighttime and

August, and September are the warmest at this site daytime it was larger than the reduction Bf which

(seeFig. 3) and the calculated respiratory losses from
the system are largest for these months.

translated into a 33% increaselep (Table ). The
actual bias of the annughgp due to the analysis pro-

The regression of the half-hourly energy balance cedure might have been larger than any of the individ-

terms using the data for all 4 years resulteddn-
LE = (0.885+0.004) Ry— (144+51) W m~2 for un =
0.3ms! (ranges are 95% CI). This lack of energy

ual biases since more than one bias correction might
be required to get the correct estimate.

balance closure of 12% is comparable to that found 4.2.2. Random error

at other forested sitef\(ibinet et al., 2000; Blanken

The large uncertainties in the anndlgp seem to

et al., 1998. When energy balance closure was evalu- cast doubt on the possibility of any reasonable eval-
ated on an annual basis, the slopes of the regressionsiation of ecosystem behavior based on the EC data.
were 0.888, 0.879, 0.880, and 0.892 for 1998—-2001, Fortunately, the biases discussed above are systematic
respectively, all with an 95% CI a£0.008. Since these  and differences between years for a single method can
variations were not significantly different at the 95% still be statistically significant=ig. 7 presents the dif-
level from the slope for the regression using all data, ferences between the annual value&gtp, P, andR
we used the single slope value of 0.885 for energy for 1999—2001 and those for 1998 for all four methods
balance correction of data for all 4 years. of analysis. All methods indicated theg;ep values for
Annual estimates oFngp, P, andR for 1998 cal- 1999-2001 were higher than 1998. Maximuixep
culated using the standard methagy = 0.3ms™1), occurred in 2001 for each method. Also, all methods
uxh = 0.2ms1 (bias A), energy balance closure gave the lowest values fét in 1999, and the second
(bias B), and photoinhibition dRy (bias C) are given  lowest for 2001, whileR values were similar for the
in Table 1 The standard method and the photoin- 2 years. Differences betwedfgp in 1998 and the
hibition correction resulted in the same low annual other years were greater than the worst case random
Fnep. The photoinhibition correction reduc&y, con- error estimates given ifable 2(30 g C nT2 per year).
sequently decreasing = — Fnee + Rq by the same In 1999, Fnep was significantly lower than in 2001,
amount, and leavingnep unchanged. In contrast, the  while Fygp for 2000 fell between the values for 1999
energy balance closure correction affected daytime and 2001 Eig. 7, Table 2.
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Fig. 7. Differences between the annual valued-gEp (a), P (b),
andR (c) for 1999-2001 X) and those for 1998 calculated with
the standard methodufn, = 0.3ms™1), with uyy = 0.2ms?
(bias A), with energy balance closure correction (bias B), and with
photoinhibition correction of daytime respiratioRy] (bias C).

Table 2

Annual totals ofFnep, P, andR in ng*2 per year calculated
using the standard method and the random error estimates from
Egs. (10) and (11jor the annualFnep

1998 1999 2000 2001
FneEP 270 360 390 420
AFnep (Eq. (10) 30 30 30 30
AFnep (Eq. (11) 4 4 4 4
P 2170 1990 2120 2060
R 1900 1630 1730 1640

The combined evaluation of bias and random errors
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Fig. 8. Three days dfnee measurements (C uptake by the ecosys-
tem corresponds to negative valuas), and mean daytime from
winter, spring, and summer of 1998.

by the forest stand. During the winter, the periods of
uptake were short due to the short length of the day,
but Fnee still reached about-10wmol m—2s~1. Day-
time fluxes during spring and summer reachet5

to —20umol m—2s~1. High daily Q totals in summer
did not necessarily increase downward daytime fluxes,
as can be seen for 28 June. This was in part due to
high respiration rates, apparent in the nighttime fluxes
during the summer period. The two consecutive April
nights inFig. 8, the first with lowu, and small posi-
tive Fnee and the second with high, and large pos-
itive Fngg, are again evidence of a dependence of the
nighttime Fngg on u, as was found in the analysis of

shows that the pattern of interannual variability was the annuaFyep values (see discussion Bfg. 5).
preserved regardless of the method of analysis, and  The annual courses of cumulatieep in Fig. 9

that differences between annual values were signifi-
cant even when biases were fairly lardggg. 5 also
supports this point as it shows that the variation,@f

did not change the order of annuglep values be-
tween years. Therefore, in the remainder of this paper,
we use the standard method, g4 = 0.3ms ! and

no energy balance or photoinhibition correction, to ex-

amine the seasonal dynamics and interannual variabil-

ity of C uptake.
4.3. Seasonal dynamics of carbon uptake
Fig. 8 showsFnee and u, for three consecutive

sunny days from winter, spring, and summer 1998. All
show daytime C uptake (indicated by negativgzg)

show a similar pattern for the 4 years. Little net C ex-
change occurred during November to February. C gain
started in February and continued through to the end of
July. The maximum rates achieved in March and April
varied very little between years and the amount of C
sequestered up to the beginning of May was virtually
the same for all years at approximately02{1C nT 2.
Variation in Fnep in May, June, and July largely de-
termined the difference in annuBfgp. From August
to October,Fnep Was close to zero or slightly nega-
tive. The variability in August and September was not
enough to substantially change the relative magnitude
of annualFngp between the years.

Monthly totals of P and R over the 4 years are
given inFig. 10(b) and (c)In spring,R was less than
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Fig. 9. Annual courses of cumulativeyegp for 1998-2001.

100g Cn1? per month as a result of low tempera-
tures, whileP quickly increased beyond this value in
response tQ (seeFig. 10(b) and reached a maximum
rate of more than 3Dg C n72 per month in July. This
resulted in a maximuningp of about 1®gCnt?2
per month in April and May (seEig. 10(a). Monthly

R increased to a maximum in August, following the

in May, June, and July. Above normal temperatures in
the first half of 1998 resulted in substantially enhanced
R during May through JulyP for these months was
also enhanced but did not balance the strong increase
in R

4.4. Functional relationships and their interannual
variability

Table 3gives the parameter values for the annual
relationships ofR and Ts (Eq. (6) and P and Q
(Eq. (7) that were used to fill gaps in the data. The
temperature response & was remarkably similar
for 2000 and 2001 wherBs at 10°C was approx-
imately 5umolm=2s~1 and Qi0 was about 5. In
1998, Q10 was slightly larger at 5.6, while in 1999,
Rref increased to 5.Amolm2s1 andQyq increased
to 6.0, indicating that respiration responded most
strongly to temperature that year. This, however, did
not counter the influence of low temperatures during
1999. In fact, monthl\R totals Fig. 10 were slightly
smaller in most months compared to other years.
Differences in the annual quantum yieddin the P
light response function were not significantly differ-

annual course of temperature, corresponding closely ent petween yearshmax for 1998, 1999, and 2001
to the annual pattern in soil respiration observed by was similar at about 2smol m~2s-1, while in 2000

Drewitt et al. (2002) P andR were approximately in
balance from August to October, while November and

it increased slightly to 2gmolm—2s1,
Seasonal variations are expected in the light re-

December showed small C losses in all years. Interan- snonse of due to variations in soil moisture and phe-
nual variations in this general pattern occurred mainly nojogical changes in the forest stand, such as root and
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Fig. 10. Monthly totals ofFnep, P, and R calculated using the
standard methodu(s, = 0.3ms™1). The legend is the same as in
Fig. 3.

shoot growth. However, it is difficult to extract these
variations from EC data due to the noise added to the
biotic signal by atmospheric turbulence. The light re-
sponse only markedly deviated from the annual rela-
tionship during Septembefgble 3, when values of
«a increased and values @&f,,x decreased compared
to the corresponding annual values. This decrease was
most pronounced in 1998, the year with the most se-
vere summer drought, suggesting that this reduction
in Amax was caused by water stress. Since the light
response relationship was used only to fill in missing
data during daytime, substituting the annual with the
monthly relationship only had a minor influence on
the P or Fngp estimates for the month and we decided
to use the annual relationship.

Evidence for seasonal variations in the temperature
response of soil respiration was foundDgewitt et al.
(2002)in chamber measurements of soil respiration at
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Table 3

Fitted parameter values for the annual functional relationshipRf(EEq. (6) with Rer at 10°C andP (Eq. (7) used in the gap filling
procedure

All year September
Reef (mmolm=2s1) Q10 o Amax (Lmolm=2s71) a Amax (Lmolm=2s71)
1998 4.9+ 0.3 56+ 0.2 0.07+ 0.01 25.6+ 0.3 0.08+ 0.01 15.6+ 0.4
1999 5.7+ 0.3 6.0+ 0.3 0.05+ 0.01 248+ 0.4 0.11+ 0.01 22.0+ 0.5
2000 5.1+ 0.3 51+ 0.2 0.06+ 0.01 27.0+ 0.4 0.10+ 0.01 22.7+ 0.7
2001 5.1+ 0.3 51+ 0.3 0.06+ 0.01 25.0+ 0.4 0.11+ 0.01 224+ 0.6

Error estimates indicate one standard deviation derived usizg (8) and (9)The Michaelis—Menten relationship fitted to September data
only is presented to show the effect of drought on light response.

this site.Qjo values listed inTable 3were generally looking at functional relationships at a longer time
larger than those found bprewitt et al. (2002)and scale combining data from all 4 years. Such an assess-
were well above the value of 2 that is usually taken ment of the relationships between monthly total$of
as a reasonable physiological estimate for respiratory andQ and between monthly totals & and monthly
response to temperature. This was partly due to the average air temperatures is givenFig. 11 It shows
use of soil temperature from only one depth to rep- that total monthlyP was linearly related tQ. The lin-
resent the temperature of the whole ecosystem. Fur-ear nature of the light response on time scales of days
thermore, soil temperature at the 5cm depth had an and longer is well knownGrace, 198Band is due to
amplitude smaller than, for example, that of the air the integration oP over the diurnal cycle. Even though
temperature in the canopy space. Relating nighttime the light response on the half-hourly time scale was
Fnee measurements with soil temperatures, therefore, well described by the non-linear Michaelis—Menten
‘compressed’ them into a smaller temperature range, relationship, the total daily flux was dominated by the
leading to an apparent stronger temperature responsemaximum fluxes centered around midday. Therefore,
and higherQ1g values. daily assimilation was determined by the length of
Given the relatively small interannual variation in the day, which in turn was approximately proportional
the functional relationships, insight can be gained by to total Q. Hence, the integrated light response was

a00f @ {1t ® 1400
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Fig. 11. (a) Relationship between monthly toRaland totalQ, and (b) between monthly tot& and mearnT,.
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close to linear. The temperature respons&abn the
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(1999) reported aFnep of 320 and 2709 C mé per

other hand, lacked a saturation point and consequentlyyear by an old-growth stand at Metolius Ridge in
was exponential even when data was integrated at1996 and 1997, respectively. The uncertainty in these

a monthly scale. The smaller scatter of montiRy

values (~180 g C n1?2 per year) was also comparable

around the regression relationship with temperature to that derived above, and were equally attributed
compared to the light response regression was partlyto uncertainty inP and nighttimeR. Anthoni et al.

due to the fact that the daytime portion of the tdgal

(1999) observed higheR when there was increased

had to be calculated from the respiration relationship, precipitation despite similar temperatures in the two
rather than measurements, which are more variable summers of their study. These results suggested a shift

due to the noise in the turbulent flux measurement.
The difference in the response BfandR to their
driving variables led to a delicate balance in their
influence onFnep. In winter, monthly values oR as
well asP were around 6g C nT2 per month. During
late summer, when temperatures were highRstp-
proximately balance®. In April and May, monthlyQ
totals were around 1000 molTh per month Eig. 4)
andP was about 200—25g C n1 2 per month Eig. 10).

in temperature response RBfsimilar to that described
above for our site in 1999. The authors stressed that
they observed C uptake outside the classic growing
season, leading to year-round C uptake at their site. In
contrast, at our site, in winter, monthBygp values
were close to zero even though daytime C uptake was
observed due to usually mild conditions. A similar
annual pattern of net C exchange was reported by
Falk et al. (2002¥or the Wind River site in southern

Temperatures for these months were between 8 andWashington State, a region with climate conditions

12°C (Fig. 3). The variation inR during this time was
considerable (100—2Q C nT2 per month) due to the

exponential nature of the temperature relation-

similar to those of the east coast of Vancouver Island.
Annual Fyep values for the Wind River site ranged
from —50 to 210 g C m? per year with the majority

ship. Therefore, the annual C balance was very sen-of C uptake occurring during early spring, followed
sitive to temperature variations during these spring by C loss in summer and little net C exchange in

months.

4.5. Interannual variability of carbon uptake

The high springtimeR in 1998 led to the largest
annual value oR for the 4 years (190g C nm 2 per
year, seeTable 9. This resulted in an annud&ngp
of only 270 g C nT2 per year despite the fact that the
annualP of 2170 g C n72 per year was slightly larger
than the 212 g C nm 2 per year estimated for 2000 and
20609 C m? per year for 2001. In 199R was re-
duced to 168 g C nT2 per year, due to lower temper-

winter. This pattern is markedly different from the
behavior of boreal forests, which show small but
consistent C losses during the winter. C sequestration
is greatest at the beginning and end of the growing
season, while it can be inhibited by high temperatures
during the summerGriffis et al., 2003. The El Nifio
event of 1997/1998 produced an early spring in the
boreal region, leading to a longer growing season and
greater annual C uptake in a southern boreal aspen
forest in Saskatchewalack et al., 200D

atures despite the increase in temperature sensitivity5 Conclusions

mentioned earlie was also reduced in 1999 due to

low Q, especially in the summer, so that the annual

Fnep of 360 g C n12 per year was similar to the fol-
lowing year, when bottR and P were relatively high
and the annuaFnep was 3909Cn’12 per year. Fi-
nally, in 2001 annuaR andP were reduced. This led
to a marginally higher annu&nep (420 g C nm2 per
year) compared to the two previous years.
These annuaFygp estimates are comparable to

those found by other COflux monitoring studies
of forests in the Pacific NorthwesAnthoni et al.

(1) Interannual variations in annuéjgp did not de-
pend on the analysis method and could be attri-
buted to specific climatic variations when interan-
nual differences exceeded the random variability.

(2) Systematic biases due to the methods of analysis
were about ©gCnt2 per year and hence were
more important than random error, for which a
worst case estimate 0f03) C nT2 per year was
derived.
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(3) The temperature sensitivity & was similar for crucial in keeping this long-term monitoring project
1998, 2000, and 2001, but was higher during the going.
relatively cool La Nifia year in 1999. Late summer
drought played a minor role in explaining vari-
ability in annualFngp, even though it decreased References
photosynthetic capacity in September 1998.
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