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Warming of the terrestrial biosphere due to thé@ogenic addition of carbon
dioxide to the earth’s atmosphere is becoming anfagus of scientific inquiry.
Predictions of the extent of this warming are harag@dy uncertainty in the ability of the
earth’s ecosystems to counteract this effect byesstgring carbon dioxide by increases
in the mass of vegetation, soil storage, or stonagiee Earth’s oceans. Measurement of
the carbon isotopic composition of respired G8®°Cr.ccq is becoming increasingly
important to ecosystem studies because the infwmabntained in this respiration can
be an indicator of ecosystem stress and produgtivtis study was conducted as part of
a larger research project aimed at developing estthty the capacity for measuring
5"¥Cr-ecoin @ small, steeply-sloped watershed in westeegmn. The goals of this study
were: (1) to develop and test an automated systesaimpling nocturnal air to be

analyzed in a laboratory for isotopic compositi(i#);to collect samples of the



atmosphere from the nocturnal cold air drainage steeply sloped watershed in the HJ
Andrews Experimental Forest and bring those sanfydek to a laboratory to be
analyzed for C@concentration and carbon isotope composition;(8htb conduct an
initial analysis of the relationship betwe&HCg.ccofor the first year of deployment and
two environmental forcing factors, soil moisturelaimospheric vapor pressure deficit
(VPD).

The automated system was designed during 2004 @0l Bested in the
laboratory during the month of April 2005, debuggethe field between August 2004
and May 2005, and deployed during the period frata May, 2005 to November 2005.
The design objectives for the automated samplistesy were: (1) light weight; (2)
portability; (3) high reliability; (4) fast dynamiesponse; (5) unattended operation; and
(6) the ability to capture, transport, and stomapglas over several days with no loss of
data integrity. The automated sampling system mr@apable of collecting 15 samples
per sampling period and utilized a 16 loop stasmksel sample capture valve (Valcon
Instruments7806 Bobbitt Houston, TX 77055) for sample contaeni The system was
designed for automated, labor free operation ard asCampbell CR 10X datalogger
(Campbell Scientific, Inc, 815 West 1800 North, badJtah) for both data acquisition
and system control. This unique architecture wéectsd to enhance the ability of the
system to capture samples which could be analyimealtaneously for both CO
concentration and*C. The system was deployed in a steeply slopedrsratd and
proved to have a combination of light weight (apqumaately 34 kg total weight) and
portability which allowed a wide range of field pennel to deploy the system without

undue physical stress. Some initial issues witbteéal wiring, plumbing connections,



and control program bugs hampered early seasoarpehce, but once the system was
debugged, it functioned reliably throughout the aexder of the field season with a
minimum of operator input. Test results showed thatautomated sampler had a
maximum sampling frequency of 0.043 hertz, coutdestir samples for up to 3 days
without detectable changes in either isotopic casitfpm or CQ concentration and
displayed greater precision than the hand sampliagess it replaced. Using the
automated sampling system, sets of nocturnal doldrainage samples were collected on
nine evenings in 2005. The 15 samples acquireddoh of these nine evenings were
used to generate Keeling plots to determine asinglue of the isotopic composition of
ecosystem respiratio®'¢Cr.ecd for each sampling date. The rang®bCr.cco0ver the
season was 3%and the values @F-Cg.ccovaried from -26.2/y0 on July 13, 2005 to -
22.9%, on September 14, 2005. This seasonal pattebtGk..cowas consistent with a
forest under drought stress. Trends in ecosystspiregion over the growing season
were compared to corresponding measurements ehntvieonmental variables of soil
moisture content and VPD. VPD ranged from 2.7 t6881lPa, but these patterns of VPD
were not significantly correlated to seasablaCr.ecopatterns over the study period. Soil
moisture content ranged between 7.2 % and 44.3%tbgetudy period and soll
moisture content temporal patterns were highlyetated with rain events exceeding 4
mm. The soil moisture content pattern for the sdatling slope was significantly
correlated with the seasor®&fCr.ccopattern, although other groupings of soil moisture
content were not.

The automated system designed for this projectathef its design objectives

and functioned adequately throughout the samplergd. The carbon isotope patterns



were consistent with a forest under drought staesksthe soil moisture content of the
plots on the south-facing slopes of the watersheg\significantly correlated to these
isotope patterns. The future of this system coel@éfhanced by making adjustments to
the supporting hardware, control program and opeygtrocedure to enable larger

guantities of samples, more rapid sampling rated aatomated hardware diagnostics.
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Chapter 1

ISOTOPIC COMPOSITION OF RESPIRED CO, IN A SMALL
WATERSHED: DEVELOPMENT AND TESTING OF AN
AUTOMATED SAMPLING SYSTEM AND ANALYSISOF FIRST
YEAR DATA

I ntroduction:

The isotopic composition of forest ecosystem resjoin @ °Cr.ccd potentially
contains a great deal of information about the baiam of the plants inhabiting that
landscape. Although many studies have been castietb illuminate the linkages
between ecosystem respiration and the environmeatelbles that influence this
metabolism (Bowling et al. 2002, Ehleringer etl#197), most have been aimed at sites
on flat ground, while relatively few have focusederosystems situated on steeply
sloped, complex terrain. While current techniquesdfata gathering and analysis are well
suited to flat sites with good access, the extensfdhese techniques to remote, steeply
sloped sites has not been advanced. Many of thiel\wanost productive forested
ecosystems reside on steeply sloped sites with gmm@Ess. New tools are necessary to
aid in the study of these ecosystems on complesg.sithis thesis is part of a larger
project aimed at development of such tools. Thagyof this thesis were: (1) to develop
and test an automated system for sampling noctaintd be analyzed in a laboratory for
isotopic composition; (2) to collect samples of #temosphere from the nocturnal cold air
drainage of a steeply sloped watershed in the Hilé\ms Experimental Forest and bring
those samples back to a laboratory to be analyae@®, concentration and carbon

isotope composition; and (3) to conduct an ingiadlysis of the relationship between



5"*Ck for the first year of deployment and two enviromta forcing factors, soil
moisture and atmospheric VPD.

The linkages betweed*Cr.ccoand plant physiological characteristics have been
well established (Farquhar et al., 1989, Flanagah ,e1996). Photosynthetic
discrimination against the heavier stable carbotojse t°C) is modulated by plant
physiological response to certain stresses, sudhoaght stress (Ehleringer and Cook,
1997), high salinity (Meinzer et al., 1994), ladknoitrients (Meinzer and Zhu, 1998), as
well as to high rates of assimilation (Ehleringe993). Seasonal variations in isotopic
discrimination have also been reported (Buchmaai. di997). Because the plant stores a
record of these stress states in the form of vgrgatios of carbon isotopes in the sugars
fixed during photosynthesis, it is possible to telalant tissues and plant respiration to
earlier states of stress. Furthermore, because #pgrears to be little or no fractionation
of isotopes of carbon after the initial photosymith&actionation (Lin and Ehleringer,
1997), CQ that is respired from plants and plant ecosystegms‘carry” an isotopic
signal that reflects the physiological status ainp$ at the point of fixation. Ekblad and
Hogberg (2001), for example, used isotopic respinagignals to demonstrate that there
was a time lag of 2 to 4 days between the timeadfan fixation and its subsequent
release from soils as respiration, with about 70%h® ecosystem respiration being
derived from those recently fixed carbon sourcéss Telationship has been shown to
hold in some subsequent studies of forest ecosgstem., Bowling et al. 2002, Knohl,

2005) but not in others (e.g., McDowell et al. 2p04



In almost all previous studies dFCr.eca Sampling has been restricted to
relatively flat sites. This is because the analpsbcedure used to determBt&Cr-eco
(described later in this thesis) requires a breagie of CQ concentrations, and in all
previous studies this range of [gJMas been obtained by collecting air samples tjmou
a vertical concentration gradient that developstilhair at night on many flat sites. On
sloping sites, however, advective airflow patteahaight are likely to “break up” the
vertical gradients in CQconcentration that are required for sampling amalyses to
determine>*Cr.eco. However, a pilot study carried out by Pypker e(2006, in press)
shows there is another possibility for sampling@idetermine*°Cr in very steeply-
sloped areas. This study demonstrated that nadtoohd-air drainage is a regular
occurrence in a small watershed in western Oregamthermore, the concentration of
CO, within this airflow increased substantially betwekisk and pre-dawn. Thus, itis
possible in this watershed to obtain a sufficiamge of [CQ] for determination of
5"%Cr-ecoby repetitive sampling over time rather than tiyloa vertical gradient. The
results of Pypker et al. (2006) suggest an oppdytuior the first time, for intensive
studies 0B"Cr.ccoin @ mountainous ecosystem.

Ecologists have developed several tools and teaksifpr gathering the air
samples for isotopic analysis of ecosystem respiraPioneering efforts in the field
include manual sampling of air in glass flasks afying size (Ehleringer and Cook,
1997; Ometto et al., 2002; Pataki et al., 2003gsEhsystems proved capable of
providing high quality samples but were vexed bsndading equally high quotients of

labor; workers typically need to work through thght to gather the necessary samples.
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In order to address the issue of excessive, offsh@bor input, others (Shauer et al.,
2002; Theis et al., 2004) have developed autonsdeling systems which also fill

glass flasks. These systems too have proved capfpieviding high quality samples

and have addressed the labor issue handily. Howmresperation in remote,
mountainous locations, these systems are too tkelitee to the use of glass flasks and
too heavy to transport into these challenging slteaddition, the large flasks are not
well suited to the Gas Bench system that is nowrnonly used as a front-end in isotope
ratio mass spectrometry.

A brand new technology involving tunable diode g§dL) systems may
eventually become the standard for all studiesatoipes in canopy air (Bowling et al.,
2003). This technology has several advantagesamabysis device is installed in situ
rather than in a laboratory. It is coupled to tampling mechanism so that the analysis is
nearly instantaneous, avoiding the thorny transigsttes associated with sampling being
separated from analysis, as in traditional flask@ad, mass spectrometer analyzed
systems. Another major advantage is that the sysfmrates on a nearly continuous
stream of samples and thus produces data setsanghnumbers of data points spanning
equally large time periods. However, TDL systemgehsome disadvantages associated
with them as well. At the current state of develepmthese systems are quite large and
heavy, making them difficult to transport to locais in rugged terrain. They also require
cryogenic cooling, which adds another level of ctemipy and cost. The power
requirements of a TDL system require either theaisegenerator or access to line

power, both of which are prohibitive at remote sit@iven the above, although



tantalizing for their attributes, the disadvantagksurrent TDL systems make them
unsuitable at the current time for most ecosysteimiess.

The attributes of a well-designed air samplingeaysfor use in remote and
rugged locations are somewhat mutually exclusiee ideal system would be highly
automated to preserve labor resources and praverfatigue associated with operator
attended all night sampling, yet be simple enowghrbubleshooting and repair by a
wide range of field personnel with varying skiltset would be small and light, yet big
enough to be easily serviced when necessary. Ildvainimize power consumption to
conserve on that precious commodity that is diffitmcome by in such locations, yet
have sufficient dynamic response necessary to mapamples in a rapidly changing
ecosystem. A well-designed system would be higahsgive to changes in GO
concentration so that the desired samples coutihprired, yet rugged enough to survive
the rigors of the field conditions encountered. $iistem design and materials would
allow samples to be gathered and transported withtnoducing isotope fractionation so
as to provide high fidelity respiration data, yet Bo exotic as to increase cost beyond an
acceptable limit. The system would be expandabiedet future needs and field
modifiable to adapt to changing or unanticipatedditions, yet it would be reliable so
that the stream of temporal data is not interrup®edviding for all of these attributes
while avoiding the associated pitfalls requires mglsome hard choices about where to
expend resources.

This study was undertaken to address three majectles. The first objective

was to develop an automated air sampling systeroltect air samples for laboratory
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analysis of the isotopic composition and the cotregion of CQ. The second objective
was to determine, through Keeling plot analysis,sbasonal values for the isotopic
composition of ecosystem respired £I0r a steeply sloped watershed in the HJ Andrews
research forest. The final objective was to esthbihether or not relationships between
the isotopic ratio of the ecosystem respiration txedenvironmental variables of soil
moisture and VPD exist for this watershed. Chaptef this thesis reports on the results
of the automated sampling system development vhilgpter 3 presents the data that

were produced using the automated sampler as wéileaanalysis of those data.
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Chapter 2

AN AUTOMATED SAMPLING SYSTEM FOR CAPTURING AIR
SAMPLESAT NIGHT INREMOTE STEEPLY SLOPED,
FORESTED WATERSHEDS

Abstract:

An automated sampling system was designed, bestted and deployed in 2005
to collect samples of air for determination of ib@topic composition of ecosystem
respiration §°Cr.cc9. The design objectives for this automated systeuded light
weight, portability, reliability, fast dynamic respse, unattended operation, and the
ability to capture, transport, and store samples geveral days with no loss of data
integrity with respect to the critical measuremealies of CQ concentration and carbon
isotopic composition. The automated sampling sygiemaed capable of collecting 15
samples per sampling period and utilized a 16 kiamless steel sample capture valve
(Valcon Instruments{806 Bobbitt Houston, TX 77055) for sample contaenin The
system was designed for automated, labor free bperand uses a Campbell CR 10X
datalogger (Campbell Scientific, Inc, 815 West 18@dth, Logan Utah) for both data
acquisition and system control. This unigque architee was selected to enhance the
ability of the system to capture samples, whichidde analyzed simultaneously for both
CO, concentration and-*C. The system was deployed in a steeply slopedrsrad and
proved to have a combination of light weight andglaility which allowed a wide range
of field personnel to deploy the system withoutumg@hysical stress. Some initial issues
with electrical wiring, plumbing connections, armhtrol program bugs hampered early

season performance, but once the system was dehugfienctioned reliably throughout
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the remainder of the field season with a minimuromdrator input. Test results showed
that the automated sampler had a maximum sampkomgéncy of 0.043 hertz, could
store air samples for up to 3 days without detéetabanges in either isotopic
composition or C@concentration and displayed greater precision thamand sampling
process it replaced. Using the automated sampjisigs, sets of nocturnal cold air
drainage samples were successfully collected om ewenings in 2005, demonstrating

the capability of the automated system to perfosmex design intent.

I ntroduction:

The carbon isotopic composition of forest ecosystespiration §*°Cr.ecd is
potentially rich in information related to the hisahnd vitality of plants inhabiting that
landscape (Flanagan et al., 1996; Flanagan €998; Fessenden et al. 2003,). There is
promise for using**Cr.cco@s a monitoring tool to evaluate ecosystem resgsotts
environmental variation over a range of time scétekblad and Hogberg 2001;
Bowling et al. 2002). In order to capture this miation efficiently and accurately, an
integrated system for field collection of sampkmmnple transport, and data analysis is
required. Over a two-year period, we developedh susystem and methodically tested
alternate designs and procedures. This systemda®®an alternative sampling method
to the traditional flask samples that are frequeunsled to collect samples for Keeling plot
analysis (Ehleringer and Cook 1997; Shauer et0f13p

Charles Keeling (1958, 1961) developed a techniqueentify the isotopic

composition of ecosystem-respired £i@ samples of air collected in and above a plant
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canopy. The Keeling method requires that sampesobected over a range of @O
concentrations at night, when photosynthesis ioonotirring. These samples are then
analyzed to determine their ratio'd€ to**C (53'*C) and CQ concentration. The carbon
isotopic ratio of ecosystem respiratid’Cr-ecd is determined from this set of samples
collected over an evening using a graphical appré@asolving a two end-member
mixing model (for an example of a Keeling plot,aefo Figure 2.11). To collect
samples for a single analysis (one data pointgshgators have typically needed to
spend three to eight nighttime hours carefully narmg natural fluctuations in GO
concentrations, collecting samples in glass flaskd the required concentration range is
obtained (Ehleringer and Cook, 1997; Ometto eR8l02; Pataki et al., 2003). The
samples are quickly returned to a laboratory f@lysis to minimize the possibility of
fractionation due to slow diffusion into or outtbk flask. This is a time-consuming and
expensive process, especially when the studyssiiemote or difficult to access.

The cumbersome method of hand collecting air sasripds stimulated interest in
automating the sample collection process. Shauwsr €£002) and Theis et al., (2004)
have developed automated sampling systems tas8lifigsks. Shauer’'s automated
sampler uses a pump to move sample air througméatthto a rotary valve. Glass
flasks with a 100ml volume are interfaced to tlogary valve. The sample gas is pumped
through one channel of the rotary valve and theeva cycled when it is desired to
capture a sample. The valve is then sequenceae toetkt position and the cycle repeats

itself. Using such automated techniques allowsaresers to capture samples without
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committing field personnel to continuous duty, whiainimizes the labor necessary to
get research data.

After samples are collected in the field, they@terrned to the laboratory for
analysis of isotope composition. In the case efglass flasks sampled by Shauer et al.
(2002), the samples were analyzed by withdrawirgesti gases from the flasks with a
500 ml syringe and then injecting these gasesargontinuous flow isotope ratio mass
spectrometer (Finnigan MAT 252 or DeltaS, FinnigdAT, San Jose, CA), which is
preceded by a pre-condensing unit in series wigasachromatograph columithis
process, although extremely accurate, is both &intelabor intensive and is also very
costly. In order to automate the sample analysisgss (thus lowering cost per sample),
many other investigators are currently using thigian Gas Bench Il front end for the
introduction of samples to the MAT 252 mass sp&cét@r. The Gas Bench Il utilizes an
automated robotic arm fitted with a dual flow needirangement to extract samples from
vials and introduce them into the mass spectromé&har samples are contained in glass
vials (exetainers) which are arranged in a racks Tdck is then visited sequentially by
the robotic arm and samples are introduced ingbatience to the mass spectrometer.
Thus, the data are ordered by the sequence of samipdduction and can be later
coordinated with the sample’s meta-data. The auiednsampling system developed by
Schauer et al. (2002) was designed for glass flas#ighis is not compatible with the
septa-topped exetainers commonly used with theB@ash II. For researchers who
endeavor to decrease labor expenses by automatihghie sample collection and

sample analysis systems, this lack of compatibgigsents a difficult dilemma.
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The current project was initiated to depedmd test an automated air sampling

system to be used as part of the HJ Andrews Airgha@eéct. The Andrews Airshed
project started in 2002 as a pilot project to datee, among other things, if t&°Cr.cco
could be quantified in steeply sloped, forestedevsiteds (Pypker et al. in press). Isotope
analyses for this project were conducted in theratory of Dr. Alan Mix, using a Gas
Bench Il system. Thus, the automated glass flaskpting system developed by Shauer
et al. (2002) was not considered a good optionHigrproject. Instead, a new system,

which allowed automated transfer from the sampp#uwa containers, was developed.

Backqround:

Several non-automated air sample collection teclasgvere tested during the
pilot phase of the Airshed Project (before this Maf®ject was initiated). Each of these
techniques required an operator to monitor a foeldable infrared gas analyzer, or
“IRGA” (LI-6252, LI-COR Inc., Lincoln, NE) in ordeto determine the appropriate
sample collection times. The overall objectivehis decision process is to obtain
samples with the largest possible range of €@ncentrations. During this phase of the
study, the field [CG measurements were used directly in Keeling phatlyses
(described in the introduction). Later, thanksdeances in laboratory analyses, the,CO
concentration was measured by the mass spectroowetenrrently with the isotopic
analysis. Because the g&ncentration of the canopy air fluctuates rapidlyd the
infrared gas analyzer was necessarily in serids thhé sample collection tubes, there

could be significant differences between the meab@Q concentration and the true
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concentration of gas sampled in the vials. Thusas determined that a buffer volume
preceding the sample location was necessary to damghmese rapidly fluctuating GO
signals.

To avoid contaminating the samples with operatspiration a “glove bag” was
used for filling the glass vials. The operator pldopen vials and their caps in the bag,
which was “plumbed” to the airflow line. At a de=il CQ concentration, the operator
capped the vials by working through the plasticlsvaf the bag. Tests were performed
as part of the Airshed Pilot project to determime best combination of glass vial and
septum for field sampling. It was determined #igter butyl rubber or Kel-F septa
coupled to 20ml glass vials supported accurate r@ati@val over time spans in excess of
24 hours and through altitude changes between sgnot and analysis lab of about
500 feet (Pypker, private communication). The Gasd Il uses a double-needle
sampling system to “sip” gas samples from vials$ #ma capped with septa. The vials are
arranged on a grid, and the sampler is engineergtte automatically through this
grid. This is a very efficient sampling systemd ainis conceptually appealing to use a
similar system to automate the collection of ampkes in the field. However, the very
small hole left by a needle might result in a vemypute leak, which could lead to
fractionation of isotopes in the sample. A seoktests were conducted as part of the
Airshed Pilot Project to evaluate this concernwds discovered that, during
transportation, sample leakage from the punctuepthsand associated isotopic
fractionation reduced sample fidelity. This problesas confounded when the punctured

vials were transported from the relatively hightatte of the field site to the lower
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altitude of the laboratory. Tu et al. (2001) fowshilar results, with isotopic precision
decreasing by about 0.07 permil for each day thieipdes were stored in vials capped
with punctured septa.

The next attempt to automate the sampleaain system employed the use of a
portable automated water collection system (ISC@26Teledyne ISCO, Inc, 4700
Superior Street, Lincoln NE). The ISCO automateddar uses a pump to circulate
water through the body of the sampler. When a $igoan the controller indicates that a
sample should be taken, this flow is temporariljedied to one of 99 sample vials. The
interface between these vials and the circulatystesn is from industry standard
needle/septa. It was thought that this deviceccbalmodified to circulate air rather than
water, which would provide the labor saving autaorahecessary to fill small glass vials
with air samples without the development effortessary to design a customized
system. These vials could then be loaded intodhepte tray of the Gas Bench Il, where
the samples could be automatically extracted aatyaed. However, the ISCO design
did not prove to be a good candidate for use itecthg gases. There was concern that
the pumps might not move adequate volumes of &eép the sample lines purged and
that these pumps might cause isotopic fractionatdso, as stated earlier, piercing the
septa was shown to cause isotope fractionatiotherend, it was determined that too
much effort would have to be expended modifyingI8@0O system to make it a practical
device for sample collection.

At this point in the project, attention turned toampletely different scheme for

automating sample collection that avoided the disgats altogether. This new scheme
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involved the use of a Valco 16 port sample coltectralve (Valco E2SD16MWE,
Valcon Industries, INC, 7806 Bobbitt, Houston, TXhis valve is a specialized sample
collection valve used extensively in laboratorytinments such as mass spectrometers
and gas chromatographs. There are 16 sets ofméebutlet ports, which are addressed
by a spring loaded indexing distribution hub. Thi® seals each set of ports from the
rest of the system and opens one set at a tinsafaple collection. The sample passes
through the distribution hub to an inlet port. Ceated between the inlet port and the
outlet port is a length of stainless steel tubmg‘(oop”), which serves as the collection
volume. The sample is then passed through thisguioi the outlet port, back through the
distribution hub, and exits the collection syst&ihen the electronic valve controller
receives a signal from the system controller t@ talsample, the hub is indexed by an
electric stepper motor, isolating and sealing thetigular set of inlet and outlet ports thus
trapping the sample in the loop. Sequential indgxihthe distribution hub traps samples
in each set of the 15 loops, which comprise theetaDawson et al. (Rugh, private
communication) tested a similar sample collecticimesne, but found that isotope
fractionation occurred during sample storage. H@ueour own initial tests showed no
indication of fractionation in the Valco valve aattion. It is possible that there may have
been some residual organic cleaning compoundsegtan the sample loops in the
Dawson et al. tests, which may have contributetiédractionation signal observed. This
problem was avoided by flushing all sample loopsAf® hours with dry Blprior to

starting fractionation testing and all subsequiid fdeployments.
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Due to the highly negative impact 08™Cr.cco0f large errors in measurement of
[CO,] (Zobitz et al., 2004), it was not considered agsq to rely on field measurements
of [CO,] recorded when samples were captured. The Oretga Bniversity College of
Oceanic and Atmospheric Sciences Stabile IsotopesMpectrometry Facility
(OSUICOAS SIMSF) came up with a unique solutiomttvease the precision of
measurement of [C{Pby using the integral of the mass spectrometéage output
signal to determine [CA This technique provided the advantage that tBe C
concentration and the isotopic signature for ai@aler measurement came from the
same gas volume.

The objective of this part of the thesis was tagieand test an automated system
for collecting air samples based on the Valco vaiviee used for isotope analyses. The
design objectives for this automated system inddgnt weight, portability, reliability,
fast dynamic response, unattended operation, andlitity to capture, transport, and
store samples over several days with no loss af idétgrity with respect to the critical
measurement values of G€oncentration and carbon isotopic composition.dratory
and field testing, and their associated resultspagesented. Discussion of the results and

recommendations for system improvements are atsadged.



18

Autosampler Design | ssues:

The design of the automated sampling system foHthA&ndrews Airshed Project
was guided by the need to provide air samplesat@irately and precisely represented
the 3"°Cr.ecoWithin the watershed. It was desired that the sysiperate automatically to
minimize labor, especially as this labor is reqdifer sampling between 1800 and 0200
hours. The location of the pilot study sample mtesomewhat remote and difficult to
access, so light weight and portability were algihly desired. Design and operation
simplicity was sought to increase the range ofarsl able to deploy the system. As
this system was to be the model for future systevhgh would be semi-permanently
installed to monitor ecosystem function, it wasigksthat this system be both flexible
and field modifiable so that it could easily be piga to various locations.

As mentioned above, a Finnigan Gas Bench Il femat was coupled to a
Finnigan Delta Plus MAT 252 mass spectrometer tyae the air samples provided by
the automated sampling system. Typically, sampiesallected in small glass vials, or
exetainers, for use on the Gas Bench II. The salopfes used in the Valco valve system
created some unique constraints on the Gas BestbnsyThese issues were addressed
by the laboratory technical staff, resulting inustom interface between the sample

containment valve and the Gas Bench Il inlet.

System Description:

The automated sampling system is contained in gparate enclosures, a

“Control Enclosure” and a “Sample Valve Enclosufeigure 2.1). Both enclosures were
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constructed of 0.95cm marine grade plywood withralelimensions of 61cm &1lcm x
61cm. Wood was chosen for the initial construcbbthe enclosures due to the ease of
field modification and low cost. As the design mragiand final component choices are
made, a transition to electrical grade fiberglasdasures would increase the durability
of the system and provide better protection ofrintecomponents.

Two enclosures were needed to separate the samaplartg valve from the
system control components. The Sample Valve Enmtosontains the 16 port Valco
sample containment valve and its electronic coleroh 155 cni polycarbonate cylinder
filled with magnesium perchlorate is mounted to d¢héside of this enclosure and is used
to remove water from the sample stream beforetdrerhe delicate internals of the
sample valve. All plumbing connections inside thix are 1/8” stainless steel tubing
with Swagelok fittings. The Control Enclosure consaa LI-COR 6252 infrared gas
analyzer (IRGA), a Campbell CR10X data logger (CheligScientific, Inc, 815 West
1800 North, Logan Utah), a six port Valco selesave and its controller (Valcon
E2SD6MWE, Valcon Instrument3806 Bobbitt Houston, TX ), the sample and purge
pumps, the solenoid valves that isolate the cdldmagases, and the miscellaneous
electrical connectors that are necessary to prqaadeer and control signals to the
various devices. The Sample Valve Enclosure welgh3 kg, while the Control
Enclosure weighs 20.6 kg. See Table 2.1 for alddthst of the components, which

make up the automated sampling system.
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Autosampler Gas Path:

The automated sampling system retrieves air sandjpéasn through three % inch
diameter tubes that are affixed to an adjacent 3@wer, allowing air intake from
heights of 3m, 10m, and 28m, respectively. Eadhede separate tubes has a 5 micron
filter attached so that fine particulates and wdteplets are removed from the air
stream. Each of these tubes enters a bulkheawhfittiounted to the Control Enclosure.
From the bulkhead fitting, 1/8” diameter nylon tadpicarries the air sample to the Valco
6 port selector valve. The automated calibratioseganter the Control Enclosure in a
similar manner, running through separate solenaldes on their route to the Valco
selector valve. The purge pump and the sample @rmplso connected to the Valco
selector valve. The sample pump outlet exits thet@bEnclosure through a bulkhead
fitting and connects to a 200&nvater trap filled with magnesium perchlorate meahto
the outside of the Sample Valve Enclosure. Thestofl the water trap is connected to
the 16 Port Valco Sample Valve through a bulkhééidd, which is mounted to the
Sample Valve Enclosure. The output of the 16 Pam@e Valve exits the enclosure via
a bulkhead fitting and is connected to an infragad analyzer (IRGA) (LI-6252, LI-
COR Inc., Lincoln, NE, USA) through a bulkheadifitt mounted to the Control
Enclosure. The output of the IRGA is exhaustedhé&oexterior of the Control Enclosure
via another bulkhead fitting. The Campbell Data &g mounted inside the Control
Enclosure, receives input signals from the IRGA s@&dds output signals to the sample

pump, purge pump, Selector Valve, field calibratyas solenoids, and Sample Valve
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based on the control sequence dictated by the lsgge@gramming. See the schematic

diagram of the Automated Sampling System for def&igure 2.1).

Autosampler Oper ation:

The Autosampler is connected to a CR10X Campbé¢dl dgger. The automated
functions of the sampling system are triggeredddinsare written by another member of
our research team for the datalogger. This softwgaresponsible for providing the
timing of the control signals, which activate tlaple and purge pumps, selector valve,
and sample valve. Initially, the control prograrartt the system pumps and infrared gas
analyzer (IRGA) one hour before sunset so thatRI@A has a sufficient warm-up
period before sampling begins. During this warmpepod, a technician performs a leak
test of all of the connections of the automatedm@anand the IRGA is manually
calibrated for C@measurements using three field calibration ga3es.hour after
sunset, the control program triggers the systebegin taking samples. This typically
occurs around 9pm PST in the summer months amiieisded to be coincident with the
onset of cold air drainage in the watershed. Tlgnam is parameterized by the
technician to achieve a minimum range of &0ncentration (usually around 30ppm),
which it uses to establish set intervals of@0Oncentration for each height sampled. A
minimum of 5 minutes must pass between each sargple so that flushing of all
connection tubing between the sample introductntpon the tower and the sample
collection valve is assured. The air sample pattsesgh the selector valve from the

tower tubing and is pumped by the sample pump tiirdbhe water trap. From the water
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trap, the air sample passes through the 16 Porpleavialve and into the IRGA. The
IRGA sends a continuous G©@oncentration signal to the data logger. Wherea pr
determined C@concentration value is achieved, the control paogtriggers the data
logger to signal the sample valve to index, tragg@n air sample in one of its loops. The
pre-determined concentration value is a produet cdlculation between two operator-
defined values in the control program. To arrivéhag concentration, the desired £0
range is divided by the number of samples at eagfhh(the total number of samples
divided by the number of sample heights). The tesaflthis calculation determine the
concentration that must be achieved before the leacap be collected. Once this pre-
determined concentration is achieved and the saocgfiection valve has indexed, the
logger then signals the selector valve to selesva height and the program repeats its
operation. A purge pump continuously purges thettweer tubes not being currently
sampled with the aim of keeping the air moving tigio those tubes fresh. After the loops
are filled the program progresses the system idlarstate, shutting off the pumps and
the IRGA. If all the loops are not filled by oneur before sunrise the system enters
“panic” mode. The system then sequentially fitle temaining loops regardless of the
CO, concentration of the air. The program recordsGfde concentration (from the
IRGA) each time the Sample Valve is directed t@oba sample, along with the time of
sample. The temperature of the interior of the @briEnclosure is also recorded to

monitor the operating temperature of the IRGA.



23

System Testing:

Testing of the automated sampling system was pagd in both laboratory and
field situations to quantify the ability of the spl@r to deliver high fidelity air samples.
All of the isotopic analyses for this project weerformed at the OSU/COAS SIMSF
using the Finnegan MAT 252 Mass Spectrometer coupléh the automated Gas Bench
Il sample introduction process. Shauer et al. 8@@rformed extensive testing of
different materials of construction of their autdethsampling system, looking for
isotope fractionation effects attributable to thesserials. Their results indicated that
stainless steel tubing, Viton o-rings, and Valcomgidde (high density polyethelene) seal
interface materials performed well. We chose ®the materials recommended by
Shauer et al. (2003) and focused our testing onthevgystem performed with respect to
isotopic fractionation and leakage or diffusionGfd, concentration. A series of
laboratory tests and field tests were conductetktermine: (1) the maximum time
samples could be retained in the system beforerntbdgnger represented the gases from
which the samples were produced; (2) the compan$@aacuracy and precision of both
isotopic composition and G@oncentration of the automated sampling system as
compared to hand sampling; (3) the system’s dynaesiconse; and (4) the integrity of
the system’s plumbing from week to week.

Storage Test

This test was performed in the laboratory by fdliach loop of the Valco sample

storage valve (see illustration in Appendix B) wgts from a NOAA certified tank

(nominal CQ concentration 959 ppm £3.5ppm). This high fC@as was chosen for the



24
test because it is markedly different from the amblaboratory gas, which makes
detection of concentration changes more apparaneadh of five sequential days, three
loops were filled with gas. Each sample was takear gas flowed through a loop at 50
+ 1 ml/min for 5 minutes. The entire system wasliled with the same NOAA gas for 15
minutes prior to the test at a rate of 100 + 1 nm/prior to capturing samples to ensure
that no trace gases contaminated the samples. fAlitey three loops each day for five
days the samples were run on the MAT 252 Mass 8peeter, with the most recently

filled loops run first.

Hand Sampling comparison to Automated Sampling

To compare the hand and automated sampling teacbsiiye simultaneously
filled the automated sampler sample loops and gastiners with C@of known
concentration. Similar to the Storage Test outlinbove, the automated sampling
system was flushed with the field calibration gaisif5 minutes prior to capturing
samples. Once the flush process was completedyamsallowed to flow through the
automated sampling system. For each loop sampheeixetainer glass vial was filled just
prior to capturing the loop sample by flushing éxetainer vial from the exhaust of the
automated system and then quickly attaching awhggh contained an un-punctured
butyl rubber septa. This technique was similah®dne used in the field to capture hand

samples used in the pilot study (Pypker et alprass).
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Dynamic Response Test

The Dynamic Response test was performed in tihd fieth the automated
sampling system connected as it is during normatatpn. This testing arrangement
provided realistic conditions for determining systdynamic response, including proper
length and orientation of air supply tubing, potainkinks and bends, and plugging of
inlet filters, all of which would be difficult toiswulate in a laboratory setting. The
program that controls the automated sampler wasfimodrom its field sampling form
to allow continuous operation with operator corladlvalve switching. Measurements of
CO, concentration stabilization time after switchirgdihts were recorded for each of 4
different heights with 5 data points being takenhggght. This stabilization time
represents the minimum amount of time the systerst imei allowed to flush for a
particular height before a sample can be captunddsaan indication of how quickly the

system can respond to changes in, C@nhcentration.

Weekly System Integrity Tests

During the field season, canopy gas samples wererdeach week. To be certain
that the air samples captured by the automated|sagrgystem were not being
compromised during transport back from the fietd & the laboratory, two of the
sample loops were filled with field calibration gatsthe field sampling site. These loops
were filled at random with two different field datation gases, each with different values
of CO, concentration and isotopic ratios. The field aailon gas samples were analyzed

in the laboratory simultaneously with the resthad field air samples. After laboratory
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analysis of all of the samples, all of the loopsemien flushed and re-filled in the
laboratory with the two field calibration gasesdise fill the two loops in the field (half
the loops with one gas and half with the other)e Tésulting analysis of these laboratory-
filled loops provided a statistical basis for comgan of the weekly field filled loop
samples. Any large differences between the fidlediloops and the laboratory filled
loops would trigger an internal investigation oé ihtegrity of the loops or the field data.
Inspection of the standard deviation of the lalmsatata would also indicate outliers,

which serve as a second check of loop integrity.

Results:

Sorage Test

The mean values f&"*C of each of the timed storage samples up to 7&stfeil
within the 95% confidence interval for the NOAA gasted, while the values for the 97-
hour samples fell just outside the same confidemeeval (Figure 2.2). The CO
concentration within the loops fell within the 953nfidence interval (within = 7ppm) of
the NOAA gas used for the test for the entire filegtest period, although there was
some indication of a slight positive drift in [G[dor the final two days (Figure 2.3). The
confidence interval for the NOAA gas was establishg repeatedly analyzing samples
that had been flush/filled into exetainers. The A&fidence interval values produced
by this flush/fill process are outside those preddy NOAA for the standard gas;
however, they represent a more realistic accourmtifgpw well our mass spectrometer

can measure the concentration (or isotopic sigeatfrthe gas in question. Thus, this is
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a better test of the ability of the automated samgpystem to retain these data over time.
In any event, it is instructive to realize that;, éogiven Keeling plot analysis the change
in thed"Cr.ecofor a constant offset variation of + 2ppm (the amioof variation of the
storage test values) would be about + G/g9(Figure 2.12). Given that the variation in
5"*Cr.cco0Ver a season is in the range 8f;3and week to week changes can be as high
as 1.5%q0, the 0.09/o, variation produced by this potential error in &@ncentration is

relatively small.

Hand Sampling comparison to Automated Sampling

In all testing, whether the subject was isotapiormation or CQ concentration,
the precision of measurements from the automateghlsea was consistently better than
that of the hand sampling process (Figures 2.4%p Zhe standard deviation of th8C
values varied between 0.039 to 0.093 and 0.0773649%, for the automated
sampling system and hand sampling process. Thdathdeviations of the GO
concentration for the automated sampling systene @és8 to 0.94 ppm while the
corresponding values for the hand sampling proaess 1.94 to 8.63 ppm. Clearly, the
automated sampling system is capable of produciorg rronsistent results than the hand
sampling process.

With respect to accuracy of the automated samgiystem and the hand
sampling system, the picture was less clear. Tedteindicated that for the lower GO
concentration samples tested, the accuracy ofahd kampling process was better for

both the isotopic signature and the &Oncentration (Figures 2.4 and 2.5). The
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difference between the hand sample process meathafidish/fill sample mean was
0.27 ppm for C@concentration and 0.T&, for 3*°C while the corresponding values for
the difference between the automated sampler pganean and the flush/fill sample
mean were 7.24 ppm and -03@, respectively. For the higher absolute CO
concentration samples, the situation is reverseglf€s 2.6 and 2.7). For these samples,
the difference between the hand sample process arghthe flush/fill sample mean was
0.03 ppm for C@concentration and -1.9%, for 3:°C while the corresponding values
for the difference between the automated samptargss mean and the flush/fill sample
mean were 0.03 ppm and -0 &, respectively. These results are somewhat sungrisi
and non-intuitive. It is suspected that there mayehbeen some errors associated with
either the experimental technique or the mass spaeter analysis for this test. The
expected result, given that the precision of thermated sampler is clearly much higher
than that of the hand sampling system, would bethi®aaccuracy of the automated
sampler would also be higher than that of the tsmdpling process. This is especially
true when one realizes that the loops of the autetnsampler are quite small in diameter
and thus don’t allow much (or any) mixing of thdilne gas which pushes the sample
gas into the mass spectrometer, whereas the haralisg process, using a concentric
needle apparatus, is quite likely to have heliuhatitig the sample. This dilution should
contribute to lower accuracy of the sample gastduke drop in output voltage of the
mass spectrometer reading associated with the loaverentration, yet there is no
consistent indication that the automated samplgestorms the hand sampling process

with respect to accuracy in this regard. Anothesstlle explanation for this lower



29
accuracy at low concentrations is that the masstgpeeter has shown, in general,
poorer performance as the €€ncentration drops. Again, since the output \gataf
the mass spectrometer is proportional to, C@nhcentration and at concentrations below
about 350ppm this voltage signal is below 500mV (tw for stable results), it could be
that this experiment simply presents confirmatiet 800ppm C@concentrations can’t
be accurately measured with a mass spectrometessialpre-conditioning stage is
employed. It is recommended that this test be tepeat the end of this field season to
establish the true increases in both accuracy eexdgion afforded by the automated

sampler over the hand sample process using highgc@hcentration test gases.

Dynamic Response Test

Results of this test show that the system’s marimesponse rate is about 0.043
Hz (or about one cycle every 23.5 seconds) witkomer tubing connected to the
sampler (corresponding to a zero height measurgr(fagure 2.8). As the tower tubing
length is increased, the dynamic response of thiesydecreases at a rate of about 0.001
Hz m* (the cycle time increases by 0.58 seconds perrmétabing). The data indicate
that the resistance to air flow imposed by the sthameter internal passages of the
components of the automated sampler coupled wetleattye volume of the desiccant
chamber are responsible for most of the time necg$sr the system to be flushed
between cycles, with the relatively large diam#tgrer tubing contributing little to

overall system air flow resistance. The apparesk & linearity may be due to varying
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resistances within each of the separate samplivgstwarious degrees of contamination

on the surface of the inlet filter or kinking oftlubing.

Weekly System Integrity Tests

On a weekly basis the isotopic signatures of thiel ftalibration gases were
consistently within the confidence interval estsitsid in the laboratory, whereas £O
concentrations were not (Figures 2.9 and 2.10)irdguhe course of this field season, we
consistently had difficulty maintaining proper ¢caation of our CQ concentration, due
in large part to lack of availability of a suitablE®AA standard gas. This situation
caused the lab to rely, temporarily, on using &gt gas standard derived from a set of
ordinary, non-NOAA calibrated tanks that were caltbd using the same LI-COR 6252
that was used in the automated sampling systenselta@ks were also used to fill two of
the sample loops during weekly sampling. The vafaethe CQ concentration of these
field calibration gases were established on a weeksis using the IRGA (LI-6252),
which was calibrated using a NOAA gas of known @miation (397.7 £0.1 ppm). The
LI-COR 6252 , when working at peak capability, hastated variance in output of £ 1
ppm (one standard deviation, as per the LI-COR &g2ification manual). This value
shows up in the data for this experiment as the 86&tidence interval of the weekly
field calibration gas readings from the mass speutter and is in fair agreement with
those values (LI-COR 95% confidence interval £ Bhpmass spectrometer weekly field
calibration gas laboratory readings 95% confidentaval £ 2.75 ppm). The purpose of

this test was to alert the operators and fieldgersl of any situations where the Valco
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valve storage loops might be leaking or somehowadgad. The date DOY 249
(9/6/2005) is a good example of how these data higlused. On DOY 249, the isotopic
signatures of the field calibration gases were iwithe 95% confidence interval of the
ongoing laboratory results, but the €€»ncentration values for the field calibration
gases were significantly different from the valpesduce in the laboratory. This
situation, if properly illuminated, should raisencerns about either individual loop
integrity, the integrity of the entire automatedngding system, or the calibration of the
CO, concentration of the mass spectrometer. For #ge,dhere was no evidence to
suggest that either the individual loops were leglar that the automated sampling
system had malfunctioned, leaving the conclusia tiiere were problems with the mass
spectrometer calibration. An ongoing graph depigciaasonal results along with the last
field results could work to alert those using tiistem that a problem exists. This is
analogous to a control chart used on automatecuptiah lines in industry and is a
standard practice at most manufacturing facilittdthough there would be some
overhead costs associated with setting up and enaing) such a practice, the effort
would be justified by the value of early detectadrproblematic situations. Unfortunately
for this data set, we were not able to maintairhsusystem and thus relied on the mass
spectrometer technician to spot such problems@adriounce these issues to the group.
We were not always successful in catching probleamsyitnessed by the number of field
calibration gas data points that are outside tlBé 68nfidence interval for CO
concentration. One goal of future work should bddwgise and implement an early

problem detection control chart.
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Discussion:

The automated sampling system designed and builhis project provided
significant advantages over previous methods ofpéacollection. The testing described
above, and the results of those tests, show thautomated sampling system provides
for storage of samples in the sample loops foeadtl three days without significant
change in [C@ or 3'C. This is a clear advantage for researchers wHear to set up
such a system and then allow it to perform its fimmcwithout supervision. With the
addition of a wireless interface and transmittee, $ystem could be made to collect data
independently and report back to the experimehgrthe system is ready for retrieval. If
there were specific requirements of the datasgt ésparticular range of GO
concentrations), the system could continue to predund discard nightly samples until
this threshold had been reached. Once the thresladltheen reached, the system could
then alert the researcher of the data capturealbli¢y to store the data for up to 3 days
is a significant advantage for the researcherigtpint, allowing flexibility in
deployment of individuals to retrieve the samplasanalysis. Also key is the ability of
the system to simply reset itself and take anadkepf samples after a sample event,
which again allows flexibility in achieving the des, predetermined data thresholds.
Although the present system is not currently erchbde such operation, the addition of a
wireless interface, a transmitter, and some redtisninor programming changes would
allow such an operational scheme. The hand samplatgod, which preceded this

automated system forced, at minimum, two field téclans to be present during
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sampling for long hours under adverse conditionsceSthe capture of samples under the
hand sampling system was subject to the partiagarator’s skill and judgment,
significant variation could take place between da&ts produced by different sets of field
technicians. The automated system does not stiffemeakness.

The results of the test comparing automated sagpditnand sampling clearly
show that the automated system has a much higpabitigy with respect to precision of
the dataset than that of the hand sampling pro@éssstandard deviation of tB&°C
values varied between 0.04 to 098 for the automated sampling system while the
corresponding values for the hand sampling hanesysvere 0.08 to 0.38y, which is
at minimum a two-fold increase in precision. Theresponding values for one standard
deviation of CQ concentration were 0.58 to 0.94 ppm for the autethaampling system
and 1.94 to 8.63 for the hand sampling systemady&ur-fold increase in precision for
the automated sampling system over the hand sagngystem. Shauer et al. (1997)
report more precise values for g@ncentration (0.2ppm) but less precision for the
isotope results (0.1%y0) while Buchman et al. (1997) report the oppostipgn for CQ
concentration and 0.0%, for 83C). Both of these authors used glass flasks fop&am
storage, which was not considered feasible giverotiectives of our automated system.
In summary, the automated sampling system was fwmworto four times more precise
than the hand sampling system it replaced, wasl égwa better than those of previous
automated systems, and supported the project gbhdght weight and system

portability.
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Although the accuracy of the datasets producethiéyutomated system appears
to only exceed that of the hand sampling procebggaer CQ concentrations, it is felt
that this result was probably in error. There sy no reason to suspect that the value
of CO, concentration should affect the ability of theamated sampler to accurately
reproduce the input data from either a field oolaory test. Given that there were
significant CQ concentration calibration issues experienced duhe course of the field
season, it is likely that these results have bkewsd by this variation. Unfortunately, at
the time of this writing the automated samplingtegsis in steady use during the current
field season and is thus not available for follogvtesting. This follow-up test should be
completed during the winter of this year when theipment is not in use, but there is
high confidence on the part of the author thatsystem will prove to be at least as
accurate in data reproduction as that of the hantping process and will likely far
exceed that of the performance of the hand sampkgrould be noted that, by judicious
use of standard gases during the mass spectroamatiysis of the samples that the
accuracy of the results for field testing can bprioved by making constant offset
adjustments in the field data to match the sampledsirds data. If it were to turn out in
subsequent testing that the accuracy of the aueahsampling system was not adequate,
this situation could be remedied by the use ofdita from the weekly field calibration
gas tests to provide the proper data offsets. logcimprovements, however, are not
impacted by manipulation of constant offsets amdlefore can’'t be improved by post-
analysis manipulation. For this reason, one ohtlost valuable advantages of the

automated sampling system over the hand samploaeps is the increase in precision
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the automated system provides. Neither Shauer €387) or Theis et al. (2004)
indicate any values for accuracy of their measurgmef eithe™>C or CQ
concentration, so a direct comparison of accuratyéen this automated sampling
system and previous efforts is not currently pdssib

The dynamic response test performed in the laboratows the automated
sampler can capture individual samples at a maximaienof about 0.043 hertz, or about
23.5 seconds per sample. The time lag betweenmaablurement is a function of the
volume of the fluid passages in the system, the flte of the fluids moving through the
system, and the amount of mixing which takes plete/een sample capture events. The
hand sampling process, due to the instability aflregs of CQ concentration produced
by the LI-COR and the response time of the opesatdro used that reading to determine
sample capture points, required that a large bufiekrme be inserted in the fluid path to
stabilize these readings. This large buffer volusriired that much longer periods of
time elapse between capturing samples (on the ofdeminutes) to ensure that sample
mixing was not taking place and reducing the qualitindividual samples. Clearly, the
automated system, which does not require a buéilemve, has a much higher capability
with respect to sample capture rate and is thezafarch better equipped to respond to
environments where there is rapid fluctuation imgke content. The automated systems
described by Theis et al. (2004), Shauer et aB{1and Buchman et al. (1997) all use
large volume glass flasks (1/2 to 2 L) to store glas Although no dynamic response
was reported for any of these systems, it is hi¢gjkély that their maximum sample

capture rate would be similar to the hand samiygiem described thus far (about 5
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minutes per sample). Although the current softwyaogram requires the automated
system to sample at a maximum rate of 5 minutesyee, the dynamic response test
results indicate that this time period could bagigantly reduced, as low as 23.5
seconds per sample. This could be a significanamidge in certain environments or
where rapid sampling is desired, especially ifadapability of the system to store higher
numbers of samples were increased in conjunctidim this change. It was observed in
the field that that actual rate of fluctuation dD£concentration was both highly varied
and extremely rapid (with changes of 0.01ppm peorsg not uncommon). It is
suspected that these rapid changes were not bad&dlogically driven processes but
instead were more likely to be caused by atmospherbulence and the associated
mixing of the air stream. If it was desired to eaptthis turbulent change, a system

capable of rapid dynamic response would be desirabl

Conclusions:

The design, construction and testing of this aatt®th sampling system was the
result of group effort aimed at increasing the gualf the data and reducing the required
labor to capture that data for the HJ Andrews AgtsRroject. The system was to be
employed remotely in a steeply sloped watersheplinag light weight, portability, and
rugged construction. It was desired to build aeysthat was simple to operate to
increase the range of personnel able to use themsyeffectively. The system needed to
be able to interface effectively to the Finnigars@&nch Il IRMS, which is rapidly

becoming the new standard in gas measurementoimpis analysis. It was also desired
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to produce an automated system which could be trkimg model for future automated
systems which would be called upon to operate alifundependently of supervision,
having the capability to report back to researchdran it had collected samples of a
predetermined quality. The ability of the systencapture samples in a highly dynamic
environment was also sought. With regard to athefabove objectives, the automated

system which resulted from these efforts perforaeuaiirably.

Future Direction:

Although the precision improvements of the aut@datampling system
described above over the hand sampling procesg bkiarly demonstrated by
laboratory testing, some additional testing to somthe capability of the system with
respect to dataset accuracy should be performestitongly believed that the results of
this testing will confirm that the automated systisras highly accurate as it is precise.

Weekly datasets produced by this system for arsabyger the course of the field
season included field calibration gases inserteterfield to verify the soundness of the
system and to help analyze system performancerécommended that a control chart
strategy, or a functional equivalent of the saneeintplemented and tracked by both field
personnel and laboratory technicians to increasalility of system problems to be
detected and rectified before too many questionddila are captured.

The system has proved capable of performing teated function without
operator intervention. The system’s capacity tafiom independently could be

improved by increasing the number of samples tkgegy can store, removing the 5
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minute settling time forced between sample captuading wireless communication and
transmission capability, and field supply of cadition gases. Adding these components,
along with the control program modifications neeggio make them function

seamlessly, would extend the utility of the systemew environments.
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Table 2.1: Autosampler Materials of Construction List

Item Qnty | Description Manufactur Model
er
Gas 1 Infrared Gas Analyzer; provides LI-COR LI-6252
Analyzer control signal of C@concentration
to system controller
Selector 1 6 port Selector Valve; provides Valcon E2SD6
Valve selectable path for multiple source MWE
air samples
Sample 1 16 Port Sample Valve; provides Valcon E2SD1
Valve sealed storage for air samples 6MWE
Data 1 System Controller/Data Logger; Campbell CR 10X
Logger provides control signals to various Scientific
system components and stores
critical data
Water 1 155 cm3 magnesium perchlorate
Trap cylinder which traps water to keep IRGA
and Sample Valve free of contamination
Sample 1 Air pump; motive force for moving Neuberger, UNMP50
Pump air samples through system Inc -KNDC,
12vdc
Purge 1 Air pump; motive force for keeping Brailsford TD-42N,
Pump tower sample lines purged 12vdc
Solenoid | 2 Isolates field calibration gas cylinders | Cole Parmer 625E
Valve from Selector Valve
Inlet Filter | 3 5 um prefilters; removes fine
contaminants and water drops from
incoming air samples
Bulkhead | 9 Stainless steel tubing fittings; Swag-Lok
Fitting interface between inside and outside of
both
enclosures
Nylon Various | Connects bulkhead fittings of both
Tube lengths| Enclosures and interior air sample
paths in Control Enclosure
Stainless | Various | Connects Sample Valve to bulkhead
Tube Lengths| fittings inside the Sample Valve
Enclosure
Solid State| 6 Relays between control signals and Crydom D1D07
Relays high power requirement components
Inverter 1 Converts 12vdc to 110vac for Valcon | Radio Shack 300W
Valve controllers High
Eff., Cat

# 22-146

39



Figure 2.1: Autosampler System Diagram
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Figure2.2
5L3c Storage in Automated Sampler
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Results from a storage test performed in the laboyaThree loops of the Valco sample
storage valve (see Appendix B, Autosampler Systémgiam) were filled each day for 5
days with a NOAA certified gas (nominal @€oncentration 958.9 ppm). After the final
fill process, the contents of all of the loops wanalyzed using the COAS mass
spectrometer.
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Figure 2.3
[CO2] Storage in Automated Sampler
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Results of a storage test performed in the laboralthree loops of the Valco sample
storage valve (see Appendix B, Autosampler Systéagiam) were filled each day for 5
days with a NOAA certified gas (nominal @€oncentration 958.9 ppm). After the final
fill process, the contents of the loops were aredyior CQ concentration and™C ratio.
The contents of the loops filled last represent@aye CQ concentration reported for
that time period was adjusted to agree with theinahvalue of the NOAA gas. All of

the values for the other days were adjusted usiagame offset required to bring the day
0 value to alignment with the NOAA standard.
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Figure 2.4

&'°C measurements for low CO, concentration samples
June 28, 2005
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Comparison of the isotopic accuracy and precisidawo sampling techniques
(autosampler and hand sampling). The test usefié@nee gas to fill both the
autosampler loops and the hand sampled exetaiags gials. The “flush/fill” values
represent the best technique available for deténgithe true value o¥"C ratio of the
reference gas and thus are used in this instanest@ndard of comparison (“truth”).
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Figure2.5
CO, concentration data for low CO, concentration samples
June 28th, 2005
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Comparison of the performance of the automated kartgphand sampling for capture of
CO, concentration. The test uses a field calibratias t@ fill both the autosampler loops
and the hand sampled exetainer glass vials. TheHffill” values represent the best
technique available for determining the true vafid*>C ratio and C@concentration for

a given gas and thus are used in this instances@sdard of comparison (“truth”). As
can be seen from the data above, the precisidmeoAtitomated Sampling System data is
much better than that of the hand sampling tectmiglthough it appears that the hand
sampling output has higher accuracy.
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Figure 2.6

5"°C measurements for high CO, concentration samples
June 28, 2005
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Comparison of the performance of the automated Eartgphand sampling for capture of
5C ratio. The test uses a field calibration gasltddth the autosampler loops and the
hand sampled exetainer glass vials. The “flushifgllues represent the best technique
available for determining the true valuedfC ratio and C@concentration for a given
gas and thus are used in this instance as a sthatleomparison (“truth”). As can be
seen from the data above, both the precision antacy of the Automated Sampling
System data is much better than that of the hamgléag technique.
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Figure 2.7

CO, concentration data for high CO, concentration samples
June 28th, 2005
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Comparison of the performance of the automated kartgphand sampling for capture of
CO, concentration. The test uses a field calibratias t@ fill both the autosampler loops
and the hand sampled exetainer glass vials. TheHffill” values represent the best
technique available for determining the true vafid*>C ratio and C@concentration for

a given gas and thus are used in this instancestandard of comparison (“truth”). From
the above results, for this test the accuracy df bechniques was extremely high while
the precision of the automated sampling systereXaeeeded that of the samples taken by
hand.
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Figure 2.8

Automated Sample System Dynamic Response
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Dynamic response of the automated field samplistesy. The least squares regression
of the data indicates that the system’s maximurmparese rate is about 0.043 Hz (or about
one cycle every 23.5 seconds) with no tower tubmgnected to the sampler
(corresponding to a zero height measurement). dsalver tubing length is increased,
the dynamic response of the system decreasestd afrabout 0.001 Hz per meter (the
cycle time increases by 0.58 seconds per metetbaid).



48

Figure2.9
Weekly Span Gas Field Filled Trap Data for 5°C
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Differential 5*C values of the weekly field filled plumbing intégrtest. Each week two
separate gases which were used to field calibhatadatomated sampler IRGA were
stored in two loops of the sample collection valkBter the mass spectrometer analysis
of all of the field samples were completed, ¥z & liops were refilled with each of these
two gases. The results of the field filled loopgeveompared to the average of the lab
filled loops of the same gas (the comparison igfardntial value). The shaded portion
of the graph represents the 95% confidence intéovahe lab filled loops using the
pooled standard deviation for these data througtieuseason.
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Figure 2.10
Weekly Span Gas Field Filled Trap Data for CO, Concentration
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Differential [CO;] values of the weekly field filled plumbing intetyritest. Each week
two separate calibration gases which were useltbdalibrate the automated sampler
IRGA were stored in two loops of the sample coitativalve. After the mass
spectrometer analysis of all of the field sampleseacompleted, ¥ of the loops were
refilled with each of these two calibration gasise results of the field filled loops were
compared to the average of the lab filled loopthefsame calibration gas (the
comparison is a differential value). The shadedipoof the graph represents the 95%
confidence interval for the lab filled loops usithg pooled standard deviation for these
data throughout the season.



Figure2.11

Keeling Plot of Airshed Tower Data
August 10, 2005
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Figure 2.12

Keeling plot variation with constant offset of CO2 concentration of +/- 2 ppm
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Keeling plot variation with constant GOffset. A constant offset variation of the £0
concentration of + 2 ppm causes the valud'd€r.ccoto vary from -28.73 to -28.5%q,,
with the center value of -28.64 (corresponding tff6et).
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Chapter 3

KEELING PLOT ANALYSISAND ASSOCIATIONSWITH
ENVIRONMENTAL VARIABLES

Abstract:

Variation in the isotopic composition of ecosystespiration §">Cr.cco) Was
studied over the 2005 growing season at Waterslddiie HJ Andrews Experimental
Forest in western Oregon with the goal of undeditagirelationships between
environmental factors, especially atmospheric hitynahd soil moisture, and*Cr.eco
The watershed has a pronounced nocturnal air dyaisgstem, and concurrent
atmospheric studies have revealed that the aiingatige tower at night contains a well-
mixed sample of respired G@om the entire 96 ha basin. Samples of air wetlected
at night from various heights of a 37m tower eréctethe base of the watershed on nine
occasions between July 13, 2005 and October 5,.288%utomatic sampler collected
15 air samples for each sampling period, and theetration and carbon isotope
composition of CQin these samples was determined in the COAS latmgrat Oregon
State University.5"*Cr.ccoWas determined from these measurements usingetbknig
Plot approach. Instrumentation affixed to the toa@ntinuously measured microclimatic
conditions during the study period; microclimateass| as soil moisture was also
continuously monitored along a transect of eigbtphrrayed across the watershed.
Measured values @& Cr.ccoincreased from -26 2y on 13" of July to -22.9/40 on 14"
of September. VPD, measured by instruments affingtle tower and averaged over 24

hour periods, ranged from 2.7 to 1758 Pa, but VBRfepns were not correlated to



55
seasonab *Cr.ecopatterns over the study period. Soil volumetri¢ev@ontent ranged
between 7.2 % and 44.3% over the study periodydhiation in soil volumetric water
content over the study period was highly correlatét! rain events exceeding 4 mm.
Soil volumetric water content on south-facing speas significantly correlated (r = -

0.77, p < 0.01) with season®’Cr.cco

I ntroduction:

Ecosystem scientists have developed many methati®als to study metabolic
processes of forested ecosystems on flat terr@md® sensing (Martin et al. 1997),
micrometeorology (Baldocchi 1997; Yakir et al. 208aldocchi 2003), and flask
sampling of air (Buchmann et al. 1998; Bowling le2801) have been used successfully
to uncover important ecosystem functions on flatlJdut most of these techniques are
inadequate when addressing ecosystem procesdesdsts lying on mountainous
terrain. Micrometeorological techniques (eddy caae) require a homogenous forest
where horizontal fluxes of mass and momentum sureeto over short timescales. In
complex terrain, advection of air into the systamnighttime cold air drainage violates
this requirement, thereby introducing unacceptélels of uncertainty (Black et al.
1996, Lavigne et al. 1997, Staebler and Fitzjar2fld4). Due to the inherent difficulty in
studying forested systems in mountainous terrbggd systems are poorly represented in
the scientific literature. As some of the most prctd/e ecosystems in the world lie on
such terrain (Harmon et al. 2004), the study okgstem metabolism and associated
environmental conditions are among today’s mosbirtgmt ecological problems

(Schimel et al. 2002).
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Convection and advection account for much of thenmvement in areas with
mountainous terrain. Disproportionate heating obgiradiative energy from sunlight at
the ridge of a mountain during the day causesdindb rise (convection), lowering local
pressure. Air from the valley flows into this lowegsure zone and an up-valley wind
results. During the nighttime hours, radiative aoglof the surface of the slopes in this
terrain causes local air temperature to decredsiehvincreases that air's density.
Gravity then drives this air down the slope, cregtiown slope winds. Air from above
the valley surface moves in (advection) to repkiclost air, setting up airflow patterns
that mimic stream flows. This airflow is strongestcloudless nights, when radiative
losses are highest (Monteith and Unsworth 19905 filghttime airflow pattern in
mountainous terrain has been termed “cold air dgeh (Fleagle 1950, Manins and

Sawford 1979, Mahrt and Larsen 1982, Whiteman 1990)

Nocturnal cold air drainage flows entrain any gasésased by the vegetation and
soils on the slopes of the mountainous terraimp&ficular interest to ecosystem
scientists studying the carbon cycle in mountairmegsons is the capture and transport of
respired C@from vegetation and soils. Environmental varialsiesh as VPD,
temperature, and soil moisture have been linkedeasotopic composition of this
ecosystem respiration (Bowling et al. 2002, Barketual. 2005, Ekblad and Hogberg
2001). The isotopic composition of respired GAries as a result of discrimination
against the heavier isotope of carbon by vegetalismg photosynthesis (Farquhar et al.
1989, Ehleringer et al. 1992). As a result of th&crimination, the respiration of plants

and soils are depleted 1fC (Pataki et al. 2003), and this respiration appéabe
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dominated by recently fixed carbon (Eckblad and lbéwg, 2001). By sampling the air
exiting the cold air drainage at night, ecosysterargists may be able to monitor
ecosystem respiration of the watershed and usénfioisnation to study environmental
effects on ecosystem processes.

The isotopic composition of ecosystem respirat®idr.ccJ is typically
measured using a graphical approach developed elngg1958). This method
requires a relatively wide range of €@bncentrations to ensure a low value of standard
error of the Keeling intercept (Pataki et al. 208i3p see the detailed description in the
Methods section of this thesis).

Almost all previous studies & Cr.ecohave focused on sites with relatively flat
topography. Because the gfrofile is usually vertically stratified at theBat sites, air
samples are taken from different heights in theopginio produce the required range of
CO, concentrations. During cold air drainage eventh@éwatershed investigated in our
study, the canopy air tends to be well mixed, nagahe advantage of sampling at
multiple heights to produce the requisite largegeaaf CQ concentrations. Previous
studies of this watershed (Pypker et al., in prease shown that it is possible to collect
the necessary range of g€ncentrations from samples taken over the cafrdee
evening rather than by sampling vertically. An atage of sampling in mountainous
terrain with this technique is that the samplirkglly represents a larger area, or footprint,
than the corresponding measurements on flat grotimd.method is showing promise as

not only a means of collecting samples that reprtetbe state of the watershed
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respiration signal, but as well a method to morgiwwsystem processes within a steeply

sloped watershed.

The goal of this study was to investigate the re@fehips between the isotopic
concentration of ecosystem respiration and two ntamb environmental factors that
affect carbon isotope discrimination by plants: V&Ml soil volumetric water content.
The specific objectives were to: (1) use an autechaampling system to produce weekly
samples of air for isotopic and G@oncentration laboratory analysis; (2) determine
weekly values 08°Cr.ccofrom the results of these laboratory analysesa@mpt to
correlate this pattern @&-3Cr.ecoto the environmental variables of VPD and soil

volumetric water content.

M aterials and M ethods:

Sudy Ste

All measurements were made in Watershed #1 (WStheolHJ Andrews
Experimental Forest in the western Cascades ofalédtegon, USA (44.2N, 122.2
°W). This watershed covers 96 ha and was harvestettilate 1960s. Douglas-fir
(Psuedostuga menziessii) dominates this closed canopy forest, with seconda
components of bigleaf mapléder macrophyllum), red alder Alnus rubra) and western
hemlock {Tsuga hererophylla). This site is typical of those in the western €akes, with
wet, mild winters and warm, dry summers. The saillghis watershed are gravelly clay
loams (Swanson and James 1975). A 37m tower watedrat the base of this watershed

to serve as the focal point for collection of @nmgples and meteorological data. A
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transect consisting of eight plots was installewhss the watershed slightly upstream
from the tower and normal to the stream, which gahefollows a northwesterly path.
The plots are identified by numbers; plots 501,512 and 505 are arrayed from the
ridge top to the lower slope of the southwest-fgaide of the watershed and plots 507,
508, 510 and 512 are arrayed from the lower slofbké ridge top of the northwest
facing slope (the numbering system was establiglhedrrespond to nearby long-term
vegetation plots. The discontinuity in the numbmrsurs because not all of the
vegetation plots have associated measurement.pBu# volumetric water content, soil
temperature, and micrometeorological variables wegasured at 15 minute intervals by
sensors located at these plots for correlatioréssnal values @ Cr.eco. This transect
contained four plots on each slope face, which wiesiibuted on each slope with
roughly equal differences in elevation. For thepgmses of comparison of soil volumetric
water content t&"*Cr.eco these plots were grouped by sun exposure (pec) as well
as by elevation. The sun exposure groupings watéwest- facing plots versus
southwest facing plots (hereafter simplified asgintnorth-facing” and “south-facing”)
while the elevation groupings pitted the two high@ets on each slope against the two
lowest plots on each slope. The rationale for threexposure groupings is that there
should be differences in productivity and soil ntwie content based on how much sun
exposure a tract of forest receives, while theoratie for elevation groupings is that there
should be differences between total water voluneelable for transpiration based on
elevation due to gravity drainage of soil moistureese differences in productivity and

total water availability may manifest themselvesamniation of vegetation respiration
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signal and thus should be discernable in the aisadj$"*Cr.cco (Note that one plot on
the north-facing side of the transect (plot 508} we&moved from these analyses because
the data stream was not continuous over the sgpepied.) See Figure 3.1 for a map of

the study site.

Air Samples for Keeling Plot Analysis

An automated sampling system was designed andfbuthis study. This system
pumped air from 3 heights of the tower (3m, 10, 28ah) at the rate of about 1.5 liter
min through an infra-red gas analyzer (IRGA) (LI-62BRCOR Inc., Lincoln, NE,
USA) to a 16 port Valco sample capture valve (E2@DWE, Valco Instruments
Company, Inc, 7806 Bobbit, Houston, TX). See chaptef this thesis for a full
description of this system. Each week during thegperiod (May 4, 2005 to November
17, 2005), 15 air samples were captured at nigkttmMgen 2000 PST and 0300 PST) by
the system and brought back to the College of Gugraphy and Atmospheric Sciences
Stable Isotope Mass Spectrometry Facility (Oreg@ateSJUniversity) (OSU/COAS
SIMSF lab) for analysis of the G@oncentration and"C of the samples. A continuous
flow isotope ratio mass spectrometer (Finnigan/M2ditaPlus XL) coupled to a
GasBench Il automated headspace sampler was usedlize the samples for both £O
concentration [C§ andd'°C analysis. Due to the highly negative impact anabcurate
estimation isotopic ratio of ecosystem respirafi®fiCr.ecd caused by large errors in
measurement of [C(Zobitz et al., 2004), it was not considered adsq to rely on LI-

COR 6252 field measurements of [g@corded when samples were captured. The
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OSU/COAS SIMSF lab came up with a unique solutmmtrease the accuracy of
measurement of [CPby using the integral of the mass spectrometéage output

versus time signal to determine [¢O

Keeling Plot Analysis

The value 0B"*Cr.ecoWas determined from each set of weekly air samyasy
a two end-member mixing model, or Keeling plot (Keg 1958, 1961, Buchmann and
Ehleringer 1998, Flanagan and Ehleringer 1998).Réwling method requires plotting
the 3"3C value for each sample against the inverse @@sconcentration on a graph.
The y-axis intercept of a geometric mean regressipall air samples of a particular
sample period is the estimation®fCr.ccofor that dataset. The geometric mean
regression technique has been chosen over ordeasi/squares regression because it is
considered more accurate for cases in which threreraors in both the x and y variables
(Pataki et al. 2003). The standard error8'd€r..comeasurements were estimated using
the bootstrapping method (Chernick 1999) of stashe@aror determination. Bootstrapping
is a technique which uses the original data frasetao build a large number of datasets
(in this case, 5000) by randomly re-sampling thgioal dataset. The Keeling plot
technique was then applied to each of these redsandatasets and a distribution of
intercepts was determined. The standard errorigfibtribution was then chosen as the
error bounds for that particular dataset’s intetc&€pese errors were then minimized by
successively applying a jackknife algorithm (Chkrt®99), which identifies and

removes the data point which has the most negatfeet on the resulting standard error
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and then recalculating the standard error basebdeonew dataset. Using the jackknife
technique, potential outliers were identified. Tdestential outliers were then subjected
to a set of criteria to determine whether or neytehould be eliminated from the dataset.
The final datasets were constrained to have a nimmwalue of CQrange and minimum
number of regression data points (20ppm and 8tatds, respectively) to make certain

that the results retained statistical significa(feataki et al. 2003).

Vapor Pressure Deficit

The seasonal values &fCg.ccowere compared to the vapor pressure deficit
(VPD) of the canopy air to determine if a corredatexisted between these two variables.
VPD was calculated from air temperature measuresrart5 minute intervals using a
curve fitted to predict saturation vapor pressooenfair temperature and then
multiplying the result by the value (1-Rh) (wherk R the relative humidity of the
canopy air). Air temperature and relative humidisa for the canopy air were measured
using shielded probes (HMP45C, Vaisala, Helsinkilgnd) at the tower and at each of
the eight transect plots. Maximum and daily avendB® were determined from these 15

minute VPD compilations.

Soil Volumetric Water Content
Continuous soil moisture measurements were matiheest depths (5¢cm, 30cm
and 100cm) at each of four locations in each okilgat transect sites using EgHsoill

moisture probes (EC-10, Decagon Devices, Pullman.\WWhese instruments were
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placed in service at different times during the glamg season, resulting in gaps in soil
moisture data for some plots. The data from theskgs were stored as 15 minute
averages on a datalogger (CR 10x, Campbell Saeini.). Some individual sensors
malfunctioned over the course of the sampling pkaiod their data was removed from
the dataset. After the datasets were cleaned afdteefrom malfunctioning sensors, daily

average values for all depths were determined.

VPD and Soil Volumetric Water Content to Keeling Intercept Correlation Satistics
Relationships between seasodalCr.ccopatterns with both VPD and soil
volumetric water content were estimated using RPeégsproduct-moment correlation
(Barbour et al. 2005, Bowling et al. 2002). Thegmial for temporal lag was also
explored (Bowling et al. 2002). The lag analysiswwarformed by offsetting the daily
averages of the independent variable (VPD or siimetric water content) to the
dependent variable (seasod&iCr.ccopattern) for the target number of days (between 0
days and 10 days for these analyses). For the$gsanait was assumed that the
dependent variable response would lag the indepgndeiable change, so the offset
days all preceded the dependent variable patt€hessignificance of the correlations
was determined using the method described by HatgkHirsch (1992). The Helsel and
Hirsch method of determining correlation significarcompares the calculated valu®
the corresponding value bfrom a student’s-test for the desired level of confidence in

the outcome (in this case, 95%) and the numbeegfeks of freedom using the equation:

t= (r(n-2)")((1-r)*?)



64
where r is the Pearson’s correlation coefficierd ans the number of data points
in the data set. This equation is then solvedteraritical value of the Pearson’s
correlation coefficient which yields aeiqual to the desiredrom the student’s-test.
Values of r exceeding this critical value (or lowean the critical value, if the correlation

is negative) are considered significant.

Results:
Carbon Isotopic Composition of CO,

The values 0b6**CR-eco over the sampling period of this study ranfgem -
26.83 to -22.98, (Figure 3.3), with standard errors ranging fro@70to 1.88/00. A
typical Keeling plot for one of the sample daygy(fe 3.2) shows a high degree of
correlation (f = 0.997) between th&°C values of the air and the inverse of the
associated COmeasurements. The pattern of the isotopic composf CO, (Figure
3.3) shows a relatively flat response to the dmmser months, rising later in the season
when significant precipitation was recorded. Attésmp capture air samples earlier in
2005 (May and June) were unsuccessful becausdahated sampling system failure.
After these collections were made, a closer ingasitn of the data revealed that samples
collected during the early evening were not repregeve of the watershed because the
canopy air did not become well-mixed until latethe evening. Therefore, individual
data points for these early-evening samples weneved from the datasets before the

Keeling analyses were conducted.
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Correlations between VPD and J"°*Cr.eco

VPD was calculated from temperature and relativaitity data taken at all plots
along the transect (Figure 3.1) as well as at ghtteif 10m on the tower. Minimum and
maximum values of 15-min averages of VPD were B E72 Pa for the plot averages,
while the corresponding values for the tower wereahd 1758 Pa. Patterns of VPD for
all plots were well correlated (Pearson correlatmged from 0.98 to 1.0) with one
another, indicating that the average VPD of altpbccurately represented the variation
in VPD for the entire transect (Figure 3.4). A ebation of this average plot VPD with
that of the VPD measured at the tower also yieldgyla correlation (Pearson correlation
= 0.99), indicating that tower VPD can be usedasiaate proxy for the VPD of the
transect (Figure 3.5). For simplicity in analysiad justified by the high degree of
correlation between plots and plot average and Toovey the Tower VPD values were
used to correlate to Keeling intercepts. Thisaatron of Keeling intercepts to Tower
VPD for 0 to 10 day lags yielded Pearson correfatioefficients between -0.49 and 0.11,
which were not significantly different from O usitige Helsel and Hirsch significance

criteria (r = £ 0.58) (Figure 3.6).

Soil Volumetric Water Content Correlation

Average soil volumetric water content from the B0depth ranged from 7.2 % at
plot 507 on September 12, 2005, to 44.3% at plat&s®November 15, 2005. The 30cm
depth was chosen for correlation to Keeling intpts&lue to its dominance as the source

of water for forests composed of predominantly Dasiir (Brooks et al. 2006). A
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comparison of plots by elevation showed a highetation between soil volumetric
water content for upslope versus downslope plotsQ90), with the higher elevation
plots (upslope) having an average of 6.3 £ 1.2 %.d1) higher soil volume than that of
the lower elevation (downslope) plots (Figure 3A/tomparison of plots grouped by sun
exposure did not show a strong soil volumetric watatent correlation (r = 0.58)
(Figure 3.8) , with south-facing plots having aei@age of 7.8 + 3.7 % (1 s.d.) higher soil
volumetric water content than that of the northisigglots. Both of these groupings
showed a strong correlation, with virtually no l&gsignificant rainfall events (greater
than approximately 4mm, Pypker et al. 2005).

Soil volumetric water content on plots groupecdelgvation was not significantly
correlated to Keeling intercepts (Helsel and Hir$682). The values of correlation
ranged from -0.09 to -0.46 for upslope plots and5Q@o -0.47 for downslope plots
(Figure 3.9). Soil volumetric water content on plgtouped by sun exposure showed a
significant correlation between Keeling intercegsl south-facing plot soil moisture
ranging from -0.77 to -0.69, but there was no digamt correlation for north-facing plots
(r= -0.08 to 0.29). It was expected that theapat signature of the ecosystem
respiration would lag behind the soil moisture des) but the data showed no
significant lag response (Figure 3.10). The laggsgonse of ecosystem respiration is
thought to be a consequence of the fact that ak@t of ecosystem respiration comes
from soil microbial respiration (Eckblad and Hogipe2001). The sugars which supply
fuel for these microbes are supplied by vegetatiarphloem transport. There is a delay

between when the sugars are fixed in the leavesvaed they are liberated from the soill
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and become part of the ecosystem respiration skiptause of: (1) the phloem transport
time; (2) the time it takes sugars to diffuse itite soil and reach the microbes; (3) the
time it takes for the microbes to digest and resthiese sugars; and (4) the time it takes
the respiration to diffuse from the microbial saito the soil surface. All of these delay
times add in sequence to produce a lag betweesothmoisture signal which produces
the change in isotopic composition of the sugaoslpeced by assimilation due to stomatal

modulation and the time it takes this signal tachethe ecosystem as soil respiration.

Discussion:

The seasonal pattern of isotopic composition obgstem respiration observed in
this study is consistent with the patterns obsemeaather studies for forests of similar
vegetative compositions and climates (Bowling eR80D2, Fessenden and Ehleringer
2003). During the initial stages of the growings®a while the soils of the forest are
still relatively moist, vegetation has adequateesasdo water. Accordingly, the vegetation
will respond by maintaining high levels of stomatahductance to increase their rate of
carbon uptake. The ratio of carbon dioxide conediuin in the leaf interior to that of the
atmosphere (f;) remains relatively high in this situation, whigfomotes
discrimination against the heavier isotope of carffearquhar et al. 1989). As the
summer progresses and precipitation drops, sogmhe dry out, limiting vegetation’s
access to water. In order to avoid cavitation &edassociated damage to xylem cells,
trees begin to close their stomata, lowering stah@nductance. This drop in

conductance decreases thle,gatio, which reduces discrimination against thavier
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carbon isotope. As a result of this mechanismhaséason progresses and access to
moisture is reduced, the newly-fixed sugars shehtsv an increase in the ratio™8€ to
12C. Recent studies have shown that a large amousteftly-fixed carbon may cycle
quickly through an ecosystem (Eckblad and Hogh20§,1), with the result that the
isotopic composition of respired G@ay be heavily influenced by recently-fixed sugars
Thus, the pattern of change in isotopic compositibrecently fixed sugars is visible in
the respiration signal, as observed in this stirdyhe early part of the summer, values of
5"%Cr.ecoWere relatively depleted. As the soils began toadrt, 5*Cr.ccobecame
enriched.

If the only component of ecosystem respiration wereome directly from the
use by vegetation of recently fixed sugars, thpiragon isotopic composition signal
could be used as a direct proxy for the state gétagive drought stress. However,
respiration from soils and vegetation may be fuélpdtored carbon, such as starches or
other complex biochemicals, as well as newly-figadbon, and this mixed source may
confound the signal (Mortazavi et al. 2002, Buchrh@87). In soils, the partitioning of
respiration between heterotrophic and autotropbioponents is a topic of intense study
(Chambers et al. 2004, Rochette et al. 1999, Bligppal et al. 2003) and is a topic of
interest in the overall HJ Andrews Airshed projddte partitioning of respiration signals
is beyond the scope of this thesis, however.

Many studies have been aimed at connecting th@sakgattern of Keeling
intercepts with drought stress variables such &3 YBbwling et al. 2002, Sanford et al.

1986, Condon et al. 1992), soil volumetric watemteat (Fessenden et al. 2002) and
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precipitation (Ometto et al. 2002, Pataki et aD2Bowling et al. 2002). The results of
this study indicate that VPD was not significardfrrelated with seasonal Keeling
intercepts, unlike results from many previous ssadBowling et al. 2002). The
correlations between soil volumetric water conta#rdouth-facing plots and seasonal
Keeling intercepts were strong, but there wereigoificant correlations between the
isotopic values and soil volumetric water contemarth-facing slopes. When soll
volumetric water content was grouped by elevatmnsignificant correlations were
found. Past research has found lags of betweeamhéour days between VPD adtfC
of CO; respired by roots (Eckblad and Hogberg 2001) aredtb ten days between VPD
and ecosystem respiration (Bowling et al. 2002} tlye data from this study do not show
significant lags between either VPD or soil voluritetvater content and seasonal
Keeling plot intercepts.

The lack of correlation between VPD and seasonaliig intercepts may lie in
the timing of the sampling period. Although atteswiere made to procure air samples
for respiration analysis in May and June of 2088st data points were rejected due
either to equipment malfunction or lack of suffiti€ O, range. The physiological
connection between soil volumetric water contert ¥RD with respect to isotope
discrimination is rooted in how those variable®efffstomatal function. During the early
part of the growing season, soil volumetric watantent is relatively high, so that
vegetation’s access to a pool of water for tramdjan is plentiful. During this period of
time, isotopic discrimination will be dictated byetrise and fall of VPD. As the growing

season progresses and soil moisture begins tandedilie to the cumulative effects of
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transpiration, vegetation’s access to water begirsminish. At this time, leaf water
potentials must also fall in order to provide thi&™*necessary to extract the water from
the soil for transpiration. At some point in thenéinuum of soil volumetric water
content depletion, the ability of trees to extraeter from the soil is becomes dominated
by soil water availability and not by VPD. This pbcomes later in the growing season,
after significant dry down of the soil. | believeat the data set for this study does not
begin early enough to include the period of timewbich VPD is the dominant force in
dictating stomatal closure and associated carbmops discrimination. Had Keeling plot
intercepts been available for earlier periods englowing season, correlations between
Keeling intercepts and VPD would likely have beemchngreater. Sapflow data from
2000 (Moore et al. 2004) support this hypothesidicating that changes in sapflow were
well coupled to changes in VPD up to about JulY), Edter which the those variables
were poorly correlated. Sapflow changes again apdda be well coupled to changes in
VPD beyond about Septembdt, Zoincident with the onset of significant rainfialthat
year. Since sapflow can be considered a proxyrémspiration, this sapflow data
indicates that transpiration was only coupled tdWRiring the early growing season
(when soil moisture content is relatively high) daté growing season (after the rains
started, again coincident with high soil moistuoatent). This pattern is consistent with
the notion that when soils have plenty of waterDMminates transpiration.

The high degree of correlation between soil moespatterns for upper and lower
elevation plots (r = 0.90) implies that if thererev@ correlation between upper plot soil

volumetric water content and seasonal Keeling aejgtr pattern, then there should also be



71
a correlation between the lower plot soil volunetwater content and the seasonal
Keeling intercept pattern. The reverse is alsa: tifttbe lower elevations did not show a
correlation, then neither should the upper elewatid his was indeed the case- no
significant correlation was found for either uppetower elevation plots and seasonal
Keeling intercepts. It is worth noting that groupial soil moisture plots together for the
entire transect also produces no significant cati@h with seasonal Keeling intercepts.
Indeed, the pattern of correlation over time lag \waite similar for upper elevation,
lower elevation, and all plots combined.

The correlation Keeling intercepts and the soilewabntent of south-facing plots
was significant, whereas the correlation for ndéating plots was not. It has been shown
by Pypker et al. (2006) that the nighttime air degie from which these samples were
taken is well mixed, so stratification or prefeiahtampling of one side of the watershed
is not likely, yet the ecosystem respiration siga@bears to be correlated with the south-
facing slope soil volumetric water content. | prepdhree hypotheses to explain this
finding. The first hypothesis pertains to airfloatferns. It is possible that air may enter
the watershed predominantly from the south faceding the basin with air from the
south side. If this were the case, then the ecesystspiration signal from the north-
facing slope may not be making it down to the sftthe tower and thus was not
represented in the air sampling conducted at tee bathe watershed. However, this
hypothesis is not considered likely. The theoryibelzold air drainage is that cooling at
the ground level causes surface air to increagdemsity, which then flows downhill due

to gravity, where it collects in the bottom of thatershed. Continued cooling of the
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slopes above this pool of air in the bottom ofwstershed causes further cold air
drainage off of the slope, pushing the collectedreihe bottom out of the base of
watershed. The tower at the base of the waterségdhlthis drainage path. Since the
flow of air is turbulent (Pypker et al. in pres)e air in this drainage is well mixed. The
north slope of the watershed is shaded earlidrarday than the south-facing slope and
therefore should begin draining earlier. If themrevto be an uneven representation of
one slope’s respiration signal over the other, gleiggraphic layout should favor the north
slope, not the south slope.

The second hypothesis is that the volumetric wadatent of the south-facing
slope represents the overall state of the entiterslaed better than that of the north-
facing slope. If this were true, then the resparatcontributions of both slopes of the
watershed could be represented in the dataseheeorrelation betweed *Cr.ecoand
north-facing slope soil moisture would be poor.dagmlly, the soil volumetric water
content of the thin line of the transect is beisgdias a proxy for the entire surface area
of the watershed (or at least of the portion ofwlaershed contributing respiration to the
drainage, also termed the “footprint” of the walted). It is impossible to say, given
current the dataset, whether or not the conditadrike plots on the south-facing slope
better represent the entire watershed “footpriméintthe plots on the north-facing slope.
To test this hypothesis, a sampling of multipleakians in the watershed would need to
be compared to corresponding transect data toeteentine what best represents the
entire watershed’s soil moisture signal. Such ateawor is beyond the scope of this

paper.
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The third hypothesis is that the north-facing slopthe watershed had

significantly lower respiration rates than the $oef#icing side due to greater moisture
stress (Zavitkowski et al. 1968; Burton et al. 199& a result of this reduction in
respiration rate, the north-facing slope would dbate less to the total amount of
respired CQ@captured in the samples collected at the towee. giterns for soil
volumetric water content for the north-facing sla@esus the south-facing slope lend
support to this argument. During the early patihefsampling period, the north-facing
slope soil moisture values were consistently neb2Bt lower than those of the south-
facing slope. Average soil depth (measured to tioin of the B horizon) on the south-
facing slope was about 105cm, whereas the equivadeasurement for the north slope is
81cm (Padilla, private communication). Assuming thath slopes started the year with
similar water content (on a percentage basis)latger volume of soil on the south-
facing slope would provide a larger pool of watarthe vegetation on that slope to draw
from, compared to the north side with less soilwoé. Assuming the vegetation on both
slopes would begin the growing season with ampleasder available and assuming
roughly equal distributions and size classes oktagn, the slope with the smaller pool
of water available should reach drought stressitiond ahead of the slope with the
larger pool. The smaller soil volume of the nordiethg slope and the lower soil
volumetric water content of that slope at the bemig of the sampling season lend
support to this hypothesis. Unfortunately, datatlar early part of the growing season
(May and June 2005) was not available for thisstitdnay have been possible to

extract the data necessary to confirm this hypath®sslooking for declining values of
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CO, concentration as drought stress on the north-giesliope developed. As the north-
facing slope was heading into drought stress duhiggtimeframe, the isotopic
composition of the north-facing slope air drainagrild have reflected this transition.
Had this early data been available, this signalikhbave also been detectable, which
may have provided confirming evidence of this hyaesis. Streamflow data for WS-1
from the period 1997-2002 (Jones and Post, 2004 depport to this hypothesis:
continuously declining streamflow starting in Maydecontinuing until September
indicate that the watershed was drying out durmg period. The loss of stream flow in
the dry months would be indicative of a generalidedn soil moisture content, which
supports the hypothesis that respiration declimethe north-facing slope due to loss of
soil moisture and associated drought stress.

Other data that lend more direct support to thel thypothesis. For the current
year the value of foliar respiration for the sofdhing plots averaged -7 8nolm?s™
whereas for the north-facing plots the correspapdaue was -4.gmolm“s* (Bond,
private communication) (figure 3.11). Solil respwatvalues for south-facing and north-
facing were -7.0 and -3j@molm®s?, respectively (Kayler, private communication)
(figure 3.11). With respect to both foliar and geispiration, the south-facing slope
respired at nearly twice the rate of the northdga@lope, again reinforcing the notion
that the respiration signal seen at the base ofv#itershed during the sample period was
dominated by respiration from the south-facing skp

Why would soil accumulation be lower in the nor#ttihg slope? South-facing

slopes generally dry out earlier in the year tharimfacing slopes, limiting vegetative
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carbon assimilation and detritus production. A®aegal rule, this should favor soil
development and vegetation growth for north-faglogpes. However, differences in the
topography of individual sites may alter the outeonfi these generalized mechanisms.
The average incline of the north-facing slope atdtudy site is about 93% whereas that
of the south slope is about 65% (Padilla, privaie@munication). It is possible that this
difference in slope creates soil instability on tfeeth-facing slopes, promoting slides and
soil movement towards the base of the watershedsathds responsible for the north-
facing slope having less soil volume than the sdating slope. There is a great deal of
blowdown and apparent soil instability on the ndebing slope, which also supports this

position.

Conclusions:

The pattern of isotopic composition of ecosystespiration at WS-1 of the HJ
Andrews Experimental Forest from July to Septen2®85 is consistent with
expectations of a forest in the midst of drougtéss. Contrary to results of many other
researchers, the seasonal Keeling intercept patiénmot correlate significantly to the
pattern of VPD during the sample period, but did@ate significantly to the patterns of
soil volumetric water content on the south-facitgpe of the watershed. The lack of
correlation with VPD is likely due to the fact titae sampling period did not include the
early part of the growing season, where soil mogstsi plentiful and VPD dominates
stomatal modulation. The correlation of Keelingenaept pattern with south-facing soil

moisture is likely due to the fact that soil volunewater content on that face was
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sufficient to allow the vegetation to continue ssianilate carbon and maintain higher

respiration rates in the later part of the season.
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Figure 3.1: HJ Andrews Watershed 1 Topographic Map

Topographic map of Watershed 1 at HJ Andrews Erpartal Forest. The 37m tower at
the base of the watershed and the 8 plots whicterapkhe transect serve as the data
collection points for the isotopic composition @bsystem respiration, VPD, and soil
moisture used as variables in this study. The 2¥i8ge tower has been used in
subsequent studies to determine values of winddspgad direction, and isotopic
composition of the air above the canopy.



78

Figure 3.2: Typical Keeling Plot

Keeling Plot of Airshed Tower Data
August 10, 2005
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Typical Keeling plot for HJ Andrews Airshed projethis data is from August 10, 2005.
Geomoetric mean regression analysis of the datthi®date resulted in an intercept of -
26.35"/p0.
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Figure 3.3: Seasonal graph of Keeling inter cepts

2005 Keeling Intercepts with Standard Error Bars
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Keeling plot intercept graph for 2005 data from W8 HJ Andrews Experimental

Forest. DOY’s 315 and 236 were removed from thasitbecause the air sample data
was collected before the airshed drainage becarienv@d. DOY 249 was removed
because the data was corrupted by a malfunctidmeodollection storage valve. DOY

315 was removed because the CO2 range was tootsnsalbport a statistically valid
intercept. The first trap sample was removed frachedataset because the sample timing

was premature. For the 2005 growing season, teeceyts ranged between -26.83 and -
22.960/00. Error bars represent +/- 1 standard.erro
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Figure 3.4: Seasonal values of VPD for all plotson transect

HJ Andrews 2005 W S-1 Individual Plot Vapor Pressure Deficit
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2005 VPDs for individual plots across transect iBAWof HJ Andrews Experimental
Forest. Data for temperature and relative humigdlitgach plot were used to determine
VPD. Note that the pattern for each plot is virlpadentical, indicating that for the
purposes of establishing correlations with isotaamposition of ecosystem respiration,
any one plot could be used in place of the othéttsomrt a change in the correlation
statistics (Pearson correlation ranged from 0.9B @).
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HJ Andrews 2005 WS-1 VPD Comparison: Tower to Plot Average
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Comparison of VPD of tower with average of VPD mainsect plots. The patterns are

obviously highly correlated (Pearson’s correlatoefficient = 0.99)
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Figure 3.6: Kedling I ntercepts correlated to Tower VPD

Keeling Intercepts correlated to vapor pressure deficit
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Growing season Keeling intercepts correlated to drodPD with temporal lag. The
Pearson’s correlation coefficient for Keeling irtept was correlated to the
corresponding values of Tower VPD, starting with@of O days and ending with a 10
day lag (Keeling intercept lag behind VPD, assuntivag the isotopic response of the
ecosystem respiration lagged behind the VPD whial have been responsible for the
isotopic changes in respiration). Note that theeen@ values of the Pearson’s correlation
coefficient which are significant after applying sl and Hirsch’s significance test.
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Figure 3.7: Comparison of Soil Moisture on upslope plots ver sus
downslope plots

HJ Andrews 2005 WS-1 Soil Moisture: Plot Elevation Comparison

40 -23

v

Upslope (Plots 501, 502, 510, 512) v
Downslope (Plots 504, 505, 507)
304 | = =—c—— Precipitaion

—— Keeling Intercepts v

- 24

Soil Maisture, % or Precipitation, mm
. 13 .
Keeling Intercept, & ~C, permil

I
I
|
I
I
I
I
I
I
I
I
I
I
I
I
J

— e e - — — Cm— — —

A
I :
o lb—— - A L Il 28
200 220 240 260 280
Day of Year

Comparison of soil moisture at plots on groupedlope position. Soil moisture patterns
for upslope and downslope plots show high degremoklation with each other
(Pearson correlation =0.90). Note response ofrsoisture to larger precipitation inputs
is immediate, whereas for small values of predijpita no effect on soil moisture is
obvious. This is probably due to the fact thatdaropy did not saturate in the smaller
precipitation events, thus effectively no rainfalhched the soil.
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Figure 3.8: Comparison of Soil Moisture on north-facing to south-facing
plots

HJ Andrews 2005 WS-1 Soil Moisture: Plot Direction Comparison
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Comparison of soil moisture at plots on groupedlope directional orientation. Soil
moisture patterns for south-facing and north-faghais show low degree of correlation
with each other (Pearson correlation =0.58). Agtia,same pattern of soil moisture
changes with magnitude of precipitation eventeens
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Figure 3.9: Keeling inter cept correlations to soil moisture for upsliope
and downslope plots
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Keeling intercept correlated to soil moisture gredijpy elevation. Note that there are no
significant correlations for either upslope groupdats or downslope grouped plots after
applying the Helsel and Hirsch significance test.
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Figure 3.10: Keeling intercept correlationsto soil moisture for north-
facing and south-facing plots
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Keeling intercept correlated to soil moisture gredijpy plot direction. Note that there are
no significant correlations for the north-facinggped plots, whereas all of the
correlations for the south-facing grouped plotssagaificant. Also, the data does not
support a significant lag effect. This lack of kffect is likely an artifact of the slow rate
of change of soil volumetric water content.



Figure 3.11: Table of soil depth and ecosystem respiration

M easur ement South Facing North Facing
Soil Depth to bottom 105cm 81lcm
of B Horizon
Foliar Respiration -7.8 mmolm-2s-1 -4.2 mmolm-2s-1
Soil Respiration -7.0 mmolm-2s-1 -3.0 mmolm-2s-1

Table of soil depth and ecosystem respiration \&llibese data were supplied
by other members of the HJ Andrews Airshed Prdgam. The foliar
respiration values are averages of 2006 measuremgiile the soil respiration
measurements are averages of combined 2005 andva@s. The soils depth
measurements were averaged from measurements mades from 4 soil pits
dug at 2 sites per slope.
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Chapter 4

SUMVARY AND CONCLUSI ONS

Warming of the terrestrial biosphere due to thd@gogenic addition of carbon
dioxide to the earth’s atmosphere is becoming a@nfagus of scientific inquiry.
Predictions of the extent of this warming are hara@dy uncertainty in the ability of the
earth’s ecosystems to counteract this effect byesst@ring carbon dioxide by increases
in the mass of vegetation. Measurement of the caidmiopic composition of respired
CO, (3%°Cr.ec is becoming increasingly important to ecosystéamiss because the
information contained in this respiration is a gaadicator of ecosystem stress and
productivity. This study was conducted as part of a larger rebgaoject aimed at
developing and testing the capacity for measubifiGr.ecoin a small, steeply-sloped
watershed in western Oregon. The goals of thisystvete: (1) to develop and test an
automated system for sampling nocturnal air tortayaed in a laboratory for isotopic
composition; (2) to collect samples of the atmosplieom the nocturnal cold air
drainage of a steeply sloped watershed in the Hlfé\ws Experimental Forest and bring
those samples back to a laboratory to be analyme@®, concentration and carbon
isotope composition; and (3) to conduct an ingiadlysis of the relationship between
5"¥Cr-ecofor the first year of deployment and two enviromaé forcing factors, soil
moisture and atmospheric VPD.

The automated sampling system designed and builhis project provided
significant advantages over previous methods ofp$awollection. The design objectives

for this automated system included light weightitalaility, reliability, fast dynamic
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response, unattended operation, and the abilitgpture, transport, and store samples
over several days with no loss of data integritihwespect to the critical measurement
values of CQ concentration and carbon isotopic composition. §ystem was deployed
in rugged terrain on a weekly basis throughou2d@5 sampling system by a variety of
personnel, demonstrating its light weight and galitg. With respect to maximum
sampling rate, the dynamic response testing ohthemated sampling system provides
evidence that the system can exceed the perforntdrsgstems which use glass flasks to
contain samples and should be able to support ssprbling in research situations
which demand such capability. For this capabilitypé fully exploited, some changes to
the control architecture would need to be implemenbut those changes are relatively
minor and could be accomplished without much dittiz. The system reliably operated
throughout the nighttime sampling period withowhteician intervention. Testing
showed that the system provides for storage of kzamp the sample loops for at least
three days without significant change in [{0r 3'C. This is a clear advantage for
researchers who endeavor to set up such a systethemallow it to perform its
function without supervision. The automated systemsistently outperformed the hand
sampling process it replaced and compared favosaibhyautomated sampling systems
described by other researchers with respect todmmthracy and precision of the datasets
which were produced from the air samples collecié automated system showed itself
to be reliable throughout the sampling seasonyiaerced by the positive results of the
weekly system plumbing integrity tests. In conahmsithe system met all design

objectives and functioned as intended, providirgleection of air samples which were
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successfully analyzed for carbon isotopic composieind carbon dioxide concentration
in the COAS Mass Spectrometer Laboratory.

Although the system met its design objectives angliged the basis for the
primary dataset for this project, there is roomifoprovement in this system. The system
would benefit from a further reduction in weightaking the system even more portable
and thus easier to deploy in remote and ruggeditota This could be accomplished by
reducing the size and changing the materials ftr thee sample valve enclosure and the
control enclosure. The Valco sample collection gas/capable of producing air samples
which accurately reflect the source, but this vasveot particularly well suited to the
harsh environment where it was deployed. Thisasita could be remedied by either
using a sample collection valve from a differentomfacturer or by providing a more
robust enclosure for the current valve. No suitabfgacement valve candidates have
been identified and providing a more robust enalessinot a trivial undertaking due to
the need for accessability of the valve for labamatinalysis. Without design or
hardware changes in this area, the weekly intetggting should be continued to make
certain the collected samples accurately reflezsthurce. With the addition of a wireless
interface and transmitter, the system could be n@adellect data independently and
report back to the experimenter that the systemr@ady for retrieval. This feature could
enhance the ability of a research team to take snnpmultiple remote locations with
minimal personnel requirements while ensuring ddtech meets pre-set requirements. A
further system enhancement would be a lightweigiittable power source. This feature

would decouple the sampling site from the requineinigat a suitable source of power at
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the site be available. Recent advances in hydroadihel cell technology may make this
enhancement possible in the near future.

The weekly data stream from this automated systasiamalyzed for carbon
isotope ratio and C£xoncentration be between May and November 2008sd data
were used to determine the value of the carboonpsotomposition of ecosystem
respiration §*°Cr.cc9 Using a two end member mixing model known as elikg plot.
These datasets were filtered to remove unsuitaile desulting in a plot of seasonal
5"*Cr.ccofrom July 13, 2005 to October 5, 2005. Comparisbthis plot with those of
other studies show that the seasonal pattern tfpgocomposition of ecosystem
respiration observed in this study is consisteth Wie patterns observed in other studies
for forests of similar vegetative compositions afichates. The isotopic pattern of
ecosystem respiration shows a trend toward heasatpes as the summer progresses
and the forest dries out. This pattern is consistath a forest transitioning into a
drought stressed condition. As the rains begagttom in the fall, the isotopic trend
returned to the lighter values, removing the drawsgfess condition.

The correlations between the seasonal patted’6k..coand the environmental
forcing variables of VPD and soil volumetric watentent provided interesting results.
VPD was not significantly correlated to seasonatlitg intercepts, unlike results from
previous studies. The correlations between soumeiric water content and seasonal
Keeling intercepts were strong for soil volumetxiater content on transect plots facing
south, but there were no significant correlatiofih woil volumetric water content on

north-facing slopes. When soil volumetric waterteoi was grouped by elevation, no
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significant correlations were found. Past resedafound lags of between 1 and 4 days
between VPD and root respiration change3'i€ and 5-10 days between VPD and
3"Cr-eca Yet the data from this study do not show sigaificags between either VPD or
soil volumetric water content and seasonal Kegiliog intercepts. The lack of
correlation between VPD and seasonal Keeling iefagclikely lies in the timing of the
sampling period. In the early part of the growiegson when soil moisture is plentiful,
stomatal conductance is dominated by VPD. As thenser progresses and the soil
moisture declines, stomatal conductance is dictayesbil moisture content.
Unfortunately, the first Keeling intercepts of th@05 season for this study did not occur
until mid July, when the forest was already shovwaigmns of drought stress due to soil
moisture deficit. Had Keeling intercepts been aldé for earlier in the season, it is
likely that the correlation between VPD and Keelinigrcepts would have been much
stronger. Data from the 2006 season reinforcectimgecture. The lack of correlation
between soil volumetric water content grouped leyation and seasonal Keeling plot
intercepts is somewhat surprising and certainly-imduitive. The patterns for soll
volumetric content for upper and lower elevatiootplere very well correlated, which
implies that either both sets of data should beetated to Keeling intercepts or neither
set of data should be correlated. It turns outttedater is true. The correlation between
south-facing plots soil volumetric water contend @easonal pattern of Keeling
intercepts is likely due to the fact that the swmilthe south slope is retains a large pool of
water for vegetation to draw from. This larger palbbws the south-facing slope

vegetation to continue to assimilate carbon wed the year, with an associated high rate
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of respiration. The north-facing slope does nobetiis luxury of a large pool of water
and thus goes into drought stress earlier in tae@® which reduces both its assimilation
and respiration rates. The carbon isotope respiratgnal collected at the base of the
watershed was truncated in the early part of tldb2Z@ason, when the respiration rate of
the north slope was most probably equal to th#t@south slope. It is likely that the
north slope was simply not contributing much respan to the isotope signal being
gathered at the base of the watershed during tigy gieriod and thus was under-
represented in the correlation. Anecdotal foliadl aqil respiration information provided
by other researchers lend support to this hypathesi

Although the seasonal pattern of Keeling interc@ptsided by this project was
adequate in reaching the conclusions providedetisetoom for improvement. A larger
number of data points for the seasonal patternavbelp to lower the threshold of
correlation considered significant. For instanoereasing the number of Keeling
intercepts for the seasonal pattern from nine tav@uld reduce the threshold of
correlation significance from + 0.58 to + 0.32. deasing the number of weekly samples
would also greatly improve the analysis if manytafse samples could be produced
early in the growing season. As seen from the amabssociated with this study,
correlations of VPD and north-facing plots soilwwletric water content would likely
have been significant had there been early seaseting intercepts to compare with
those variables.

Another aspect of the project worthy of considerais the positions of the plots

for gathering the environmental forcing variabléadand the amount of data generated. It
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would have been very informative to have plots urdtiple locations around the
watershed to verify the results obtained on theseat. Also, data on soil depth was
minimal, as was information on soil and foliar neapon. Although it is clear that there
are resource constraints which must be considehsth\addressing which data to pursue
and at what volume, for the purposes of this ingasibn it would have been advisable to
increase the efforts in these critical areas.

Aside from the insights gained from working on thisject by the author, there
have been other valuable lessons learned. | stiniegroject with virtually no
experience in ecosystem science. Although my backgt as an engineer provided me
with some of the analytical tools necessary to rhoute to such a study, | was not
prepared for the level of complexity of these formosystems. The process of producing
this thesis has been both difficult and humbling] &consistently underestimated the
challenges of producing this document. All in hlhave gained new appreciation for the
difficulties faced by the scientists attemptingattvance this important field and | hope to

be able to support them in their future endeavors.
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