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Abstract. Vegetation, soil and ecosystem level carbonyl 1 Introduction

sulfide (COS) exchange was observed at Duke Forest,

a temperate loblolly pine forest, grown under ambient With an atmospheric lifetime of approximately 5 years and
(Ring 1, R1) and elevated (Ring 2, R2) €O During an average global mixing ratio of 500 pptv, carbonyl sulfide
calm meteorological conditions, ambient COS mixing ra- (COS) is the most abundant sulfur-containing gas in the tro-
tios at the top of the forest canopy followed a distinct posphere (Chin and Davis, 1995; Notholt et al., 2003) and
diurnal pattern in both C®growth regimes, with maxi- the most important sulfur gas available for transport to the
mum COS mixing ratios during the day (R1=380pptv  stratosphere (Chin and Davis, 1995). Once there, COS pho-
and R2=3733pptv, daytime meatt standard error) and tolysis and oxidation contribute to the formation of the strato-
minimums at night (R1=3486 pptv and R2=34&5pptv,  spheric sulfate aerosol layer; this aerosol layer influences the
nighttime meant standard error) reflecting a significant Earth’s radiation balance by reflecting incoming solar radia-
nighttime sink.  Nocturnal vegetative uptake-1(1 to  tion (Turco et al., 1980) and provides a surface for heteroge-
—21pmol m2s~1 negative values indicate uptake from the neous ozone depletion reactions (Solomon et al., 1996).
atmosphere) dominated nighttime net ecosystem COS flux Terrestrial ecosystems play a major role in the global COS
estimates {10 to—30 pmolm2s-1) in both CQ regimes.  budget as vegetative uptake is the largest global sink for the
In comparison, soil uptake-0.8 to—1.7 pmolnT2s 1)was  gas (Brown and Bell, 1986; Goldan et al., 1988; Kjellstrom,
a minor component of net ecosystem COS flux. In both1998; Kettle et al., 2002) while microbial consumption in
CO; regimes, loblolly pine trees exhibited substantial COSsoils is the second largest (Kesselmeier et al., 1999; Ket-
consumption overnight (50% of daytime rates) that was in-tle et al., 2002). Oceanic emissions, including both indi-
dependent of C®assimilation. This suggests current esti- rect production from the oxidation of marine emissions of
mates of the global vegetative COS sink, which assume thatarbon disulfide (C9 and dimethyl sulfide (DMS) (Barnes
COS and CQ are consumed simultaneously, may need toet al., 1994; Chin and Davis, 1993) and direct COS photo-
be reevaluated. Ambient COS mixing ratios, species speehemical production from dissolved organic matter (Weiss
cific diurnal patterns of stomatal conductance, temperatureet al., 1995), are the major COS sources to the troposphere.
and canopy position were the major factors influencing theAdditionally, biomass burning and anthropogenic activities
vegetative COS flux at the branch level. While variability such as aluminum production and coal combustion are sig-
in branch level vegetative COS consumption measurementsificant terrestrial sources of COS (Chin and Davis, 1993;
in ambient and enhanced G@nvironments could not be at- Kettle, 2000).

tributed to CQ enrichment effects, estimates of net ecosys- Currently, the magnitude of the natural vegetative and
tem COS flux based on ambient canopy mixing ratio mea-soil sinks is poorly constrained. For example, observations
surements suggest less nighttime uptake of COS in R2, thef seasonal variations in COS mixing ratios at a variety of
CO, enriched environment. Northern Hemisphere surface sites appear to be much larger
than can be explained by current estimates of the COS veg-
etative sink (Montzka et al., 2007). Since the same enzymes

Correspondence tavl. L. White that utilize CQ during photosynthesis also consume COS
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vegetation sink has been calculated by scaling estimates ain soil COS consumption which is a microbial process de-
net primary production (NPP) by the ratio of the mean mix- pendent on moisture content, temperature, and ambient COS
ing ratios of COS and C®(Kjellstrom, 1998; Kettle et al., concentrations (Kesselmeier et al., 1999).
2002; Goldan et al., 1988). However, a variety of studies We present measurements made at the Duke Forest (DF)
have indicated that COS uptake by plants is favored over CO Free Atmospheric Carbon Enrichment (FACE) site, which
(Xu et al., 2002; Sandoval-Soto et al., 2005; Geng and Muoffered a unique opportunity to examine the magnitude and
2006; Montzka et al., 2007). This reflects the higher affin- controls of vegetative and soil COS uptake in a temperate for-
ity of carbonic anhydrase, the initial photosynthetic enzymeest grown under present day and elevateg ¢ZDO0 pL L1
for COS (Protoschill-Krebs et al., 1996), the irreversible hy- higher than ambient) conditionshtp:/face.env.duke.edu/
drolysis of COS compared to GQElliot et al., 1989), and main.cfn). Considering the limited number of field studies
respiration (Sandoval-Soto et al., 2005). In support of this, aof COS exchange at the ecosystem level, these measurements
recent modeling study using gross primary production (GPP)lso provide considerable insights into the natural variability
to estimate COS flux was able to accurately represent contief COS consumption processes and their impact on ambi-
nental scale COS variability over the United States compare@nt COS mixing ratios. Measurements were made of ambi-
to models based on NPP estimates (Campbell et al., 2008). ent canopy COS levels and vegetation and soil fluxes within
Initially, soils were considered sources of COS to the at-control (ambient CQ) and CQ enriched plots at DF in 2004
mosphere (e.g. Aneja et al., 1979). However, this conclusiorand 2005. This study presents an analysis of the diel cycles
was based upon soil fluxes measured using dynamic chamand major factors influencing COS consumption processes
bers swept with S-free air. Under these conditions, an arti-within the two CQ regimes. Estimates of net ecosystem
ficial gradient of COS within the chamber often forced soil COS flux were also made and compared to measured veg-
emission of COS (Castro and Galloway, 1991). More recentetation and soil fluxes to better understand the impacts of
studies using enclosures flushed with ambient air have reindividual sinks on COS uptake at the site.
vealed that most soils actually consume COS (Kuhn et al.,
1999; Simmons et al., 1999; Yi et al., 2007; Steinbacher et
al., 2004; deMello and Hines, 1994). However, the environ-2 Methods
mental controls over soil uptake processes were highly vari-
able between sites and soil types. As a result, estimates cfhe measurements presented here are from three field studies
the global soil sink strength have a wide range of uncertaintyconducted at the Duke Forest FACE site in September 2004
(Watts, 2000; Kettle et al., 2002). and June and September 2005. Descriptions of the signifi-
The potential effect of rising C&evels on COS consump- cant measurements and calculations from each study are pre-
tion in terrestrial ecosystems is also currently unclear. Evi-sented below. All data is presented in local time (LT), which
dence indicates that elevated gf@vels can increase forest is UTC—04:00. All means are presented as measiandard
NPP (Norby et al., 2005) although interactions with other error unless otherwise indicated. Statistical analyses were
biophysical factors within the ecosystem make long-term ef-conducted using SPSS v. 15.0.1.1. (SPSS, Inc.).
fects on NPP uncertain (Bonan, 2008). The warmer temper-
atures associated with higher g@vels have also increased 2.1 Site description
growing seasons in boreal and temperate forests suggesting
an enhanced vegetation sink for COS (Norby et al. 2003,The Duke Forest FACE site (352 N, 759 W) is a
Steltzer and Post, 2009; Zhou et al., 2001, 2003). Howeverloblolly pine (Pinus taeda stand located in Chapel Hill in
laboratory studies indicate that the rate of COS consumptiorthe central Piedmont region of North Carolina at the Forest-
drops with the decreased expression of the photosyntheti@tmosphere Carbon Transfer and Storage (FACTS-1) fa-
enzyme carbonic anhydrase in algae grown under elevatedility. Pine trees dominate the forest canopy with signifi-
CQ, (Protoschill-Krebs et al., 1995). For many plant species,cant subcanopy and understory contributions from decidu-
COS uptake is also largely controlled by stomatal conduc-ous sweetgurrLiquidambar styraciflup elm Ulmus alat3,
tance (Geng and Mu, 2006; Sandoval-Soto et al., 2005) anded maple Acer rubrun), dogwood Cornus floridg and a
there is evidence that enhanced 0®nditions will resultin ~ variety of oak-hickory species. The soils are classified as
reduced stomatal conductance and frequency for many plarftnon series (fine, mixed, weathered alfisols) (Oh and Richter,
species, potentially further limiting the COS plant sink (Her- 2005).
rick et al., 2004; Kouwenberg et al., 2003; Kurschner et al., The FACE experiment consists of 6 circular experimen-
1997; Greenwood et al., 2003; Wagner et al., 2005; Lake andal plots, or rings, each 30m in diameter and surrounded
Woodward, 2008). In many cases, changes in stomatal corby vertical vent pipes that extend to the top of the canopy.
ductance impact transpiration in plants exposed to elevatedhree experimental rings receive additional £trough
CO, resulting in increased soil moisture (Kettunen et al., the vent pipes to supplement atmospheric concentrations
2006; Kammann et al., 2005; Hungate et al., 2002; McLainby 200 uL L=1. The remaining three control rings are ex-
et al., 2002). Such changes could have a significant impacposed to ambient C&xoncentrations. Continuous (24 h'g
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365dyr1) CO, fumigation began on 27 August 1996. Since profiles were obtained in all 6 experimental rings (R1, R5,
2003, fumigation has been limited to daylight hours only. In R6 = ambient C@; R2, R3, R4=+200 uL £ CO,) on 5 June
2005, both control and treatment plots were split into two at 15:00 LT. Additional profile measurements were made in
halves with one half of the ring receiving nitrogen (N) fertil- R1 and R2 on 6 June 2005 at 00:30 LT and 10 June 2005 at
ization at a rate of 11.2gNnfyr—1 (Schafer et al., 2002).  16:00 LT. All canisters were returned to UNH and analyzed

All measurements described here were collected withinwithin two weeks of collection on the GC system described
Ring 1 (R1, control) and Ring 2 (R2, +200 ut£COy). All above.

soil and vegetation flux measurements were made within the )
unfertilized halves of these two rings. 2.4 \egetation flux measurements, June 2005

During the second field campaign (1-12 June 2005), di-
rect vegetation VOC fluxes were measured within R1 and

Hourly air samples were collected in 2-liter electropolished R2 (Sive et al., 2007). Vegetation flux measurements were

stainless steel canisters and pressurized to 35 psig using a siﬁglkaCted approximately every two hours for Io_bIoIIy pine

gle head metal bellows pump (MB-302MOD, Senior Flexon- and sweetgum_, the tvyo dom.mant treesf at the site, over two
ics, Sharon, MA) from 15-28 September 2004. The canister48'h°ur sampling periods using dynamic branch enclosures.
samples were collected simultaneously in R1 and R2 fromThe enclosures were made of I_arge clear Teflon bags sup-
inlets at 16 m above ground (tree canopy height) on the Cenported by an external frame. A single tree branch was placed
tral monitoring tower within each ring. All samples were within the enclosure and exposed to a continuous flow of air

returned to the University of New Hampshire (UNH) and an- from the canopy to maintain ambient pressure. A mass flow
alyzed within two weeks of collection on a three GC Systemmeter co.nt|r11uousl,ly monitored thg rate of air flow into the bag
equipped with two flame ionization detectors (FIDs), two (3-6L mim) wh|le| alcolc(jjdpa_llladlum catalysltl v(ngs used for
electron capture detectors (ECDs), and a mass spectrom zone (Q) removal. In ac ition to § the palladium cata-
ter (MS) for G—C19 nonmethane hydrocarbons (NMHCSs), yst also removed a fractlon. of COS (0_4.00 PPtV) ar)dZCO
C1—C, halocarbons, §-Cs alkyl nitrates, and select oxy- (0-170 ppmv) from the ambient canopy air pumped into the
genated volatile organic compounds (OVOCs) and organi ag. A more detailed description of the effect of catalyst

sulfur compounds including COS, carbon disulfide §C8d EOfS dep:]etion cl)n flux measurerr:jerrzts is %ivﬁn in Sreclt. 3'3'(11'
dimethyl sulfide (DMS)(Sive et al., 2005, 2007; Zhou et al., Al from the enclosure was vented through the outlet locate
2005, 2008). deep within the bag to ensure that samples were well-mixed.

Carbon dioxide was sampled from 11-28 September Si_B_ranches were enclosed and exposedds@ubbed canopy

. . . air for 24 h prior to sampling. Temperature, relative hu-
multaneously at the 16 m sampling height in R1 and R2 ™. . . . o -
using LiCory7000 infrared gaspanglyze?s. Mixing ratios midity, and photosynthetically active radiation (PAR) within

were measured every 5s and averaged over one-minute ir%be t_)ag were _monltored continuously using thermocouples,

: N . relative humidity sensors, and photodiodes mounted on the
tervals. Wind speed and direction, air temperature and phobranch samoled
tosynthetically active radiation (PAR) were collected at one Durin ea[c):h f|LJX measurement. three air samples were col-
minute intervals by the FACTS-I meteorological instruments 9 ' P

in R2. The Climatronics F460 anemometer and wind vanel.eCteq: gmb|ent (A) air from the canopy drawn from the ni-
al air intake, post-catalyst (PC) air sampled from the air

. [
and LiCor quan_tum sensor were mounted abqve the treéIOW entering the bag, and bag (B) air sampled from the
canopy, while air temperature was collected using thermo- . .
couples mounted within the mid-canopy. Meteorological outlet vent. The sampling flow rate was controlled using a
data were averaged hourly to facilitate comparison to volatile N . .
organic compound (VOC) measurements. Precipitation dat as maintained continuously. Air samples were collected

for the FACE site was collected on a daily basis from the or VOC analysis as described above in 2-liter electropol-
FACTS-I rain gauge ished stainless steel canisters and pressurized to 35psig. A

LiCor 7000 infrared gas analyzer and a miniaturesensor
(Mao et al., 2006) attached to the sampling manifold moni-
tored CQ and & levels in the sampled air flow. Flux mea-
surements were made every 2 h from 4-6 June 2005 for the
loblolly pines and 8-10 June 2005 for the sweetgum trees.

Vertical profiles of VOC mixing ratios from ground level to p i he b h losed d f h
above the canopy were also measured on four occasions du?i er sampling, the branc enclosed was removed from the
ree and returned to UNH for direct measurement of leaf dry

ing the September 2004 and June 2005 field campaigns. Duf! ;

ing each profile measurement, evacuated canisters were fiIIe‘ﬁfeIght anq leaf area. 1

to ambient pressure at 5 height intervals from 1 m to 20m Vegetation fluxes (pmol mf LAs™) were calculated for
above ground in each ring. During 2004, profiles in R1 andCOS and CQas follows:

R2 were obtained on 26 September at 18:00 LT. During 2005Flux=[Cg — Cpc] - flow - LA~L D

2.2 Canopy measurements, September 2004

needle valve to make sure that positive outlet vent pressure

2.3 \Vertical profile measurements, September 2004
and June 2005
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where( is the concentration of COS and @& pmol m3 where, @” was Ceq, Or the concentration reached when
and pumol n3, respectively, in both the bag (B) and post- COS within the chamber reached equilibrium with the
catalyst (PC) air samples, flow is the rate of air flow into concentration in soil micropores)™ was Ceq minus C;—o,
the bag in Ms™1, and LA represents the single sided leaf the COS concentration &0, andk is a rate constant. The
area (M) of the enclosed branch. Flux errors were prop- values of a anc were calculated iteratively for each flux
agated as described by Taylor (1982) from individual mea-measurement and used to deternﬁr%g) as follows:
surement uncertainties for COS (5%), £(®%), leaf area =0

(10%), and the standard error of the mean inlet flow rate dur- / 4~

ing measurement (2%). <E>t . k-(Ceq—Ci=0) =k-b (4)

2.5 Soil flux measurements, June and September 2005 This value for(%—f)t Owas then used in Eq. (2) to calculate
Soil fluxes were measured within Ring 1 and 2 on 9 Junenet COS flux.

and 20 September 2005 using static enclosures as describedSoil flux errors were propagated as described by Tay-
in Varner et al. (1999). Measurements were made using foulor (1982) from the standard errors for the linear regression
30 cmx30cm Teflon coated aluminum collars placed in the slope or non linear coefficients, and a, used during flux
soil a month prior to field sampling. Two collars (labeled R1 calculation as well as the individual measurement uncertain-
collar A, R1 collar B, R2 collar A, and R2 collar B) were ties for the chamber volume (2%), collar area (2%) and COS
placed in both rings. During sampling, a Teflon coated alu-mixing ratios (5%).

minum chamber (30L volume) was placed over each col-

lar for approximately 30 min. An ambient pressure canis-2-6 Estimates of net ecosystem COS uptake rates,

ter sample was collected from the chamber headspace every ~ September 2004 and June 2005

10 to 12 min for a total of 4 samples. On both 9 June and

20 September, all soil measurements were collected betwedl€t €cosystem COS uptake rates were calculated from
08:00 and 19:00 local time with each collar being sampledChangeS in ambient canopy mixing ratios under stable noctur-

3 to 4 times throughout the day. Canister air samples werd1al boundary layer conditions. This approach for calculating
returned to UNH for VOC analysis as described above. ~ €¢0system COS flux was employed by Kuhn et al. (1999)
Chamber and soil temperatures at 0, 5 and 10cm depthldl @ temperate oak forest and has been used in a variety of

were measured each time a collar was sampled. Additionally,StUdIeS on other trace gases (€.g. Talbot et al., 2005; Zhou

soil moisture data for 9 June and 20 September 2005 was ot?—t al., 2005; White et al., 2008; Sive et al., 2007; Vamer et

tained from the FACTS-1 time-domain reflectometry (TDR) al., 2008). Under stagnant wind conditions associated with

instruments established in R1 and R2. (FACTS-1, 2006b).the stable boundary layer, changes in ambient mixing ratios
Half-hourly soil moisture values for each ring were calcu- should reflect local sources and sinks. As a result, net night-

lated as the average of half-hourly measurements recordeliMe fluxes, NF, can be estimated as:
by the four TDR instruments located within each plot. 5, 5. dC
Soil fluxes (pmolm?2s-1) were calculated as the initial  NF (Pmolm™=s™5) = ---ML ©)
change in chamber COS concentration vs. tiéi’g,) ,in ac : . ,
L o 1=0 Where 3 is the change in concentration over time
pmol m*s~% multiplied by the chamber volumey; (m), (pmol m3s~1) and ML is the height of the mixed layer (m).

and divided by collar areaic (m?): Only measurements taken when wind speeds were
dc Ve <0.8ms ! were used to calculate NF to limit the influence
Flux= (E) — (2 of large-scale horizontal advection on our flux estimates. Un-
fortunately, only one night during each campaign met these
In 11 of the 30 soil flux measurements made in June and-onditions (15-16 September 2004 and 4-5 June 2005). As
September 2005, the change in chamber concentration waocturnal mixing layer height was not measured during ei-

linear over the time of chamber deployment. In these casegher campaign, ML height was assumed to be 125m, which
dc fepresents the median value of the nocturnal inversion layer

&= was calculated as the linear regression slope of ™" ) o
(df )z:o _ i 9 o P ‘height range (50-200m) measured at a variety of similar
chamber concentration versus time. In the remaining 19 soiliqjatitudinal rural locations (Galbally, 1968;iGten et al.,

flux measurements, the rate of change in chamber concentrdggg: Hastie et al.. 1993 Shepson et al., 1992). Concentra-

tion decreased with time ar(déf—)tio was calculated by fit-  tion changes were not linear over time and individual fluxes

t=0 Ac

ting the following exponential equation to the data (deMello were calculated for each hour time step. Flux errors were

and Hines, 1994): propagated from the individual measurement uncertainties in
the canopy COS measurements (5%) and the estimated un-

C(ty=a—b-e (3)  certainty in the ML height (60%) according to Taylor (1982).
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Fig. 2. Select canopy measurements made at 16 m above ground
in September 2004 includin@) air temperature, wind speed (dis-
played as vector) and total daily precipitati¢gh) ambient R1 CQ
mixing ratios and photosynthetically active radiation (PAR); é)d

For comparison, total vegetation and soil fluxes scaled toR1 and R2 COS mixing ratios.
ground area were also estimated for both nights. The vegeta-
tion fluxes were calculated as follows: 3 Results and discussion

Fig. 1. A comparison of R1 and R@) COS andb) ethane ambient
mixing ratios at 16 m above ground from 15-28 September 2004.

3.1 Canopy measurements, September 2004

Comparison of simultaneous R1 and R2 measurements of
where Vgyeg is the mean nighttime deposition velocity COS and ethane at 16 m height is presented in Fig. 1 for the
(msY for LP and SG trees measured in each fing in entire data collection period. Ethane mixing ratios demon-
June 2005, LAl is the mean single sided leaf area indexstrate variability between the two rings independent of any
(m2LA m~2GA) during September 2004 or June 2005, and natural VOC sources or sinks. This anthropogenic trace gas

Acosis the mean nighttime ambient COS levels in pmofm exh.ibit'e.,-d a very.strong .1:1 relatio.nship indicating minimal
during 15-16 September 2004 and 4-5 June 2005. Deposyarlablllty assoqated_ with either ring. In contrast, the R1
tion velocities, Vg, were calculated from the absolute value Versus R2 relationships for COS showed much greater scat-
of measured nighttime vegetation flux rates divided by post_ter that reflects !ts natural sinks W|_th|n temperate forests.
catalyst (PC) COS mixing ratios at the time of measure- 1he time series of meteorological data, £@nd COS
ment. The LAl measurements for R1 and R2 canopies werdn€asurements conducted at 16 m height are shown in Fig. 2
taken from FACTS-1 Li-Cor LAI-2000 plant canopy ana- for the 2004 intensive. Winds generally originated from the
lyzer monthly measurements (FACTS-1, 2006a). These wer@Orth and east with an average speed throughout the cam-
corrected for needle clumping and branch shading by multi-Paign of 1.9ms™. Exceptions to this pattern occurred dur-
plying by an enhancement factor of £0.6, the mean value INd Passage of Hurricanes Ilvan and Jeanne on 16-19 and 27—
of the range of coniferous tree LAl enhancement factors29 September, respectively, which resulted in revolving wind
(1.25 to 2.5) noted in Stenberg (1996). d|r.ect|ons and a maximum wind speed of 1171 §Fig. Za).
Similarly, soil flux rates were calculated for 15- Winds from the §outheast associated W'th. ‘h?se. hurricanes
16 Septem’ber 2004 and 4-5 June 2005 as follows: also coincided with elevated levels of COS indicative of ma-
rine influence (Fig. 2a and c). In contrast, moderate wind
speeds from the north and east, warm daytime temperatures,
and sunny conditions generally prevailed at the site during
21-27 September (Fig. 2a and b). During this time period,
The mean September 2005 soil deposition velocitigsoil, ambient CQ mixing ratios in R1 followed a pronounced
in each ring were used for the night of 15-16 September 2004liel pattern with minimum levels in the late afternoon cor-
while the mean June 2005 s0ii were used for the night of 4—  responding to photosynthetic uptake and maximum levels
5 June 2005. Errors for both fluxes were propagated from thevernight.
standard errors of the means used in calculation as described COS mixing ratios in R1 and R2 also exhibited a diel
by Taylor (1982). pattern during this time period, although less pronounced

SoilFlux= — Vy soil- Acos @)
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and(d) 16:00 LT 10 June 2005. Error bars on 5c represent standard
error of the meann=3) at each height within the ambient (R1, R5,
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Fig. 3. Hourly mean COS mixing ratios at 16 m above ground dur-
ing non-hurricane periods (15-16 and 21-26 September 2004) in R
and R2. Error bars represent standard error of the meaB)

than CQ and with minimum mixing ratios at night

(Figs. 2c and 3, non-hurricane night means: R1=B@@nd 3.2 Vertical profile measurements, September 2004
R2=346t5). Similar diurnal patterns have been observed in and June 2005

a temperate oak forest in California (Kuhn et al., 1999), a

tropical rainforest in Cameroon (Kesselmeier et al., 1993)’Fhurther_sulppo?l for a forest smkf for gOS 'Sbev'gggz n d
and a spruce forest in Germany (Steinbacher et al., 2004)ine vertical profile measurements from September an

The diurnal variability is attributed to a combination of tur- June 2005 (Fig. 4). Taken during day and night periods and

bulent transport of COS during the day (Kesselmeier etin autumn and summer, these vertical profiles all showed de-
al., 1993) and nighttime depletion under a stable nocturnaf'®asng COS mixing ratios from above the forest canopy to

boundary layer (Steinbacher et al., 2004; Kuhn et al. 1999).ground level. However, the pattern of COS decreases over
Daytime mixing ratios during non:hurric:ame periods’at pF the vertical gradient varied considerably reflecting different

averaged 3884 pptv in R1 and 3733 pptv in R2, well be- sampling times and wind conditions as well as spatial vari-
low the global mean mixing ratio of 500 pptv. 'I"hese lower ability in the two rings. For example, on 26 September 2004

mixing ratios of COS are consistent with observations at low?t 18:0d0 LT_ (F|g. gg’SRl. gxpene_ncelfi a rilsa(t;vely cot;15|s-
altitude, Northern Hemisphere continental sites during sum €Nt reduction in mixing ratios from pptv above

mer and reflect the influences of a significant vegetation sinlzhe canopy (20m) to 362 pptv at 1m above_ the ground re-
(Kuhn et al., 1999; Montzka et al., 2007; Steinbacher et al. vealing a strong canopy and ground level sink. In contrast,

2004) 'COS mixing ratios in R2 decreased from 413 pptv above the

The lowest COS mixing ratios (R1l: 227 pptv. canopy to 370 pptv at 10 m above ground before increasing

R2: 257 pptv), observed at DF on the night of 15 Septembert® 394 PPtv again at ground level (1 m) suggesting a limited

coincided with the lowest wind speeds observed durings.unc"’lce source at that Iocatiqn. Decre_ase.d cos mixingl ra-
the study period and further indicate a strong nighttimet'os occurred at ground level in all profiles in June 2005, in-
deposition for this gas to the forest (Fig. 2). From 18:00 cluding those in R2, indicating that conditions also favored
to 01:00 LT that night, COS mixing ratios in R1 were also a strong surface sink during the second field study (Fig. 4b,

consistently lower than in R2 by 10-60 pptv. Close exam-C» and d). Furthermore, the profile obtained at 00:30LT on

ination of the hourly mean COS mixing ratios in each ring _(thl)J:tf] ZF?fir(zl??zAr%:ﬁVgggdrszgg rn;tggggtifr?:r:alntc;p{;i:]ks

during non-hurricane periods (15-16 and 21-27 Septembe ~ -
revealed that COS mixing ratios were generally IowerI bO\I’e g:ounbd (Rl—dsog—359hand R2_313_‘é12 pdptz\lli;/vell be-
overnight (23:00 to 04:00LT) in RL than in R2 (Fig. 3). W levels observed above the canopy (406 an pptv at

While these differences between the two rings were small20m at?o"e grodqnd i? Rl;nd R2, respeptively). in lobloll
on average (0-20 pptv), they do imply that the nighttime Previous studies of ambient COS mixing ratios in loblolly

COS sink was slightly stronger in R1 than in R2 during pine forests have indicated that COS uptake is highly vari-
September 2004 able. For example, vertical profiles obtained at the University

of Georgia B. F. Grant research forest, a loblolly pine stand
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Fig. 5. Time series of branch enclosure measurements of net COgig. 6. Time series of branch enclosure measurements of net COS
and CQ flux for (a) R1 loblolly pine andb) R2 loblolly pine. All  and CQ flux for (a) R1 sweetgum anb) R2 sweetgum. All fluxes
fluxes are normalized to leaf area of the branch samplé)l (ea-  are normalized to leaf area of the branch sampled) (vleasure-
surements of photosynthetically active radiation (PAR) for the cor- ments of photosynthetically active radiation (PAR) for the corre-
responding time periods are shown in a and b to help delineate dagponding time periods are shown in a and b to help delineate day and
and night periods. Measurements of ambient (A) and post-catalyspight periods. Measurements of ambient (A) and post-catalyst (PC)
(PC) COS mixing ratios entering the enclosure are givel}nEr-  cOS mixing ratios entering the enclosure are give(ejnError bars

ror bars represent individual flux errors propagated from measurerepresent individual flux errors propagated from measurement un-
ment uncertainties in COS, GOleaf area, and inlet flow rate as certainties in COS, C§) leaf area, and inlet flow rate as described
described in Sect. 2.4. in Sect. 2.4.

located southeast of Atlanta, GA, suggested significant re-

lease of COS within the forest canopy (Berresheim and Vul-uptake of COS from the atmosphere, dominated COS ex-
can, 1992). Ambient mixing ratios in the Georgia pine standchange for both species over 48 h sampling periods. The
(500-900 pptv) were also significantly higher than those ob-distinct diurnal patterns of COS fluxes observed for the two

served at DF reflecting COS sources that dominated ovetree species reflect the multiple factors that can impact veg-
sinks in that region. At DF, direct measurements of COS con-etative COS exchange such as ambient COS levels, environ-
sumption in branch enclosure sampling of the two dominantmental controls over stomatal conductance, and leaf photo-
tree species in June 2005 (Sect. 3.3) provides strong evisynthetic capacity. The relationships between the COS veg-
dence that these species were not a source of COS withiatation fluxes measured at DF and these factors will be dis-
the canopy. Instead, canopy increases in vertical mixing racussed in more depth in the following two sections.

tio profiles during this same time period implied that COS

transport and turbulence within the canopy most likely im- 3.3.1  Post-catalyst COS levels

pacted its daytime vertical distributions in June 2005. .
For all trees sampled, net COS flux exhibited the strongest

3.3 Vegetation flux measurements, June 2005 correlation with the post-catalyst (PC) COS levels flowing
into the bag (Fig. 7). Similar strong correlations have been
Branch enclosure measurements performed in June 2008bserved for crop plants (Kesselmeier and Merk, 1993) and
show that both loblolly pine and sweetgum trees at DF weredeciduous trees in Northern China (Geng and Mu, 2006) in-
sinks for COS (Figs. 5 and 6). Negative fluxes, indicating dicating that the major factor controlling the rate of COS
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Aa) 2 Ab) 2 Table 1. Mean COS and C@deposition velocitiesVy, + standard
Y Lo % error (2 >10), for Ring 1 and Ring 2 vegetatiolly were calculated
£ oo— E oops " from measured flux rates normalized to leaf area (LA) of the branch
£ 1 %% E ¢ . o&iéé enclosed divided by PC COS and g@ixing ratios at the time
L_éL ; %ﬁ é i 4 % of flux. Superscripts a, b, c, d, and e indicate significantly differ-
2 4] ) e . % ? ent means within each colump &0.05, independent means t-test,
O 4r=0%: S r=ore SPSSv. 15.0.1.1).
g 0 100 200 300 400 500 % 0 100 200 300 400 500
PC COS (pptv) PC COS (pptv)
c) d) - Measurement Vg per LA (cms 1)
W 0 " W O Aiﬁj\é Location Sink Time cos co
o = i o [y
Ea Toha £ R1 Loblolly Day 2.0:0.2  0.9+0.2D
£ > 0 e o £ - Pine night 2.80.12
x x
£ 3loayi-0s3 £ 3lnayr-06 Sweetgum day 140.1°  0.6+£0.13
9 . Night: * = 0.65 3 Night = 0.17 night 0.5£0.1°
% 200 250 300 350 400 450 500 4 200 250 300 350 400 450 500
z PC COS (pptv) 5 (PAR215 - VI)PC COS (pptv) R2 Loblolly day 1.3-0.3bcd  ggr0.2b
¢} ay >15 uymolm™s . . d
4 Night (PAR<15 umol m? s™) Pine night 1401
Sweetgum day 15019  0.9+0.20
Fig. 7. The relationship between net COS flux and PC COS lev- night 0.2£0.1°

els entering the enclosure f@a) R1 loblolly pine;(b) R2 loblolly

pine; (c) R1 sweetgum(d) R2 sweetgum. Lines are the linear re-

gressions for (a) and (b) total data displayed; and (c) and (d) daymeasured in both loblolly pine and sweetgum enclosures was

and night data separately. Error bars represent individual flux errorgo\er than expected for the open canopy. As the strong neg-

propagated from meas_uren_went uncertainties in COS, leaf area, angtive correlations between PC COS levels and net COS up-

inlet flow rate as described in Sect. 2.4. take rates reveals (Fig. 7), higher ambient COS mixing ratios
would result in higher uptake rates.

uptake for many plants is the amount of ambient COS. To provide a representgtive picture of loblolly pine and
The linear regressions for these relationships (Fig. 7) Caéwe_etgum COS uptake,. mdependen} of catalys_t CO.S de-
be used to calculate compensation points, or the COS mixpletlon, deposition yelouUesVd (ems ™), are provided in

ing ratios at which production and consumption processe 'I_'able 1 and used in subsequent analyses. These are de-
balance each other and net flux equals zero. At DF, th ined as the_ absolute value of the rate _of flux divided by the
daytime (PAR-15umol m2s1) compensation points were correspond|_ng PC COS levels at the time of meas_urement.
low (approximately 30, 20, 30, and 85 pptv for R1 and R2 For comparisonVy \_/alues for CQ are also shown in Ta-
loblolly pines and R1 and R2 sweetgums, respectively) com-ble 1. The loblolly pine and sweetgum COg measured at
pared to the ranges calculated for rapeseed and corn (9

o[_)uke Forest (da{time means=20.1, 1.3:0.3, 1.10.1,

150 pptv; Kesselmeier and Merk, 1993) and selected Chines nd 1.5:0.1cm s = for Rl and R2 IobI(_)IIy pine and R1 and
deciduous trees (140-870 pptv; Geng and Mu, 2006). Thes 2 sweetglum, res pgctlge_ly) arr]e c;)résstent with dtr;_elgangedof
low compensation points further emphasize the significance OS Vy values o taine n other la orato_ry and field stud-
of the DF site as a net COS sink. ies of deC|_duous and coniferous tree species (0 to 18¢éms

) : . Kesselmeier et al., 1993; Kuhn et al., 1999; Xu et al., 2002;

It should be noted that the unintentional removal of amb"Sandoval-Soto et al., 2005 Geng and Mu, 2006)

ent COS by the palladium catalyst in the inlet airflow influ- v ' ' '
enced the gliurnal patterns and magnitudes of COS flux rate_§.3_2 Stomatal conductance and photosynthetic
measured in the branch enclosures. For example, the signif-
icant afternoon depletion in PC COS mixing ratios respon-
sible for the minimum uptake rates (least negative fluxes)The day and night relationships between COS net flux and
observed for both R1 and R2 loblolly pines did not reflect PC COS levels displayed in Fig. 7 reveal distinct diurnal pat-
ambient (A) COS conditions. As Fig. 5c indicates, ambi- terns of stomatal conductance for the loblolly pine and sweet-
ent COS levels during loblolly pine measurements actuallygum trees. For example, similar relationships between day
reached maximum values during the day following a diurnaland night COS uptake rates and PC COS mixing ratios for
pattern similar to that observed during non-hurricane peri-R1 and R2 loblolly pines (Fig. 7a and b) resulted in relatively
ods in September 2004. The levels of PC COS were moreonsistent day and night CO®%y (Table 1; R1=2.80.1
consistent throughout the two day sampling period for theand 2.6:0.1cms?, R2=1.2:0.4 and 1.40.1cms?! day
sweetgum trees although PC COS was depleted compared Bind night means, respectively). Substantial overnight COS
ambient COS levels (Fig. 6¢). The removal of COS from theflux is surprising since vegetative uptake of this gas occurs
inlet airflow suggests that the magnitude of COS uptake rateshrough plant stomata which presumably are closed at night.

capacity
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—
o)

Increasing evidence shows that a wide variety of plants, in- @
cluding several pine species, exhibit significant nighttime o

W

2 0.4

stomatal conductance (Caird et al., 2007). The COS uptake~ oz e EAN X e 3é
patterns observed in this study indicate that loblolly pine may é 024 % %’ :‘%’3 E » * . : .
fall into this category. > 0 %ﬁ iﬂ > o i“ ¢

The absence of a strong relationship between PAR and} Zi 1 S Zj bt &
COS V4 for the loblolly pine trees is particularly signifi- oos 2 io:z
cant when considering the nighttime depletion observed in o1 00 o 02 02 01 0o on 0203
the ambient canopy measurements from September 2004. €0: Y (mm <) @ €0, Y, (mm s
Previous observations of nighttime depletion in ambient for- 01— 025,
est COS mixing ratios have been attributed primarily to soil ~ "™ ~ ol ¥
sinks as vegetative uptake was largely limited to daylight é b } H- +%‘ é 015 Hﬁ#
hours (Kuhn et al., 1999; Steinbacher et al., 2004). However, = °%® &1 “+ > omw g
comparable day and night for the dominant tree speciesin = 8 0| 8 ol YA
the FACE rings at DF suggests vegetative uptake was a major - owl %
nocturnal sink at this site, a possibility that will be explored 004 000 004 006 012 03 0z 01 00 o102

CO, V, (mms~) CO, V, (mms~)

in more depth in Sect. 3.5.
It is also interesting to note that COS uptake by loblolly ° z?yth§§R>1i5“mrg;";j:?1)
. . . e . . A | <
pine trees did not have a significant correlation with,CO ’ '

uptake (Fig. 8)_. Severgl previous studies of _vege_tativeFig_ 8. The relationship between COS and £y for (a) R1

COS consumption have indicated a strong relationship begpjly pine; (b) R2 loblolly pine:(c) R1 sweetgum(d) R2 sweet-

tween photosynthetic COassimilation and COS exchange gum. Negative values indicate emission to the atmosphere. Lines

(Kesselmeier and Merk, 1993; Kuhn et al., 1999; Geng andshown in (c) and (d) are the linear regressions for total data dis-

Mu, 2006; Xu et al., 2002). However, Geng and Mu (2006) played. Error bars represent individug errors propagated from

noted that strong correlations between Gibd COS uptake measurement uncertainties in COS, £ @af area, and inlet flow

in two Chinese deciduous trees were only observed durindate as described in Sect. 2.4.

diurnal measurements made over one day. No significant

linear correlations were observed when a larger data set of

measurements was considered, which was attributed to the In contrast to the loblolly pines, the clear separation be-

large variation in ambient COS mixing ratios (Geng and Mu, tween day and nighttime flux relationships with PC COS for

2006). Montzka et al. (2007) also noted the important influ-the deciduous sweetgum trees does reflect substantial stom-

ence of respiration and GQoss during photosynthesis on atal closure at night (Fig. 7c and d). The significantly differ-

vegetative C@ exchange, processes which are not mirroredeént day and night mean sweetgum C@gvalues (Table 1;

in vegetative COS exchange. It is possible that any daytimeR1=1.1:0.1 and 0.5:0.1, R2=1.5:0.1 and 0.20.1cms*

relationship between COS uptake and Ca3similation for ~ day and night means, respectively) are consistent with field

the loblolly pines was obscured by the significant influencemeasurements of live oalQercus agrifolig, a deciduous

of the wide range of PC COS mixing ratios on net COS flux macrophyte in a California oak forest (Kuhn et al., 1999),

in combination with loblolly pine respiration and G@pss. ~ and a variety of deciduous trees in Northern China (Geng and

However, the large nighttime CO& measured in this study Mu, 2006), all of which showed strong relationships between

shows significant COS consumption occurred independentiy’€t COS uptake and light. As a result, the R1 and R2 sweet-

of CO, assimilation in the loblolly pines. gum COSVy values were significantly correlated to changes
Interestingly, the mean nighttime R2 loblolly pine COS in PAR (R1r2=0.23, p=0.02; R2r?=0.48, p <0.001), en-

Va4 was significantly lower than the day and night meansclosure temperature (Ri?=0.54, p <0.001; R2r%=0.74,

for the R1 loblolly pine (Table 1). Long-term photosyn- p <0.001), and C@ Vg (R1r%=0.65,p <0.001; R2-?=0.61,

thetic acclimation to elevated Gan loblolly pines at DF has ~ p <0.001).

been linked to reduced activity of the carboxylation enzyme Sweetgum trees exposed to elevated,Cdke those

Rubisco, involved in the light-independent reactions of thein R2, have shown significant reductions in stomatal

Calvin cycle, in one-year old needles (Rogers and Ellsworth,conductance which should reduce COS uptake (Her-

2002). As Rubisco can enhance COS uptake by consumingck et al., 2004). Instead, significantly higher day-

the CQ or HCQ; produced by COS hydrolysis (Protoschill- time COS and C@ Vy for sweetgum in R2 compared

Krebs and Kesselmeier, 1992), any reduction in its activity isto R1 (Table 1; R1=140.1cms? and 0.6:0.1cms?,

likely to affect COS uptake rates. As a result, reduced COSR2=1.5+0.1cms* and 0.9:0.2cm s for COS and CQ,

V4 for the R2 loblolly pine could reflect photosynthetic ac- respectively) suggests that the sweetgum branch sampled

climation to long-term elevated GGexposure (Rogers and in R2 had a higher photosynthetic capacity than that in

Ellsworth, 2002). R1. These differences in COS and £®y most likely
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g

® Yi et al., 2007). There were no significant differences be-
tween R1 and R2 mean net fluxes indicating that, @D-
richment had little effect on soil COS consumption.

Only one significant difference was observed in the soil
fluxes measured at DF. This occurred between R2 collars
A and B on 9 June 2005 (Fig. 9a; mean flux2.0+0.2
and —0.4+0.2 pmolnT2s! for R2 collar A and B, re-
spectively). This was not a consistent difference as the

Local Time (EDT) Local Time (EDT) mean R2 collar fluxes were more comparable on 20 Septem-
S RzcolwA —o— Rzoolars ber 2005 (Fig. 9b; Collar A=-1.8+0.4 pmolnr?s~1, Col-
lar B=—2.14+0.4pmoln2s™1). Laboratory studies indi-
Fig. 9. Chamber measurements of soil COS flu{an9 June 2005  cate that soil temperature, moisture content, porosity, and
and (b) 20 September 2005. AII_qu>_<e_s are normalized to ground gmpient levels of COS all can affect COS consumption in
area (n?). Error bars represent individual flux errors propagated soils (Kesselmeier et al., 1999; Van Diest and Kesselmeier,

from the standard error of regression analyses, and measuremen 08). While there were no significant differences in soil

uncertainties in COS, collar area, chamber volume, and inlet rowt t bient COS | s bet the t |
rate as described in Sect. 2.5. emperature or ambien evels between the two col-

lars on 9 June, the variability in measured fluxes could re-

reflect variations in the canopy position of the two sweetgumf'eCt a spatial difference in soil moisture content or porosity

branches sampled as the branch in R1 was more shelterdd R2- Spatial variability in soil moisture and gas transport
(less open sunlight) than the R2 branch. Observations ofnditions from differences in topography and/or vegetation
sweetgum sun and shade leaves at DF indicates that the ph@S Not captured in the soil moisture content measurements,
tosynthetic capacity and stomatal conductance of sun leave&hich were averages from four TDR instruments located in
at the top of the canopy was significantly higher than that oféachring. , .
shade leaves in the understory (Herrick and Thomas, 2001; 'N€ only significant correlation observed for the DF soil
Herrick et al., 2004). Similar effects of canopy position on fluxes was between d2ep05|t|0n velocitigg, and soil SL!rface
COS consumption rates have also been noted for a tropicdfmPerature (Fig. 10,=0.32, p=0.001). The proportion of
rainforest tree species in Cameroon where COS depOSitiOIYd variability attributable to the temperature relationship, in-

at the top of the canopy was nearly 4 times that measured foflicated by the coefficient of determinatior?), was small
the same species growing at ground level (Kesselmeier et a|§nd suggests that there were other major unidentified factors
1993). affecting the COS uptake flux at DF. Other field studies of

It should be noted that the limited sample size in this Studyforest soils have also shown widely variable responses to soil

may have prevented direct observations of the effect of CO moisture and temperature. For example, an in-situ study of
enrichment on COS uptake. As noted previously. Iong-termGerma” spruce forest soil indicated optimum net COS fluxes

CO; enrichment does have significant effects on both photo-at lower temperatures and higher soil moisture contents than

synthetic capacity and stomatal conductance in loblolly pinePServed in laboratory studies (Steinbacher etal., 2004). Fur-
and sweetgums (Rogers and Ellsworth, 2002; Herrick et a|_thermore, a soil uptake study conducted in three Chinese sub-
2004). Because stomatal conductance and photosynthetfEoPical forest types indicated the strongest individual cor-
capacity variability resulting from environmental and spa- 'elations for net COS soil uptake with soil respiration and
tial heterogeneity were major factors impacting COS uptakeamblent Iev.els of COS, rather than with soil moisture or tem-
rates in this study, it is probable that g@ffects on these Perature (Yietal, 2007).

characteristics will also have an impact on vegetative cOS, Such highly variable relationships with COS net flux re-
uptake within the two environments. This potential influence IECt both the complexity of interactions in natural environ-

on the net ecosystem flux estimates for the two rings will beMeNts as well as the potential effect of different soil types
considered more in Sect. 3.5. and microbial communities on COS gas exchange. For ex-

ample, differences in COS deposition velocities observed in
3.4 Soil flux measurements, June and September 2005  laboratory studies of boreal soils from several different ge-

ographic locations could be accounted for by differences in
Soil was also a net sink for COS at DF (Table 2, Fig. 9). soil porosity (Van Diest and Kesselmeier, 2008). Similarly,
The range of net fluxes observed in the soil static chambedifferences in the temperature range of maximum COS de-
measurements (R1:3 to —0.53pmolnT2s1; R2: —2.7 position velocities from laboratory incubations of boreal and
to 0 pmol nT2s~1) were comparable to other field studies in temperate soil samples suggest variable adaptations of the
a spruce forest in Germany-(.38 to—0.23 pmolm2s1; microbial communities within different climate zones (Van
Steinbacher et al., 2004), a California oak foresi8.3to  Diest and Kesselmeier, 2008). Further studies of COS up-
—8.8pmolnT?s1; Kuhn et al., 1999), and three types of take in a variety of soils in both laboratory and field settings
Chinese subtropical forests {1.82 to—1.22 pmol n?s~1; are clearly needed to more fully characterize this COS sink.

N

Net COS Flux (pmol m?s™)
N

Net COS Flux (pmol m?s™)
o
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Table 2. Meanst standard errori{>7)for the soil static chamber measurements made in June and September 2005. Mean fluxes and
deposition velocitiesVy, are normalized to ground area (GA). Superscripts a, b, ¢, and d indicate significantly different means within each
column (p <0.05, independent means t-test, SPSS v. 15.0.1.1).

Ambient COSVy 5cm 10cm Volumetric
Net COS flux COSs per GA Air Temp  Surface Temp Depth Temp Depth Temp  Soil Moisture
Month  Ring (pmolnT2s™1)  (pptv) (cms (°C) (°C) (C) (°C) (m3m=3)
June 1 —1.440.33 5204307 0.6£0.12 24.3:t0.6%8  22.8:0.4 20.140.2  19.7+0.2  0.296:0.007
2 —1.3:0.3 5004307 0.6£0.2 24.6£0.68  22.5-0.5% 20.5:0.2  19.8+0.2  0.384:0.009
September 1 —1.440.3 3404100 1.0+0.2P 27.740.7°  26.5:0.8° 227402  22.3+0.P  0.205:0.00F
2 —2.0+£0.3 352+6° 14402 27.3+0.8° 27.2:0.8  22.6£0.1°  22.3+0.%  0.233t0.00H
@ ® 3.5 Estimates of net ecosystem COS flux,
05 05 September 2004 and June 2005
0.0 ¥ 0.0 i
o0 ; I Il W 0Se g ; HI The net ecosystem flux results, NF, calculated using Eg. (5)
£ 12 1 l £ 12 i% l for 15-16 September 2004 and 4-5 June 2005 represent the
E 20 ] { § 0] % { best estimate of ecosystem level nighttime exchange pro-
S 28] H 2 2s] 1‘ % % cesses at DF (Fig. 11). It should be noted that the limited
g -0 % I ‘ % number of low wind speed nights and the lack of ML height
f jz E jz measurements contributed to the large uncertainty for these
8 L] 8 sl calculations. However as a first approximation, the NF es-
50] 50] timates allow a valuable comparison between the individual
020 025 030 035 040 045 250 300 350 400 450 500 550 600 vegetation and soil sinks measured and the net COS uptake
volumetric soil moisture content (m® m™®) ambient COS (pptv) rates observed at DF.
© i @ i The NF estimates were generally consistent with the
o ¥ Tz 000 combined vegetation and soil flux estimates for both
~ o5 0301 R =032 p = 0008 nights (Fig. 11). It should be noted that the vegeta-
e 10d 0.25 tion and soil fluxes for 15 September 200410+6 and
g ;z 2 o020 I —13+4pmolnt2s1 combined for R1 and R2, respec-
5 2] I E o tively) were calculated using deposition velocities measured
2 30] | >° at other times during the year and the slightly higher mean
5 5 0101 NF estimates for that night30+20 pmol nt2 s~ for both
3 22 0051 R1 and R2) could reflect the effect of seasonal differences
w0l k016 5003 S - in temperature and/or soil moisture on stomatal conduc-
% 2 = % % % 2 % 22 4 2 2 @ @ tance and COS uptake. In contrast, the June 2005 NF esti-
soil surface temperature (°C) soil surface temperature (°C) mates 620:*:10 and—10+10 mel m‘z S_l in R1 and R2,
respectively) and vegetation and soil fluxes2¢+8 and
L L colarA —17+6 pmolnT2s~1 combined in R1 and R2, respectively)
o Rocolara were all calculated from measurements made within the same

week. This agreement between the COS flux calculations in-
Fig. 10. Soil net COS flux versuga) volumetric soil moisture; ~ dicates that the NF estimates and enclosure measurements
(b) ambient COS mixing ratios; an@) soil surface temperature. reasonably represent ecosystem exchange processes.
(d) displays the relationship between soil COS flux normalized to It is worth noting that NF estimates of R2 ecosystem COS
ambient COS mixing ratiosVy, versus surface temperature. Er- uptake in June 2005-(10+£10 pmol n2 5—1) were approxi-
ror bars represent individual flux errors propagated from the stanmately half the NF estimates in R+204+10 pmolnT2s71;
dard error of regression analyses, and measurement uncertainties 'Ff]g_ 11). Because of the large uncertainties associated with
F:OS, collar area, chamber volume, and inlet flow rate as describeghe NF calculations, these differences cannot be considered
in Sect. 2.5. significant. However, the observations of reduced stomatal
conductance in sweetgum trees and photosynthetic down-
regulation in loblolly pines associated with long-term £0
enrichment at DF (Rogers and Ellsworth, 2002; Herrick et
al., 2004) suggests that lower ecosystem COS uptake rates in

www.atmos-chem-phys.net/10/547/2010/ Atmos. Chem. Phys., 1056472010



558 M. L. White et al.: Carbonyl sulfide exchange in a temperate loblolly pine forest

Night and Ring Ring

R1 R2
9/15/04 R1 9/15/04 R2 6/4/05 R1 6/4/05 R2 0
~ -10 3 -10 1
‘n ] ER
o [%2]
€ ‘}‘E ]
S -20 = -20
E ] £
= S
o 1 &
L ] x ]
T 304 =]
o 307 T 304
E %)
L 1 8
& 40 B -40
O 1 [}
O Z ]
=
()] <4
pzd 4
.50 4 5 ]

I Ecosystem NF [ Vegetation [l Soil (555 Vegetation Day - I Vegetation Night
. . —— Fig. 12. Comparison of day and night vegetation uptake rates esti-
Flg.' L1 Co.mparlson 9f nlghttlmg ecosystem upta_ke rate (NF) mated for 4-5 June 2005. Error bars for the vegetation uptake rate
estimates with vegetation and soil uptake rate estimates on 15Testimates were propagated from the standard error of the mean day
16 September 2004 and 4-5 June 2005. Error bars for ecosyste > 24) and night £ >23) vegetationVy values from June 2005
NF estimates were propagated from the standard error of the mea'gnathe mean ambient COS values5) for 45 June 2005 as de-
NF rates calculated for each night$4) and the estimated uncer- scribed in Sect. 2.6. -
tainty in mixing layer height (60%) as described in Sect. 2.6. Er-
ror bars for the vegetation uptake rate estimates were propagated For comparison to nighttime estimates of vegetative COS
from the standard error of the mean night vegetatignalues from  flux rates on 4-5 June 2005, estimates of the corresponding
June 2005/ >23) and the mean ambient COS values for the nightsqaytime rates were also calculated using Eq. (6) and mean
representedn(>5). Error bars for the soil uptake rate estimates yavtime Vd.veg and ambient COS mixing ratios for 4 June
were lprop?gatesd from tt?e Sztgndaéd er;lor of thzeorgean nigrgti;]ne SOifrig. 12). Nighttime vegetative COS uptake rates at DF
Vg values from September and June 200%:€7) and the .
mdean ambient COpS values fo??;(e)nights represem(;(s)][. were .50% of daytime values (day—.4(2)i_10.and—30i10

and night:—214+8 and—16+6 pmolnT2s~! in R1 and R2,

respectively). This suggests that as much as 33% of the

R2 could reflect the effects of G@nrichment. A reduction  daily COS vegetative consumption at DF occurred inde-
in the vegetative COS uptake capacity due to,@@rich- pendentl_y of CQ assimilation._ These results have_ impor-
ment effects would also explain why higher overnight canopyt@nt implications for global estimates of the vegetative COS
COS levels in R2 on 4-5 June 2005 (R1=22 pptv, sink strength. Sar_1dovaI—Soto et al_. (2005) and Montzka et
R2=35Q:20 pptv) did not result in greater R2 net ecosys- al. (200_7) ha_ve pointed out tha_t esnmate; of the global COS
tem COS uptake rates. However, similar NF estimates invegetative sink made by scaling net primary productivity
R1 and R2 in September 2004 suggest that the magnitude ¢NPP=CQ photosynthetic consumption —respiration) by the
this effect was not consistent throughout the year and may@tio of the mean atmospheric mixing ratios for COS and
depend upon the variability of other environmental controls CO2 should be reconsidered to account for the larger vegeta-
over stomatal conductance and photosynthetic capacity suciv® Va of COS compared to C£ In support of this, recent
as temperature, soil moisture, or dominant leaf age. model re;ults of COS .aFmospherlc concentrations based on
Compared to other forest studies, the estimates of nightdross primary productivity (GPP=GCphotosynthetic con-
time COS uptake at DF were large. Similar NF esti- sumption only) and leaf scale relative uptake rates measured
mates of net ecosystem flux in a California oak forestin chamber experiments were in much closer agreement with
(—2.4pmolnT2s~1; Kuhn et al., 1999) were an order of Observations of vertical cos depletiqn in the atmospheric
magnitude smaller than those calculated for DF, while night-coundary layer of the continental United States (Campbell
time COS fluxes measured using relaxed eddy accumulatioft -, 2008). However, observations of significant night-
(REA) methods in a German spruce forest were generall)ﬁ'_me stomatal conducta_nce in _Ioblolly pine and a wide va-
positive indicating emission (Xu et al., 2002). Soil was the f€ty of other plant species (Caird et al., 2007) suggests GPP
only observed COS nighttime sink in both of those studies. Inbased models may still underestimate the global COS vege-
contrast, the significant overnight deposition rates observed@tive sink strength. The significant nighttime COS flux ob-
for loblolly pines at DF strongly influenced nighttime COS served in the Ioblqlly pine stand indicates COS \{egetatlve
fluxes. Overall, COS uptake by vegetation comprised 37 toPtake that occurs independently of £ghotosynthetic con-

100% of observed NF net ecosystem flux estimates (Fig. 11)Sumption can also be significant and should be considered in
global vegetative sink strength estimates.
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4 Conclusions Bonan, G. B.: Forests and climate change: Forcings, feed-
backs, and the climate benefits of forests, Science, 320, 1444,

. . . doi:10.1126/science.1155121, 2008.
Vegetation, soil, and canopy COS measurements in 2004 angrown, K. A. and Bell, J. N. B.: Vegetation — the missing sink in

2005 all ind_icate that the Duke Fprest FACE site was gener- global cycle of carbonyl sulphide (COS), Atmos. Environ.,
ally a net sink for COS. Vegetative uptake patterns for the g 537-540, 1986.

loblolly pine and sweetgum trees sampled were significantlycaird, M. A., Richards, J. H., and Donovan, L. A.: Nighttime stom-
different in R1 and R2, but these differences most likely re- atal conductance and transpiration i &nd G plants, Plant
flected environmental and canopy spatial effects on the stom- Physiol., 143, 4-10, 2007.

atal conductance and photosynthetic capacity of the brancheSampbell, J. E., Carmichael, G. R., Chai, T., Mena-Carrasco, M.,
measured rather than G@nrichment effects. However, ob- ~ Tang, Y., Blake, D. R., Blake, N. J., Vey, S. A, Collatz, G. J.,
servations of lower nighttime net ecosystem COS uptake in Baker, I, Berry, J. A., Montzka, S. A., Sweeney, C., Schnoor,
R2 compared to R1 in June 2005 does suggest that the to- J. L., and Stz_mler, C O.: Photo;ynthetlc contrgl of atmospheric
tal canopy vegetative COS uptake capacity was reduced with carbonyl sulfide during the growing season, Science, 322, 1085—

: . 1088, 2008.
elevated CQ exposure. This effect was not observed in Castro, M. S. and Galloway, J. N.: A comparison of sulfur-free and

September 2004 and may have depended on the variabil- et air enclosure techniques for measuring the exchange of
ity of other environmental controls over vegetation stomatal  eqyced sulfur gases between soils and the atmosphere, J. Geo-
conductance and photosynthetic capacity. Soil consumption, phys. Res., 96, 15427-15437, 1991.

which was a minor component of net ecosystem COS uptakehin, M. and Davis, D. D.: Global sources and sinks of OCS and
in both ambient and enhanced €@ngs, was not signifi- CS, and their distribution, Global Biogeochem. Cy., 7, 321-337,
cantly different between R1 and R2. 1993.

Nighttime minimums in canopy COS mixing ratios Chin, M. and Davis, D. D.: A reanalysis of carbonyl sulfide as a
reflected significant nighttime COS consumption by loblolly ~ source of stratospheric background sulfur aerosol, J. Geophys.
pines in both ambient and enhanced Qthgs. Nighttime Res., 100, 8993-9005, 1995.
vegetation uptake rates were approximately 50% of day-deMello, W. Z. and Hines, M. E.: Application of static and dynamic
time vegetation rates. These observations of substantial enclosures for determining dimethyl sulfide and carbony! sulfide
vegetative COS consumption that occurred independently exchange in Sphagnum peatlands: Implications for the magni-
of CO, assimilation suggest that current estimates of the tude and direction of flux, J. Geophys. Res., 99, 14601-14607,
global vegetative COS sink, which assume that COS and 1994.

CO, assimilation occur simultaneously, may need to beElliot, S., Lu, E., and Rowland, F. S.: Rates and mechanisms for
re-evaluated. the hydrolysis of carbonyl sulfide in natural waters, Environ. Sci.

Technol., 23, 458-461, 1989.
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