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Key points25

 Large vertical gradients of OCS mixing ratios within the canopy of an old-growth, 26
tall stature forest imply significant ecosystem uptake of this gas 27

 Rapid changes in OCS mixing ratios influenced by entrainment of background air 28
have implications for inferring canopy sources and sinks at sub-daily timescales. 29

 Epiphytic activity exerts control on ecosystem uptake of OCS and represents a30
large OCS sink, especially under humid/moist conditions. 31



1

Abstract32
Diurnal and vertical patterns of carbonyl sulfide (OCS) and CO2 mixing ratios above and 33
within a 60m tall old-growth temperate forest (in the Wind River (WR) Experimental 34
Forest, 45°49′13.76′′ N; 121°57′06.88′′) are presented. Canopy air from four different 35
heights was sampled in-situ using a continuous integrated cavity output spectroscopy 36
analyzer during August-September 2014. Measurements reveal large vertical gradients in 37
OCS, implying significant ecosystem uptake that peaked in the early morning. The 38
diurnal cycle of OCS mixing ratios at all heights exhibited a typical pattern characterized 39
by nighttime drawdown, an early morning minimum, and a maximum around midday. 40
Daytime increase in the upper canopy is attributed to entrainment of planetary boundary 41
layer (PBL) [OCS] rich air into the canopy. OCS entrainment was quantified using a42
mass balance approach, assuming that stomatal uptake dominated daytime OCS flux. The 43
validity of this assumption is discussed. The site is characterized by a large amount of 44
epiphytic biomass due to moist conditions and mild temperatures in the understory. 45
While epiphytic uptake of OCS has been studied before, we show for the first time that 46
this may be a dominant component of nighttime ecosystem uptake under humid or moist 47
conditions. We test this theory using a lab-based chamber experiment measuring 48
epiphytic fluxes for two species of lichen and one of moss. We show that the role of 49
epiphytes and entrainment needs to be explicitly considered when using OCS as a tracer 50
of ecosystem-scale photosynthesis in similar forest ecosystems.51

52
1. Introduction53
Over the last two decades a global network of flux towers has provided high-temporal 54
resolution information on net ecosystem exchange (NEE) (net ecosystem exchange) of 55
carbon dioxide using the eddy covariance method [Baldocchi et al., 2001]. However, the 56
accuracy of these NEE measurements depends on a set of assumptions about surface 57
homogeneity and atmospheric mixing. This can lead to significant periods of time when 58
flux data are highly uncertain, mostly during calm conditions in the night and early 59
morning hours [Massman and Lee, 2002]. Moreover, this approach cannot measure the 60
individual CO2 source (ecosystem respiration) and sink (gross primary production; GPP) 61
components, so gaps persist in our understanding of processes that control ecological 62
carbon and water exchanges betweenthe biosphere and atmosphere. Various approaches 63
have been employed to overcome these issues, such as the use of soil chambers to 64
measure soil respiration [Lavigne et al., 1997], measurements of stable isotopologues of 65
carbon dioxide to infer photosynthesis [Wehr et al., 2016a; Griffis et al., 2008; Bowling 66
et al., 2001], advection experiments to estimate the largely ignored horizontal transport 67
term [Aubinet et al., 2010] and correlation analysis to … [Scanlon and Kustas, 2010]. 68

Measurements of carbonyl sulfide (OCS) have been shown to provide an independent and 69
direct estimate of GPP [cite others as well, Whelan et al., 2017]. OCS is the most 70
abundant reduced sulfur gas present in the atmosphere, with a mean atmospheric 71
concentration of ~ 500 ppt [Montzka et al., 2007] and is emitted into the atmosphere from 72
oceans via direct emissions or oxidation of CS2 [Kettle et al., 2003]. Plant uptake of OCS 73
via stomata follows a pathway that is nearly identical to that of CO2 assimilation [Stimler74
et al., 2010; Berry et al., 2013]. OCS is irreversibly hydrolyzed inside the leaf in a 75
reaction that is catalyzed by the ubiquitous enzyme, carbonic anhydrase (CA). 76
Observations of leaf-level [Stimler et al., 2010], branch-level [Berkelhammer et al., 2014]77
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and ecosystem-level [Asaf et al., 2012] fluxes indicate that the uptake ratio of OCS:CO278
is relatively constant at medium to high light levels [Maseyk et al., 2014]. Berkelhammer 79
et al [2014] showed that OCS fluxes were highly correlated with water vapor fluxes at the 80
branch level, implying a strong control of OCS uptake by stomatal dynamics. In a study 81
at Harvard forest, Wehr et al. [2017] found that values of ecosystem-scale stomatal 82
conductance (i.e., canopy conductance) derived from OCS fluxes were similar to those 83
following traditional approaches using energy and water vapor fluxes, further 84
highlighting the value of OCS for better understanding leaf gas exchange processes.85

86
The key difference between OCS and CO2 cycling is the absence of a retroflux from 87
actively photosynthesizing plants, i.e., OCS represents a one-way flux from the 88
atmosphere into the leaf. Emissions of OCS from soils have been identified [Whelan et 89
al., 2016; Maseyk et al., 2014; Kesselmier et al., 1999], although these fluxes are usually 90
an order of magnitude smaller than rates of plant uptake. In a soil incubation study,91
Whelan et al [2016] found that soil fluxes of OCS were highly dependent on temperature 92
and soil moisture and that dry and warm soils were likely to be a net source of OCS. Few 93
OCS measurement studies at the ecosystem level exist. Asaf et al., [2013] showed that 94
GPP derived from OCS flux measurements collected across a few days were 95
overestimated, but in qualitative agreement with those calculated from standard 96
partitioning of NEE across a range of semi-arid ecosystems. Commane et al. [2015]97
measured one year of OCS fluxes at a temperate deciduous forest. While seasonal 98
patterns of OCS fluxes were similar to calculated GPP from EC flux tower data, high 99
mid-summer emissions of OCS remain unexplained. Another recent study over an oak-100
savanna woodland in southern France [Belviso et al., 2106] found that OCS exchange 101
was highly influenced by photosynthesis, but only during early morning hours. While 102
such studies continue to establish links between OCS and ecosystem photosynthesis and 103
stomatal conductance dynamics, there is a corresponding need to better understand the 104
dynamics of OCS canopy exchange driven by photosynthesis and other processes in a 105
range of ecosystem types. 106
  107
OCS measurements have not been previously reported for old-growth forests. Old-growth 108
forests exhibit dynamics that are very different from those of other forest ecosystems 109
including a high leaf area index (LAI), complex forest structure, as well as emergent 110
interactions among diverse species of trees, understory and epiphytic vegetation111
[Hollinger et al., 1994]. These forests often have very tall stature, extremely high 112
aboveground biomass, slow rates of growth [Harmon et al., 2004], and often are a large 113
storage of soil carbon [Luyssaert et al., 2008]. In old growths forests such as those located 114
in the Pacific Northwest (PNW) region of North America, mild temperatures and very 115
wet conditions promote abundant epiphytic vegetation cover on branches and boles of 116
trees, as well as the forest floor, covering these surfaces in thick green carpets [Tejo-117
Haristoy et al., 2014]. For instance, individual Sitka spruce trees (Picea sitchensis) in the 118
rainforests of the Olympic peninsula have been estimated to hold up to 1000 Kg of dry 119
epiphytic matter [Tejo-Haristoy, 2013]. Some epiphytes such as bryophytes, lichens, and120
some mosses lack stomata and cuticles, and therefore have patterns of gas exchange that 121
are different from those of higher plants. However, epiphytic species should contain CA122
that will catalyze OCS exchanges with the atmosphere [Gries et al., 1994; Kuhn et al., 123
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2000a,b]. While these earlier studies documented OCS gas exchange on lichens and other 124
epiphytic plants, their influence on ecosystem cycling of this gas remains understudied. 125
For example, Flanagan et al [1996] showed that CA-catalyzed epiphytic activity had 126
significant influence on CO18O cycling in boreal forest canopies, and was highly 127
dependent on surface wetness. This implies a similar potential impact of epiphytes on 128
canopy-atmosphere OCS cycling independent of canopy stomatal pathways.129

130
The unequal distribution and abundance of biomass throughout an old-growth canopy 131
creates strong microclimates [Chen et al., 1993; Chen and Franklin, 1997]. For instance, 132
Heffernan [2017] showed that radiation-limited understory environments can remain wet 133
for weeks following precipitation events in an old-growth canopy. Similarly, Frey et al 134
[2016] found that dense overstory vegetation in an old growth forest in Oregon caused a 135
decrease in maximum springtime temperatures in the understory, potentially buffering136
this forest from anthropogenic warming. However, the effect of a complex vertical LAI 137
distribution on carbon and water fluxes in old-growth forests remains relatively 138
understudied. Dominant tall trees are known to have low net rates of gas exchange in the 139
overstory owing to high hydraulic resistances, which reduce the transport of water from 140
roots to tree tops [Woodruff et al., 2005], while low light levels should strongly constrain 141
photosynthetic fluxes in the understory. Consequently, eddy flux measurements of NEE142
from temperate old-growth forests [Hollinger et al., 1994; Law et al., 2001;; Desai et al, 143
2005; Falk et al. 2008] report low rates of net carbon sequestration [some site-years have 144
also been reported as a net CO2 source; Wharton et al., 2012]. However, flux 145
measurements are typically made only above the canopy, and under times of poor canopy 146
air mixing may only be representative of the fluxes in the upper part of the canopy.. For 147
example, the measurement problem is enhanced given that air flow in tall canopies is 148
often decoupled [Pyles et al., 2004], i.e., air parcels measured at the tower top may have 149
no influence of lower canopy processes and vice versa. Since OCS exchange is largely 150
tied to leaf processes, profile measurements within and above the canopy may provide 151
additional information on whole-canopy gas exchange dynamics. By contrast, CA is152
more abundant in understory and epiphytic vegetation, which is more frequently wetted, 153
and therefore likely to influence ecosystem OCS cycling. Thus, if there are canopy 154
processes that involve CA catalysis other than photosynthesis by the dominant trees, OCS 155
exchange may not be tied as closely to stomatal dynamics as in other ecosystems.156
Therefore, the overarching objective of this study is to understand biotic and abiotic 157
controls on OCS exchange in a heterogeneous, tall old-growth seasonal rainforest, 158
including a better understanding of the influence of epiphytic vegetation on canopy OCS 159
exchange. The results should provide information on canopy OCS processes generally, 160
but specifically in old-growth forests, which often show different dynamics compared to 161
younger forests.162

163
2. Methods164
2.1. Site Description165
Measurements were made at the Wind River Experimental Forest (WR), located within 166
the Gifford Pinchot National Forest in southwest Washington state, USA (45°49′13.76′′ 167
N; 121°57′06.88′′ W; 371 m above sea level). The climate is classified as temperate 168
oceanic with a strong summer drought. Long-term meteorological data available from 169
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nearby climate stations indicate that the mean annual temperature over the last century 170
was 8.8°C and precipitation was ~ 2,200mm, of which less than 10% falls between the 171
months of June and September (cite). The forest is 478 ha of preserved old growth 172
evergreen needle-leaf forest, with dominant tree species of Douglas fir (Pseudotsuga 173
menzesii) and Western hemlock (Tsuga hetrophylla). The tallest Douglas fir trees are 174
between 50 and 60m, while the shade tolerant hemlocks are between 20-30 m high. The 175
forest also features a diverse understory that consists of Pacific yew (Taxus brevifolia) 176
and deciduous vine maples, and a large assemblage of shrubs that include salal 177
(Gaultheria shallon), Oregon grape (Mahonia aquifolium) and red huckleberries 178
(Vaccinium parvifolium). This results in a bimodal distribution of LAI [Parker, 1997; 179
reproduced and shown in Fig. 1.a], with peaks centered around 25m and 15m 180
respectively. The cumulative LAI is estimated to be ~9.2 m2m-2

. Additionally, the 181
ecosystem hosts a large biodiversity of mosses, lichens and other epiphytic material. The 182
soils are volcanic in origin, although most of the forest surface is comprised of decaying 183
organic matter [Shaw et al., 2004]. 184

185
2.2. CO2 and H2O flux measurements 186
Carbon, water and energy fluxes have been collected since 1998 using the eddy 187
covariance (EC) technique at the Wind River AmeriFlux tower (US-wrc; Wharton and 188
Falk 2016]. The most recent EC system consists of a 3-D sonic anemometer (CSAT3, 189
Campbell Scientific, Logan, Utah) and a closed-path infrared gas analyzer (LI-7000, Li-190
Cor, Lincoln, Nebraska). The EC system is located approximately 10 m above the canopy191
top at a height of 70 m. Over a period of fifteen years (1999-2013), the ecosystem wass a 192
net weak sink of carbon annually (-32 g C m-2 yr-1 ±84 g C m-2 yr-1), with monthly NEE 193
peaking early in the growing season (March-April). Interannual variability in NEE is 194
largely explained by climatic variability associated with major teleconnections such as 195
the Pacific Decadal Oscillation and the El-Niño Southern Oscillation [Wharton and Falk 196
2016].   197

198
NEE was measured using the EC system and partitioned into ecosystem respiration (Re) 199
and GPP by identifying a turbulence (friction velocity) threshold, fitting an exponential 200
temperature response curve to the nighttime NEE, and extrapolating the relationship to 201
calculate daytime Re. GPP is calculated as the residual of NEE and Re. Partitioned data 202
were gap filled using the online tool REddyProc based on procedure described in 203
Reichstein et al. [2005]. For full data processing readers are referred to Falk et al. [2008]204
and Wharton et al. [2012]. 205

206
2.3. OCS measurements207
A commercially available off-axis integrated cavity output spectroscopy analyzer (Los 208

Gatos Research Inc., model 914-0028) was deployed at the base of the tower in an 209
insulated and temperature-controlled shed from late July to end of September 2014. The 210
instrument measures mixing ratios of OCS, CO2, H2O and CO simultaneously at a 211
maximal scan rate of 5Hz. The system uses a 4.87 m cascade laser coupled to a high 212
finesse 800 cm3 optical cavity and light transmitted through the cavity is focused into a213

cooled and amplified HgCdTe detector. OCS is detected at ∼2050.40 cm−1, CO2 at 214

2050.56 cm−1, CO at ∼2050.86 cm−1, and H2O at ∼2050.66 cm−1. Pressure broadening 215
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associated with changes in the concentration of water vapor in the samples is corrected 216
for in the analysis routine. An additional test was performed in the lab to check for water 217
vapor cross-interference (Fig. S.1). This test revealed that OCS measurements were 218
marginally sensitive to water vapor and that the magnitude of this sensitivity (0.87 ppt 219
decrease in OCS corresponding to a 1 ppth increase in H2O) was negligible compared to 220
the magnitude of OCS mixing ratios observed in this study. For detailed information 221
regarding instrumentation and the measurement readers are referred to Provencal et al 222
[2012], Berkelhammer et al. [2014] and Belviso et al. [2016]. 223

To avoid OCS contamination, stainless steel and PFA (polyfluoroacetate) or PTFE 224
(polytetrafluoroethylene) material was used for all tubing and fittings. Ambient air was 225
sampled from four different heights on the tower (70m; above the canopy, 60m; at the 226
canopy height, 10m and 1m above the ground), through 0.25’’ diameter PFA tubing using 227

a diaphragm pump at a flow rate of 2L min
-1

. A 0.2 m filter with PTFE membrane, 228
encased in stainless steel housing was installed at the inlet of each sampling line. The 1m-229
sampling line was installed about 15m away from the base of the tower, in an area 230
representative of the forest ground surface. All sample gases were introduced into the 231
analyzer through a Multiport Inlet Unit (MIU; Los Gatos Research Inc., model 908-0003-232
9002) a computer-controlled bank of solenoids. The MIU was modified by replacing the 233
default brass valves with stainless steel ones to avoid OCS contamination. To avoid static 234
air in the sampling lines, continuous flow was maintained using an external pump (Gast 235
High-Capacity Vacuum Pump). This pump was installed downstream of the analyzer, to 236
avoid OCS contamination from the pump’s gaskets. Each intake line was sampled for 5 237
minutes, during which measurements were made at a frequency of 0.1 Hz. The first 238
minute of each sampling interval was discarded to avoid any inter-sampling mixing. The 239
remaining data were checked for temperature and pressure fluctuations inside the 240
measurement chamber, and a moving window filter was used to eliminate any sudden 241
outliers in the data (i.e., adjacent data points that were more than 7 ppt apart). Data for all 242
gases was then aggregated to hourly means. 243

2.4. Calibration 244
A reference gas tank filled with ambient air was used as a reference standard. Tanks were 245
filled to ~2300 psi and stabilized at 2000 psi, once compressed air cooled to ambient 246
temperatures. Tanks were stored in an insulated shed and switched out at pressures ~700 247
psi. Air was analyzed daily from the calibration tank, through the MIU, for a period of 5 248
min and processed as described above (see section 2.3). At the beginning of the 249
measurement campaign, a glass flask was filled with air from the reference tank and 250
measured against a NOAA GMD reference standard to be within 3 ppt of the 251
measurement from the analyzer. This difference was well within the reported accuracy of 252
measurement from the manufacturer, as well as the minimum uncertainty of 12.6 pmol 253
mol-1 reported by Berkelhammer et al., [2016] who used a similar instrument. We 254
assumed that OCS concentrations in the tanks were stable over the course of the 255
campaign. Data were corrected for drift by detrending against the calibration using native 256
functions in Matlab (v.8.6). 257

2.5. Environmental data258
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Ancillary environmental data was measured at the site. A full list of variables measured is 259
provided in supplementary information (Table S.1). 260

261
2.6. Estimating Fluxes262
Following Lai and Ehleringer [2011] and Lai et al., [2006], the mass balance of OCS 263
within a forest can be expressed as 264

265

��.
���

��
= ���� + ������������ (1),266

where Mc represents the number of moles of air in a column of air per unit ground 267

area, �c is the average mole fraction of OCS in the column, and Fbio and Fentrainment268
represent the biotic and entrainment source/sink strength of OCS within the forest 269

canopy. The right-hand side of (1) is calculated as the integral of concentration 270
changes over height up to the height of the EC measurements (hEC) following 271

Aubinet et al., [2001].272
273

��.
���

��
=

�

�����
∫

���

��
. ��

���

�
(2)274

where P is the atmospheric pressure [Pa], R is the ideal gas constant [add unit], T 275
is the air temperature [K], and Cz is the mixing ratio (of OCS and CO2, units of ppt276

and ppm respectively) along a vertical profile from the forest floor to hEC. The 277

integral was determined from hourly measured profile concentrations at 1, 10, 60, 278
and 70m (Fig. 3) by using trapezoidal areas. It is important to note that the 279

quantity on the right-hand side of equation 2 is routinely estimated at flux tower 280
sites as a storage flux for CO2. Throughout the rest of this study, we refer to fluxes 281

estimated from (2) as storage. 282

For the purpose of this study, we assume that vascular plant stomatal uptake283

dominates daytime biotic uptake of OCS (i.e., is much larger than soil and 284
epiphytic uptake), and therefore Fbio ~ Fleaf. Fleaf is the ecosystem-scale ‘leaf’ flux 285

of OCS, and is estimated using Asaf et al., [2014] as 286

287
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����� = ���.
[���]

[���]
.

�

���
    (3)288

where [OCS] and [CO2] are the observed tower top mixing ratios, and GPP was 289
estimated from measured EC CO2 fluxes at the tower top. LRU was inferred 290

following [Seibt et al., 2010], who derived this quantity from the ratio of CO2 in 291
leaf intercellular spaces to that in ambient air (i.e., the ci/ca ratio). We estimated 292

canopy scale ci/ca using a process-based model (E.D. 2.1) that was run using site-293
level data [Jiang et al., in prep]. Thus, by inferring Fleaf (3) from measurements and 294

model calculations, and estimating the total mass balance (2) directly from 295
measurements, we are then able to solve for Fentrainment. 296

2.7. Chamber Measurements297
In addition to ecosystem-level sampling of canopy air, we also measured OCS exchange 298
between the forest surface and the atmosphere, by modifying a Licor soil chamber 299
[Whelan et al., 2016] from July- December 2015, as 300

������� ����� =
�

�����

��

��
   (4)301

302
where P is the atmospheric pressure [Pa], R is the ideal gas constant, T is the air 303
temperature [K], �� is the difference between mixing ratios of OCS in ambient air and 304
the chamber. Additionally, we collected measurements on a variety of understory 305
epiphytes by placing them in custom-made Teflon branch bags, adapted from Ortega and 306
Helmeg [2007]. These measurements were performed in a controlled environment (i.e., 307
not in situ), and in the dark. Mixing ratios were converted to fluxes using the following 308
equation:309

��������� = �� .
��

��
         (5) 310

��������� is the estimated flux, Mc is the flow rate into the chamber, held constant at 311

1.8Lmin-1 and converted to mols-1, �� represents the difference in mixing ratio of the 312
measured gas species (OCS, CO2, H2O) inside and outside the chamber, and DW is the 313
dry weight of the epiphyte [g]. Epiphyte fluxes were estimated on a per mass basis. Blank 314
measurements were done periodically to ensure no emissions came from the bag setup 315
itself. Air temperature inside the branch bag was measured using a thermocouple316
(remained constant at 23 ± 0.5°C). All epiphytic materials were measured at both field 317
moisture capacity, after adding additional moisture by spraying, and after desiccation in 318
an oven. Epiphyte relative uptake (EpRU), defined as a ratio of deposition velocities of 319
OCS:CO2 was calculated as : 320

���� =
����

[���]
. �

����

[���]
�

��

(6)321

3. Results322
3.1. Meteorological data 323
The mean daily air temperature during the measurement period (late July to end of 324
September 2014) was 18°C (min= 12°C, max 23°C), which is typical for this time of year 325
for this site. Most days were clear and sunny (Fig S.3.a), and of the 49 days of 326
measurement, only 2 days recorded measureable precipitation. Daily mean maximum 327
VPD was ~3kPa, although several days in August recorded max VPD ~ 4 kPa (Fig.328
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S.2.b). The mean diurnal cycles of microclimate variables (air temperature, relative 329
humidity and wind speed) are displayed in Fig. 1 (panels b-d). Soil moisture steadily 330
declined during the measurement campaign from 26% to 19% (measured at 40cm below 331
the soil surface; see Supplemental figure S.2.c for soil moisture measurements at different 332
depths). During the 49-day measurement period, the canopy was a net weak sink for 333
carbon, with daily mean maximum GPP ~ 12μmol m-2s-1 (figure 1.e). 334

335

336
Fig. 1. LAI profile from Parker [1997] (a), along with mean diurnal cycles of air 337
temperature (b), relative humidity (c), wind speed (d), and carbon fluxes (e). 338
Measurements were made at 70m (above canopy) and 2m (near surface). Carbon fluxes 339
were only measured at 70m. Vertical bars represent standard errors. Dotted black vertical 340
lines indicate time of sunrise and sunset. All times are Pacific Standard time (GMT – 7).341

3.2. Concentration profiles  342
The mean diurnal cycles of concentration profiles for OCS, CO2 and H2O are shown in 343
Fig. 2 (for the complete time series see Fig S.3). Dotted lines indicate local sunrise and 344
sunset times during the measurement period. CO2 (Fig 2.b) and H2O vapor (Fig 2.c)345
concentration profiles show the influence of ecosystem gas-exchange processes on the 346
lower canopy (1, 10 m) and the above canopy (60, 70 m) air space. OCS mixing ratios347
follow a similar diel pattern at all heights, characterized by a steady nighttime decrease, a 348
minimum in the morning after sunrise, followed by a strong, rapid increase in 349
concentration that peaks during midday (Fig. 2.a). A time lag of one hour is observed for 350
the timing of the minima at the 1m height (near the forest floor) compared to the other 351
heights, likely due to a a delay in the warming and drying (Figure 2c) of the air just above 352
the forest floor. A second time lag is observed for the [OCS] maximum. The daily 353
maximum OCS concentration peaks at the bottom of the canopy approximately 2-3 hours 354
prior to the peak observed above the canopy. The overall mean maximum [OCS] at 70m 355
was 340 ppt, while the mean maximum OCS at 1m was 260 ppt and the mean minimum 356
at 1m was 152 ppt. 357
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358
Fig. 2.Mean diurnal cycles of all measured gases. Vertical bars represent standard errors. 359
Dashed vertical lines indicate time of sunrise and sunset.360

These OCS patterns are distinct from CO2 and H2O in at least two ways:361
(i) In contrast to [CO2] and [H2O], [OCS] was always highest at the top of the canopy and 362
lowest just above the forest floor, implying strong forest uptake of OCS by the understory 363
and epiphytic species. CO2 and H2O exhibit profiles characteristic of actively 364
metabolizing plants and microbes, i.e., high concentrations at the forest surface from 365
heterotrophic and autotrophic respiration and evaporation from dew on the surface of the 366
understory species and coarse woody debris, transpiration from the understory species, as 367
well as some evaporation of soil water. This signal is most clearly seen in the H2O data, 368
as concentrations near the surface are significantly higher during the day than at night. 369

370
(ii) [OCS] maintained a stronger gradient at all heights throughout the daylight hours. 371
[CO2] and [H2O] mixing ratios above the canopy top (70m and 60m) appear to be 372
indistinguishable, especially during midday. In contrast, profiles of [OCS] remain distinct 373
even during times when the top of the canopy is well coupled to the overlying 374
atmosphere. For all species, the gradient is highest near the forest floor (10m-1m; yellow 375
lines in Fig. 3a-d), although OCS is also characterized by significant height-normalized 376
gradients at the canopy top as well. 377

378
Fig. 3. Height-normalized gradients of all species (ppt m-1). Vertical bars represent 379
standard errors. Dashed vertical lines indicate times of local sunrise and sunset.380

3.3. Biotic and Abiotic Fluxes of OCS, CO2, and H2O381
Storage fluxes reveal large diurnal cycles for OCS and CO2 (SOCS and SCO2 in Fig.382

4a-b). OCS mixing ratios decrease throughout the night (Fig. 2a), with a sharp 383
trough shortly after sunrise, followed by a peak before midday. SOCS shows a 384
similar pattern. As inferred by SOCS, OCS is taken up by various components of 385

the ecosystem (i.e., epiphytes, soil organic matter and microbes, and from 386
incomplete stomatal closure) throughout the night. However, shortly after sunrise387
the canopy air likely becomes more well-mixed, and a strong net influx of OCS 388
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into the canopy from the forest floor is observed. This is seen as a reversal of SOCS, 389
with a peak of this storage flux in mid-morning. We infer this as entrainment of 390

background atmospheric OCS. SCO2 shows a very similar cycle to that of SOCS, but 391
in the opposite direction. SCO2 peaks in the early morning, a few hours after 392
sunrise, as background CO2 mixes in with that accumulated in the canopy through 393
the night, resulting in a strong negative storage flux that rapidly approaches zero 394

by midday.  This phenomenon is known as flushing and is commonly observed in 395
forested ecosystems. (discussed below).396

397

It is important to note that SOCS and SCO2 have the opposite sign convention during 398
the early morning flushing event. NEE and SCO2 have the same sign convention 399
(both negative, implying ecosystem uptake). While we are unable to measure a 400
turbulent (i.e., fast response) OCS flux in this study, vertical profile data (Fig. 2a) 401

also suggest high ecosystem uptake of OCS. In studies of water vapor isofluxes at 402
Wind River, Lai et al., [2006] and Lai and Ehleringer [2011], observed a very 403

similar signal for entrainment of �18O of water vapor into the canopy during 404

morning hours.  405
406

407
408

Fig. 4. Diurnal cycles of storage fluxes for OCS and σw (a), CO2 (b) and H2O (c). Vertical 409
bars represent standard errors. Red circles in (b-c) are measured, tower top turbulent 410
fluxes of CO2 and H2O. While storage fluxes for CO2 can account for significant changes 411
in NEE during early morning hours, the effect on H2O concentrations is comparatively 412
much smaller. 413
We inferred daytime ecosystem-scale OCS ‘leaf’ fluxes (Fleaf) using a combination414
of ecosystem GPP fluxes and a modeled LRU using equation (3). While GPP 415

increased rapidly in the early morning hours, peaked at midday, and declined in 416
the afternoon, Fleaf was found to be high in the early morning hours, peaking at 417

noon and declining thereafter. This is a direct consequence of LRU values (Fig.418
5a), which are higher under lower light levels. LRUs are highest in the morning as 419

CO2 assimilation is light limited, even as uptake of OCS is controlled principally420
by stomata.421

Entrainment modeled during daylight hours using Eq (1) showed positive fluxes 422
that increased sharply in the early morning hours, and declined slowly during the 423
rest of the day (Fig. 5b). This helps explain observed mixing ratios of OCS (Fig.424

2a). Background OCS mixing ratios measured at a nearby mountain-top (Mt. 425
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Bachelor, 2731 m a.s.l; ~ 200 Km south of the study site) are ~ 100 ppt higher 426
than those measured at Wind River [Steve Montzka, pers. comm]. Canopy 427

flushing of atmospheric OCS results in a daytime increase in concentration 428
throughout the canopy, since coupling depths in the canopy are high. Indeed, Pyles 429
et al., 2004 report coupling depths of ~ 85% canopy height at Wind River. 430

431

432
Fig. 5. Modeled LRU (a), and tower top GPP (red curve in b) are used to infer a 433
ecosystem scale ‘leaf- uptake’ of OCS (blue curve in b), which is finally used to calculate434

OCS entrainment flux (c).435

3.4. Near-surface nighttime and early morning OCS exchange436
During these hours, the environment is characterized by high relative humidity (mean 437
RH% = ?) and low wind speed (mean U  = ?) (Fig. S.5). OCS and CO2 mixing ratios and 438
gradients were highly correlated through the night and in the early mornings at the near 439
surface (Fig. 6a). This relationship was highly dependent on water vapor. [CO2] build up440
in the sub-canopy is driven by autotrophic and heterotrophic respiration, and was441
accompanied by concomitant [OCS] uptake. Since the forest floor at Wind River is 442
covered by a thick layer of epiphytes, the relationship is likely influenced by understory 443
plant activity, including gas exchange by lichens and bryophytes (liverworts, hornworts, 444
and mosses). At higher temperatures, this relationship is weakened, likely due to 445
enhanced soil activity as well as lower humidities at higher temperatures.446

447
Fig. 6. CO2 and OCS mixing ratios near the forest floor (1m) are highly correlated during 448
the Nighttime to mid-morning (a), as are OCS and CO2 vertical concentration gradients in 449
the sub-canopy.450

3.5. Epiphytic uptake451
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We measured OCS exchange by lichen and moss species that are commonly found in the 452
WR forest understory (Fig. 7). The samples were brought to a lab at OSU and measured 453
in the dark and in a temperature-controlled environment. To examine the effect of 454
moisture on OCS exchange, samples were measured at field moisture content, with added 455
moisture, and following dehydration. One of these species, Lobaria oregana, was also 456
measured after a second re-wetting, after dehydration. At field moisture, all epiphytic 457
material consumed OCS and emitted CO2 and H2O. Generally, OCS and CO2 fluxes were 458
tightly coupled for each species, but relative magnitudes of uptake were higher for OCS 459
than for CO2 (relative, since OCS uptake is six orders of magnitude lower than that of 460
CO2). Consequently, the Epiphyte relative uptake, (EpRU; defined in section 2.7) was 461
generally negative (except at dehydration) and showed a preferential uptake of OCS that 462
peaked at field moisture content for all measured epiphytic species, Dehydration at 463
temperatures ~40°C drastically reduced subsequent OCS uptake, and yielded very small 464
emissions for Alectoria sarmentosa and Kindbergia oregana. After rewetting, Lobaria 465
oregana resumed OCS uptake, although the flux was ~ 30% of the original value, 466
presumably due to a decrease in microbial and enzymatic activity after dehydration. 467

468
Fig. 7. Wetness curves for epiphytic vegetation commonly observed in the understory at 469
the study site for OCS (a), CO2 (b), H2O (c), and Epiphytic relative uptake, defined as a 470
ratio of deposition velocities for OCS:CO2 (d). 471

3.6. Ground surface OCS exchange 472
The concentration and gradient data together indicate the occurrence of different 473
processes at various levels in the canopy. The forest floor was always found to be an 474
OCS sink (mean fluxes are reported in Table 1). Sink strength was strongest in July, with 475
fluxes peaking during the day. No discernible diurnal pattern was observed for soil 476
uptake between August and December, but the magnitude of uptake was found to be 477
influenced by soil temperature and moisture during these times, consistent with previous 478
studies of ground surface/soil- atmosphere OCS exchange [Maseyk et al., 2016, Sun et 479
al., 2016]. Since we were interested in characterizing the response of the forest surface, 480
no organic matter was removed from the chamber locations. Importantly, the chamber 481
was moved between July and August, as the original sampling location was disturbed 482
from a dominant tree that fell next to it. This accounts for the difference in sink strength 483
between measurements in July and August, which were only a few weeks apart. 484
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486

487

488

Table 1. Mean monthly soil surface OCS fluxes, mixing ratios, and observed shallow soil 489
moisture and ground surface temperatur, measured using temperature probes in the upper 490
few cm of the forest floor. 491

Month Flux [pmolm2s-1] OCS [ppt] Mean shallow 
soil moisture [%]

Mean surface 
temperature [°C]

Jul -22.73 ± 0.74 388.17 ± 
11.23

16.16
20.26

Aug -5.83 ± 0.28 385.57 ± 4.66 11.5 18.17
Sep -2.97 ± 0.09 264.24 ± 2.3 15.33 13.89
Oct -3.33 ± 0.13 218.6 ± 1.10 14.06 12.98
Nov -3.99 ± 0.38 309.59 ± 6.03 25 5.85
Dec -3.26 ± 0.31 248.82 ± 4.99 27.88 1.25

492
493
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4. Discussion494
4.1. Daytime ecosystem-scale fluxes of OCS and difference in source sink estimates495
The gradient data (Fig. 3a-c) indicate that processes influencing OCS at the canopy top 496
are distinct from those influencing CO2 and H2O. Calculation of storage fluxes reveal a 497
large source of OCS that peaks before midday and declines thereafter. 498
We inferred ecosystem-scale leaf fluxes using tower top estimates of GPP and modelled 499
leaf relative uptake. The difference between the leaf sink and storage allowed us to 500
quantify entrainment of OCS in to the canopy. However, this approach relies heavily on 501
certain assumptions. These assumptions are addressed below:502

1. The very tall and dense nature of the canopy makes it susceptible to vertical 503
advection. This is clearly observed in the mixing ratios near the forest floor, the 504
diurnal cycles for which show lag times ~ 1hr. Tower top turbulent fluxes of CO2505
(i.e., NEE) are strongly influenced by wind direction and atmospheric stability 506
which determine the measurement footprint. Since the old growth stand is highly 507
heterogeneous and surrounded by other younger forests (mostly to the north),508
NEE fluxes may not always represent the same footprint that was defined by the 509
concentration profile data. Moreover, there can be issues with partitioning of NEE 510
into source and sink terms. Temperature-based models of respiration may be 511
biased by the selection of driving temperature, i.e., air or soil temperature 512
[Wohlfahrt and Galvagno, 2017; Lasslop et al., 2012]. Moreover, these models 513
fail to account for a light inhibition of mitochondrial respiration, known as the 514
Kok effect [Kok, 1949]. In conjunction with the footprint issues outlined above, 515
errors in respiration estimates propagate to errors in GPP, estimated from NEE.516

2. Leaf relative uptake: LRU was estimated from ci/ca ratios using relationships that 517
were derived at the leaf-level. However, uncertainties regarding scaling of leaf 518
level ci/ca estimates to canopy scales remain. While modeled canopy-scale ci/ca519
ratios are in excellent agreement with observed ci/ca ratios of needles collected at 520
the top of a dominant tree at the site [Winner et al., 2004], ci/ca changes strongly521
through the canopy, owing to lower light, higher ca (e.g. Fig. 2b), leaf acclimation 522
to shading, and species-specific physiology. While it is beyond the scope of this 523
study to estimate stomatal conductance through the canopy, it is unclear how 524
much the needles at the canopy top contribute to overall ecosystem 525
photosynthesis and transpiration. Since OCS is more directly a proxy of stomatal 526
conductance than GPP (as OCS uptake is controlled by stomata), vertical and 527
temporal offsets in GPP and stomatal conductance are likely to translate into 528
differences between ecosystem-scale uptake of OCS and CO2. 529

3. We assumed that daytime biological fluxes of OCS were dominated by actively 530
photosynthesizing needles of the trees. The forest ground surface was found to be 531
an OCS sink, and the sink strength was influenced by the location of the chamber 532
and by environmental conditions. While we were unable to measure epiphytes in 533
the light, recent work by Gimeno et al., [2017] found several bryophyte species 534
from temperate forests do emit OCS during the day. While the magnitude of 535
emission was low, the abundance of bryophytes, lichens and mosses at our site 536
can affect ecosystem-scale uptake of this gas. 537

538
4.2. Nighttime uptake due to partial stomatal closure539
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OCS mixing ratios over natural terrestrial ecosystems are known already to be 540
influenced by a combination of stomatal uptake and soil activity. Similarly, the forest 541
ground surface was found to be a sink at the site. A number of studies report that several 542
coniferous species, including Douglas fir and Western hemlock, exhibit partial stomatal 543
closure during nighttime [Kavanagh et al., 2007; Running, 1976; Blake and Ferrel, 1976].544
This has been speculated to be an ecological adaptation. Daley and Phillips [2006] note 545
that having partially open stomata may enable plants to continue photosynthesis during546
late evenings and early mornings, when vapor pressure deficits are low. This is certainly 547
true at WR in the summer, when trees can continue assimilating carbon despite high 548
midday VPD, since soil moisture remains reasonably high. Additionally, dominant trees 549
at WR avoid water stress by extracting a greater proportion of their water requirements 550
from deeper soils as the summer drought progresses [Warren et al., 2005]. Estimates of 551
individual tree scale conductance (i.e., crown conductance) calculated from sap flow data 552
show that conductance is highest in the early morning hours, and declines steadily as the 553
day progresses - presumably in response to increasing leaf-air vapor pressure deficit 554
[Woodruff et al., 2010]. Another study at WR found that sap flow at the base of tall trees 555
continues hours after sunset [Cermak et al., 2007]. Much of this is a recharge of water 556
stored in the trunk (of dominant trees) that has been drawn down by daytime 557
transpiration. This recharge has the effect of making water available to needles at the 558
canopy top to start photosynthesis as soon as light is available. Nighttime changes in SOCS559
driven by a decrease in mixing ratio throughout the canopy profile support the hypothesis 560
that OCS uptake at night is at least partially due to incomplete stomatal closure by trees, 561
as has been shown at a high-latitude European forest [Kooijmans et al., 2017].562

563
4.3. Epiphytes564
The site is a host to a large diversity and abundance of epiphytes. Using a chamber-based 565
experiment, we found lichen and other epiphytic material to be a strong sink of OCS in 566
the dark. This process was found to be light independent and highly related to the water 567
content of the epiphyte. This is consistent with previous studies of lichen OCS exchange 568
using chamber measurements [Gimeno et al., 2017; Kuhn et al., 2000; Gries et al., 1994]. 569
These plants contain large amounts of CA, and are therefore able to remove OCS from 570
the atmosphere in the dark as long as they have access to moisture. 571

572
[OCS] was found to be strongly influenced by relative humidity, both at canopy top and 573
just above the forest floor (Fig. S.6). Mean diurnal cycles of relative humidity and OCS 574
were negatively correlated. The early morning minimum in [OCS] occurred when relative 575
humidity near the forest floor was highest (Fig. 2b). Additionally, the decrease in OCS576
mixing ratios was higher in the sub-canopy than at the canopy top (Fig. 3a). We 577
hypothesize that OCS drawdown in the canopy is strongly influenced by epiphytic 578
uptake, which is driven by the water content of the epiphyte. Enhanced atmospheric 579
stability, and high relative humidity, enable OCS uptake by epiphytes like mosses and580
lichen at night and during early mornings. Epiphytes are present from the surface to 581
heights of 40-50m in the canopy, but their abundance is highest in the understory due to 582
low wind and humid conditions [McCune et al., 1997]. During the day, as relative 583
humidity rapidly declines, epiphytic uptake is reduced. Some epiphytes are able to absorb 584
large volumes of moisture [McCune et al. 1997], including from dew [Gasulla et al., 585
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2012] as well as directly from humid air [Lange et al., 2001], and thus maintain low rates 586
of gas exchange. Since both mycobiont and photobiont components of epiphytes are 587
known to exhibit high amounts of CA activity [Palmqvist and Badger, 1996], OCS588
consumption by epiphytes should continue as long as sufficient moisture is available.589
Indeed, a concomitant decline in mixing ratios of water vapor is clearly observed during 590
these hours (Fig. 2c), as well as a sharp decline in near-surface OCS concentrations, as air 591
and dew point temperatures converge (Fig. S7). While dew point temperatures rarely 592
crossed air temperatures, Unsworth et al., [2004] suggest that surface temperature of bark 593
and epiphytic material in the understory are likely to be cooler than air temperatures, 594
thereby increasing the likelihood of dew formation at the site. Indeed Phillips et al., 595
[2002] report mid-summer nighttime dew formation being a common occurrence at Wind 596
River. Therefore, epiphytic vegetation may be a large nocturnal sink for OCS in cool and 597
wet forests.598

599
600

5. Conclusions601
The aim of this study was to characterize canopy air OCS profiles within and above a 602
forested ecosystem. Our study site is somewhat atypical (very tall canopy, high biomass, 603
complicated canopy structure and large volume of epiphytes), but is a well-studied 604
temperate coniferous old-growth forest in Pacific Northwest (U.S.A.) We collected 605
continuous in-situ measurements of OCS mixing ratios [OCS] in ambient air at various 606
heights in the canopy. [OCS] decreased with height throughout the canopy, but mixing607
ratios at all heights showed an increase in OCS during the day. We were unable to 608
identify any within-canopy or surface sources of OCS. The mass balance of OCS in the 609
canopy allowed us to infer a strong entrainment signal driving the daytime increase in 610
concentrations. Entrainment replenished the canopy air with OCS, that was taken up by 611
various parts of the ecosystem at nighttime (incomplete stomatal closure and uptake by 612
epiphytes). We found that epiphytic material was a moisture dependent sink of [OCS] in 613
the dark. While previous studies have characterized the role of lichen in [OCS] exchange, 614
this is the first study that shows that epiphytes may be an important control on OCS 615
exchange in a moist forested canopy. However, questions remain regarding the 616
mechanism of OCS consumption by epiphytes. 617
While old growth temperate rainforests do not represent a major portion of terrestrial 618
ecosystems, various characteristics of this ecosystem are shared by tropical forests, such 619
as high aboveground biomass, frequent surface wetting, complicated canopy structure 620
with high leaf area, and abundant epiphytic cover. Therefore, this study likely has 621
implications for canopy-atmosphere OCS exchange in tropical forests as well as 622
temperate forests. 623
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