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Abstract 21 

While radiocarbon (14C) abundance in standing stocks of soil carbon have been used to 22 

evaluate rates of soil carbon turnover on timescales of several years to centuries, soil-23 

respired 14CO2 measurements are an important tool for identifying more immediate 24 

responses to disturbance and climate change. Soil ∆14CO2 data are often temporally 25 
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sparse, however, and could be interpreted better with more context for typical seasonal 26 

ranges and trends. We report on a semi-high-frequency sampling campaign to distinguish 27 

physical and biological drivers of soil ∆14CO2 at a temperate forest site in Northern 28 

Wisconsin, USA. We sampled 14CO2 profiles every three weeks during snow-free months 29 

through 2012, in three intact plots and one trenched plot that excluded roots. Respired 30 

∆14CO2 declined through the summer in intact plots, shifting from an older C composition 31 

that contained more bomb 14C to a younger composition more closely resembling present 32 

14C levels in the atmosphere. In the trenched plot respired ∆14CO2 was variable but 33 

remained comparatively higher than in intact plots, reflecting older bomb-enriched 14C 34 

sources. Although respired ∆14CO2 from intact plots correlated with soil moisture, related 35 

analyses did not support a clear cause-and-effect relationship with moisture. The initial 36 

decrease in ∆14CO2 from spring to midsummer could be explained by increases in 14C-37 

deplete root respiration; however, ∆14CO2 continued to decline in late summer after root 38 

activity decreased. We also investigated whether soil moisture impacted vertical 39 

partitioning of CO2 production, but found this had little effect on respired ∆14CO2 40 

because CO2 contained modern bomb-C at depth, even in the trenched plot. This 41 

surprising result contrasted with decades to centuries-old pre-bomb CO2 produced in lab 42 

incubations of the same soils. Our results suggest that root-derived C and other recent C 43 

sources had dominant impacts on respired ∆14CO2 in situ, even at depth. We propose that 44 

14CO2 may have declined through late summer in intact plots because of continued 45 

microbial turnover of root-derived C, following declines in root respiration. Our results 46 

agree with other studies showing declines in the 14C content of soil respiration over the 47 

growing season, and suggest inputs of new photosynthates through roots are an important 48 

driver. 49 

 50 

1 Introduction 51 

The presence of large ∆14C gradients in soil makes 14C a potentially sensitive tool for 52 

detecting changes in respiration sources. The dynamic range of ∆14C  in putative 53 

respiratory substrates is often many times larger than for δ13C: deep soils generally 54 
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contain an abundance of organic matter that is deplete in ∆14C due to radioactive decay 55 

and the older age of deep carbon, while near-surface soils reflect litter additions 56 

containing “bomb-C,” a legacy of aboveground thermonuclear weapons testing in the 57 

early 1960s (Gaudinski et al., 2000; Trumbore, 2000). Root and microbial respiration also 58 

often have different 14C abundance, with root-derived CO2 more closely resembling the 59 

recent atmosphere. This distinction has been employed to partition total soil respiration 60 

into heterotrophic (Rh) and autotrophic (Ra) components (Czimczik et al., 2006; Hahn et 61 

al., 2006; Hicks Pries et al., 2013; Schuur and Trumbore, 2006). While the distinctions 62 

between deep and shallow, and between Rh and Ra end-members are useful for 63 

partitioning, the large 14C range in potential CO2 sources may also accentuate seasonal 64 

and synoptic variability in soil ∆14CO2. Although 14C measurements have proven useful 65 

for identifying changes in respiratory sources following disturbance and climatic change 66 

(Czimczik et al., 2006; Hicks Pries et al., 2013; Hirsch et al., 2003; Schuur and 67 

Trumbore, 2006), our understanding of these effects could be improved with more 68 

information on ∆14CO2 seasonal trends.  69 

Several temporal studies have suggested that seasonal variation in soil-respired ∆14CO2 70 

may be large, and may therefore encode information about seasonal dynamics of 71 

respiratory sources. Gaudinski et al. (2000) found soil-respired 14CO2 decreased by 72 

approximately 40‰ between May and December at Harvard Forest, a temperate 73 

deciduous system. Similarly, ecosystem-respired ∆14CO2 at a tundra site in Alaska 74 

decreased over the summer by as much as 20‰ (Hicks Pries et al., 2013) . Schuur and 75 

Trumbore (2006), however, found a large increase of 84‰ between June and August at a 76 

boreal forest site in Alaska. Unfortunately, temporal density in datasets with repeated 77 

sampling is generally very sparse, providing little information from which to fully 78 

describe seasonal variability or identify environmental drivers.  79 

To help address this gap, in 2011-2012 we conducted a study of respired ∆14CO2 80 

dynamics at Willow Creek eddy covariance site, a temperate semi-deciduous forest in 81 

Northern Wisconsin, USA. Our goal was to examine soil 14CO2 dynamics through the 82 

growing season, and evaluate whether soil emissions also influenced atmospheric 14CO2 83 

dynamics. In this paper, we present our soil 14CO2 observations and evaluate potential 84 
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physical and biological processes underlying seasonal variation. Specifically, we 85 

evaluated impacts on soil 14CO2 from the following processes: 86 

1. Seasonal shifts in relative contributions of Rh and Ra 87 

2. Seasonal changes in relative contributions of deep and shallow CO2 production 88 

3. Seasonal changes in ∆14C of Rh, reflecting shifts in microbial substrates. 89 

Although not an exhaustive list, by focusing on these processes we hoped to tease apart 90 

the relative influences of plant activity, microbial activity, and soil physical properties on 91 

respired ∆14CO2 variability. 92 

Investigating influences from these sources may help illuminate the utility and limitations 93 

of ∆14CO2 for understanding soil metabolism. To our knowledge there has been no 94 

previous investigation of whether ∆14CO2 of Rh varies seasonally, and Rh has been 95 

assumed to be isotopically static at seasonal to interannual timescales for partitioning 96 

heterotrophic and autotrophic respiration (Hicks Pries et al., 2013; Schuur and Trumbore, 97 

2006) and for modeling rates of soil organic matter turnover (Torn et al., 2002). If 98 

heterotrophic ∆14C varies seasonally, this would indicate that the quality of soil C 99 

destabilized through time has greater environmental sensitivity than is presently 100 

represented by most soil biogeochemistry models. The effects of soil moisture and gas 101 

diffusion on respired ∆14CO2 are also largely unexplored. Although soil moisture and gas 102 

diffusion can play roles in regulating deep versus shallow CO2 production (Davidson et 103 

al., 2006; Phillips et al., 2012), gas diffusion is often neglected in favor of biological 104 

explanations for why sources of soil respiration vary through time.  A simultaneous 105 

assessment of the relative influences on 14CO2 by soil physical factors in addition to plant 106 

and microbial activity provides a check on existing assumptions and tendencies. 107 

 108 

2 Methods 109 

To evaluate influences of plant and microbial activity and soil physical factors, we 110 

measured surface CO2 flux rates and subsurface profiles of CO2, ∆14CO2, and δ13CO2 in 111 

three intact soil plots and one plot that was trenched to exclude roots to 1 m depth. The 112 
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trenched plot did not have spatial replication; therefore, a limitation of this study is that 113 

the treatments could not be statistically compared. Observations from the trenched plot, 114 

however, allowed us to examine in situ dynamics of microbially-respired ∆14CO2 through 115 

time, in the absence of live roots, which we compared with more common in vitro 116 

microbial respiration measurements from laboratory soil incubations.  We used 117 

comparisons of the intact and trenched plots to estimate the relative contributions of Rh 118 

and Ra to total soil respiration. Subsurface profile measurements were used to estimate 119 

CO2 and 14C contributions from each soil horizon.  120 

In addition, we employed a one-dimensional (1D) soil CO2 diffusive transport model to 121 

simulate how variations in the rate and isotopic composition of CO2 production would be 122 

expected to impact ∆14CO2 of soil air and surface flux. We used simulations as a second, 123 

independent approach for estimating ∆14CO2 of microbial production from observations 124 

of soil air.  125 

2.1 Site and soil description 126 

The Willow Creek Ameriflux site is located in the Chequamegon National Forest of north 127 

central Wisconsin (W 45°48’, N 90°07’ ), and is composed of mature, second growth 128 

hardwood trees approximately 80-100 years old, dominated by sugar maple, basswood, 129 

and green ash (Acer saccharum Marshall, Tilia Americana L., Fraxinus pennsylvanica 130 

Marshall). Eddy covariance measurements have been made at the site since 1998, and 131 

plant and soil characteristics have been described in detail by others (Bolstad et al. 2004, 132 

Cook et al. 2004, Martin and Bolstad 2005). 133 

In June 2011 we established a group of four soil plots centered about 30 m from the base 134 

of the eddy covariance tower (Figure 1). In each plot we excavated a trench to 75 cm 135 

depth to characterize the profile and install instrumentation, removing soil in 10 cm 136 

increments to back-fill in the same order. Soils were deep and moderately permeable, 137 

formed from unsorted, coarse glacial till, and have evidence of mixing from wind-throw, 138 

freeze-thaw, and earthworm activity. Texture in the four plots was classified as either 139 

sandy loams or loamy sands (mean texture in top 20 cm: 63% sand, 31% silt, 6% clay, 5-140 

12% rock fragments). Soils lacked an O horizon, had an A horizon 8-12 cm in depth with 141 
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a clear wavy boundary, followed by at least one B horizon, with variation among plots in 142 

iron depletions and accumulations, and finally a BC horizon starting at 50-60 cm with 143 

increased amounts of gravelly sand and gravel. We later found gas wells at and below 50 144 

cm to be poorly drained until mid-summer. 145 

We installed gas wells at 6 depths, at the interfaces between genetic horizons and several 146 

intermediate depths (nominal depths were 8, 15, 22, 30, 50, and 70 cm, with ≤ 3 cm 147 

variation across plots). We used a 2.5 cm diameter drill auger to create horizontal holes in 148 

the profile wall extending in 70-100 cm as permitted by stone content, and pounded gas 149 

wells into the holes. The wells were constructed of PVC pipe (70 to 100 cm long × 3 cm 150 

ID, inner volume 0.5 to 0.7 L), which were perforated along the bottom with a row of 1 151 

cm diameter holes to exchange air with the surrounding soil, and wrapped in Tyvek ® 152 

polyethylene membrane to exclude water and soil macrofauna. Wells were staggered 153 

horizontally within a 15 cm range to reduce impacts on vertical CO2 diffusion. Gas wells 154 

were capped at both ends, connected to the soil surface with two lengths of 1/8” 155 

polyethylene tubing, and the tubes were capped at the soil surface with plastic 2-way 156 

valves, which were housed in plastic enclosures. Thermistors were placed adjacent to 157 

each gas well to measure soil temperature (CS-107B, Campbell Scientific, Logan, Utah, 158 

USA), and TDR soil moisture probes were placed horizontally at 4 and 18 cm (CS-616, 159 

Campbell Scientific). Two sets of soil cores (5 cm diameter × 5 cm long) centered at 2.5, 160 

7.5, 12.5, 18, 30, 40, and 60 cm were also removed from each exposed profile for 161 

isotopic analysis (see below), and for analysis of texture, porosity, and moisture release at 162 

the Oregon State University Soil Science Physical Characterization Lab. 163 

To create the trenched plot, we dug a trench 30 cm wide × 100 cm deep around all sides 164 

of a 2 m × 2 m plot, and lined the trench with 0.13 mm thick polyethylene vapor barrier 165 

to prevent in-growth of new roots before refilling the trench with soil. Trenching was 166 

completed in early September 2011. The plot did not contain any woody plants, and 167 

emerging herbaceous plants (mostly grass) were clipped to their root crowns throughout 168 

2012. 169 

 170 
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2.2 Soil CO 2 flux and profile air 171 

Soil surface CO2 flux was measured using Forced Diffusion (FD) chambers and Vaisala 172 

GMP343 CO2 sensors (Vaisala Corp, Helsinki, Finland), as described by Risk et al. 173 

(2011). Each soil plot contained a FD soil chamber and atmospheric reference, and a co-174 

located PVC soil collar for comparisons with the Licor-8100 soil flux system (Licor 175 

Environmental, Lincoln, NE, USA). FD CO2 flux, temperature, and moisture were 176 

recorded hourly, and Licor CO2 flux comparisons were made approximately every 3 177 

weeks during the growing season. 178 

Soil profile CO2 was measured with the Licor-8100 IRGA, by first circulating air through 179 

a soda-lime trap to remove CO2 from the Licor internal volume and tubing, and then 180 

switching valves to shut-off the CO2 trap and circulate soil air between the gas well and 181 

Licor. Soil air was circulated in a closed-loop for several minutes until concentrations 182 

stabilized. A 1 µm air filter and a 50 mL canister of drierite plumbed to the Licor inlet 183 

trapped particles and moisture from incoming soil air. The gas well tubing was also pre-184 

purged by removing and discarding 50 mL of air with a syringe before connecting the 185 

tubing to the Licor.  186 

After measuring CO2, we sampled soil air for isotopic analysis using pre-evacuated 400 187 

mL stainless steel canisters (Restek Corp #24188, PA, USA) or activated molecular sieve 188 

traps (Gaudinski et al. 2000). To prepare canisters, we pre-cleaned them with N2 and heat 189 

following the manufacturer’s instructions, evacuated them to ≤1 mTorr, and capped the 190 

valves with rubber septa prior to overnight shipping to the fieldsite. In the field, we 191 

connected a syringe needle to the gas well tubing and filled the canisters by piercing the 192 

septa. To sample with molecular sieve traps, we used the Licor to pull soil air through the 193 

trap in a flow-through configuration. During trapping, we maintained a flow rate of 60 194 

mL min-1, and timed trapping to collect 2 mg C (total trapping time ranged 30s to 15min, 195 

depending on concentration). The molecular sieve (13X 8/12 beads, Grace) was washed, 196 

and then pre-conditioned by baking at 750° C under vacuum for 12 hours. Molecular 197 

sieve traps were activated using the same procedure for extraction, below. 198 

Atmospheric samples from the eddy covariance tower were also sampled from just above 199 

the forest canopy at 21 m above ground level into glass flasks, using a programmable 200 
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flask package and compressor (Andrews et al., 2013). These whole-air samples were 201 

collected approximately every 6 days at 12:30 am local time, so that they reflected 202 

respiration not influenced by photosynthesis. 203 

 204 

2.3 Root and soil incubations 205 

We collected roots from 0-5 cm in three locations in August 2011 to determine the ∆14C 206 

of Ra. In the field, roots were rinsed in distilled water and placed in sterilized Mason jars. 207 

Atmospheric CO2 was removed from the jar headspace by recirculating air through a 208 

soda lime trap and IRGA. The jars were shipped overnight to the Center for Accelerator 209 

Mass Spectrometry (CAMS) at Lawrence Livermore National Laboratory, and CO2 was 210 

extracted within 48 hours, as described below.  211 

Soils were incubated to compare laboratory measurements of Rh with observations from 212 

the trenched plot. Soil cores were sampled from each plot during well installation, and 213 

shipped on ice to CAMS. We removed the majority of roots by hand-picking, and 214 

allowed the remainder to senesce by resting the soils for two weeks before sealing the 215 

incubation jars. The closed jars were purged with CO2-free air, and incubated at 25°C 216 

until at least 0.5 mg C-CO2 could be extracted from the headspace. Incubation time 217 

ranged from 4 to 126 days, depending on the activity of each sample. 218 

 219 

2.4 14C sample processing 220 

CO2 from canisters, flasks, and incubation jars was purified cryogenically at CAMS using 221 

a vacuum line, and CO2 trapped on molecular sieves was released by baking at 650° C 222 

under vacuum for 30 minutes while condensing CO2 cryogenically. Purified CO2 was 223 

reduced to graphite on iron powder in the presence of H2 (Vogel et al., 1984). 224 

Subsamples of CO2 were analyzed for δ13C at the UC Davis Stable Isotope Laboratory 225 

(GVI Optima Stable Isotope Ratio Mass Spectrometer), and were used to correct 14C 226 

values for mass-dependent fractionation.  227 
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Radiocarbon abundance in graphitized samples was measured on the Van de Graff FN 228 

Accelerator Mass Spectrometer (AMS) at CAMS, is reported in ∆14C notation with a 229 

correction for 14C decay since 1950 (Stuiver and Polach, 1977). In ∆14C notation, values 230 

> 0‰ indicate the presence of “bomb” C that was fixed after 1950, whereas values ≤ 0‰ 231 

indicate C that was fixed prior to 1950. AMS samples had an average precision of 2.5‰. 232 

Total uncertainty associated with AMS plus sampling and CO2 extraction was estimated 233 

to be 8.7‰ for molecular sieve traps, and 3.2‰ for air canisters, based on the standard 234 

deviation of contemporary atmosphere process standards (N=5 for each sample type).  235 

2.5 Data analysis 236 

The analysis of field data had three components: (1) Calculating 14CO2 of surface flux 237 

from profile measurements, (2) estimating CO2 and 14C production by soil horizon, and 238 

(3) partitioning total soil respiration into Rh and Ra. Each component is discussed below. 239 

2.5.1 Surface flux 14CO2  240 

Due to recent reports of isotopic disequilibria caused by surface chambers (Albanito et 241 

al., 2012; Midwood and Millard, 2011; Nickerson and Risk, 2009a), for this study we 242 

focused on profile measurements, which may be less prone to sampling artifacts. We 243 

estimated ∆14C of surface flux from profile measurements using a gradient approach. The 244 

gradient approach is often used to calculate surface CO2 flux from subsurface 245 

concentrations by applying Fick’s first law of diffusion: 246 

� = �(�) ��
�	          (1) 247 

where F is the CO2 flux density (µmol m-2 s-1), D(z) is the soil CO2 diffusivity (m2s-1) at 248 

depth z (m), and C is the CO2 concentration (µmol m-3). As described by Nickerson et al. 249 

(2013), if we assume the isotopologues of CO2 (12CO2, 13CO2, and 14CO2) diffuse 250 

independently of one another, we can use Eq. 1 to model fluxes of each. The isotopic 251 

ratio of 14C to 12C in surface flux can thus be modeled as the quotient of Eq. 1 applied to 252 

14CO2 and 12CO2: 253 


 � �

� �� �� = ��


��� = ��
(	)
���(	)

� � �

�	

�	
� � ��        (2) 254 
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where F14 and F12 are the fluxes of 14CO2 and 12CO2, respectively, and D14(z) and D12(z) 255 

are the depth-specific diffusivities for each isotopologue. The quotient of diffusion 256 

coefficients for a rare and common isotope is also the inverse of the fractionation factor, 257 

α, which is 1.0044 for 13CO2 diffusion through soil (Cerling et al., 1991), and is 258 

estimated to be approximately 1.0088 for 14CO2 (Southon, 2011). Using this relationship, 259 

we can simplify and discretize Eq. 2 to yield: 260 


 � �

� �� �� = �

��
 �����
�����

������������         (3) 261 

where α14 is the fractionation factor for 14C, and z1 and z2 are arbitrary depths with 262 

increasing CO2 concentration. Similarly, the 13C /12C ratio in surface flux can be 263 

calculated by replacing 14C with 13C values. Note that Eq. 4 indicates the isotopic ratio of 264 

surface flux can be calculated without knowing the diffusivity of CO2 in soil, which is 265 

difficult to measure well and uncertain to model (Pingintha et al., 2010). 266 

To convert between ∆ values (for reporting purposes) and absolute 14C/12C ratios (for flux 267 

calculations) we used the following equations: 268 

Δ = (�� ∗ ������ !
"�#$  − 1) × 1000       (4) 269 

where ∆ notation (‰) is calculated by standardizing fraction modern (FM) to the year 270 

1950 to allow inter-comparison of samples from different analysis years (Yr), and 8267 271 

years is the 14C mean decay rate. FM was related to the sample 14C/12C ratio following 272 

the derivation in Southon et al. (2011), where it is shown that 14C activity ≈ 14C/12C. 273 

�� =
) * �


* �� +,
�.��∗) * �


* �� +./�
0�� ��

����1�

2�34 * �5
����6�         (5) 274 

In the equation above [14C/12C]S is the sample 14C ratio, δ13C is the sample 13C abundance 275 

in ‰ notation, which is used to normalize the 14C ratio for mass-based fractionation to 276 

δ13C = -25‰, and 0.95*[14C/12C]OX1 is the normalized 14C ratio of the oxalic acid I 277 

standard.  278 
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We calculated the 13C and 14C composition of surface fluxes at Willow Creek using Eq. 3 279 

with data from the soil surface (z1 = 0 cm) and the shallowest gas wells (z2 = 7 or 8 cm). 280 

On two sampling dates, however, there were missing observations in plot 4 at the 7 cm 281 

depth, and we instead used data from gas wells at 14 cm. To assess errors from this gap-282 

filling approach, we compared flux calculations for days when both the shallowest well 283 

and next depth were available (N=28) and found the gap-filling approach caused a small 284 

positive bias in estimated surface flux (mean difference in ∆14CO2 = 2.5‰, σ = 7.3‰), 285 

which was similar in magnitude to the combined AMS and sampling error.  Observations 286 

for the soil surface were only available for about half the sampling dates; for missing 287 

dates we assumed δ13C= -9.5 ±1‰ and ∆14C = 30±5‰, based on an average of 288 

available data. To estimate uncertainty for surface flux isotopic ratios, we applied Monte 289 

Carlo simulations (1000 iterations) to propagate the uncertainty associated with each 290 

measurement in Eq. 3. 291 

2.5.2 CO2 and 14CO2 production by soil horizon 292 

To vertically partition the production of CO2, we again applied Fick’s Law (Eq. 1) to 293 

determine fluxes from subsurface soil layers. After experimenting and finding no 294 

functional types that satisfactorily fit the CO2 profiles through time, we chose to calculate 295 

dC/dz across soil layers by discrete difference. We used the following discretized form of 296 

Fick’s Law: 297 

�(��) = �7(��, �9) :�������	��	� ;        (7) 298 

where �(��) is the flux at the top of a soil layer, �7(��, �9) is the average diffusivity 299 

within the layer (following Turcu et al., 2005), and <	� and <	� are CO2 concentrations in 300 

gas wells at the top and bottom of the soil layer. We modeled soil diffusivity following 301 

Moldrup et al. (2004) based on soil water content, porosity, and moisture release 302 

characteristics. Because the four soil plots had similar vertical profiles for physical 303 

variables, we compiled porosity and moisture release data from all plots and applied a 304 

loess fit to interpolate between measured depths.  Diffusivity was modeled with soil 305 

moisture data specific to each plot, and moisture between measured depths was estimated 306 

by linear interpolation. Diffusivity was corrected using soil temperature measurements 307 



 12

from each plot, as in Pingintha et al. (2010). Good agreement between surface flux rates 308 

calculated with Eq. 7 and direct measurements with the Licor 8100 supported the 309 

accuracy of this approach (Slope = 0.95, R2 = 0.89, N=46). 310 

The production of CO2 in each soil layer was estimated as the difference between fluxes 311 

entering the bottom and leaving the top of the layer (Davidson et al., 2006; Gaudinski et 312 

al., 2000), as follows: 313 

=(��, �9) = �(��) − �(�9)        (8) 314 

where P(z1, z2) is the production in the soil layer between depths z1 and z2.  The ∆14C of 315 

production in each layer was calculated as in Gaudinski et al. (2000) 316 

∆=(��, �9) = ?�(	�)3@(	�,	�)A∗ ∆�(	�)��(	�)∗ ∆�(	�)    
@(	�,	�)       (9) 317 

where ∆ indicates ∆14C of production and flux in ‰ units. Uncertainty of production 318 

rates and isotopic composition were estimated with Monte Carlo simulations, randomly 319 

sampling errors to add to each component measurement within its range of analytical 320 

uncertainty, for 1000 iterations. 321 

 2.5.3 Contributions of R h and Ra 322 

Although trenched plots have several known limitations for estimating heterotrophic soil 323 

activity (e.g. increased soil moisture, root senescence, and potential changes in microbial 324 

composition), we used comparisons of the trenched and intact plots to partition total soil 325 

respiration (Rtot) by two methods: bulk surface fluxes, and isotopic mixing. We compared 326 

both these approaches, first computing Rh/Rtot as the quotient of surface CO2 flux from 327 

the trenched plot and the average of the intact plots, and second by applying a two-end-328 

member isotopic mixing equation: 329 

BC
BDED = ∆FDED � ∆FG

∆FC� ∆FG
          (10) 330 

where ∆BC and ∆BDED are the ∆14C of surface flux from trenched plot and intact plots, 331 

respectively, and ∆BG was estimated from root incubations. Uncertainty associated with 332 

isotopic partitioning estimates was calculated following Phillips and Gregg (2001). 333 
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2.6 Diffusional model simulations 334 

We adopted the model described in Nickerson and Risk (2009b) to simulate 335 

diffusion of 14CO2 in addition to other isotopologues. Our modeled soil profile was 1 m 336 

deep with 100 layers, and at each time step gas transport between neighboring layers was 337 

calculated with a 1-D discrete version of Fick’s law, using isotopologue-specific 338 

diffusivities. Diffusivity of 12CO2 was calculated from soil physical variables following 339 

Moldrup et al. (2004), and the diffusivity of 13CO2 and 14CO2 were calculated by 340 

multiplying the Moldrup diffusivity by fractionation factors of 1.0044 and 1.0088, 341 

respectively. For all simulations we initialized the CO2 concentration profile with an 342 

analytical steady-state solution (Nickerson and Risk 2009b). We iterated the model with a 343 

1 sec time step until the concentration and isotopic composition of soil profiles were 344 

stable for at least 3 model days. The default soil physical and biological variables reflect 345 

values observed at Willow Creek, and are shown in Table 1. 346 

 347 

3 Results 348 

3.1 General patterns 349 

The ∆14CO2 of soil air in intact profiles was intermediate between the atmosphere and the 350 

trenched plot profile (Fig. 2), with ∆14CO2 in intact profiles averaging 48‰ (S.D.=9‰, N 351 

=85), trenched plot observations averaging 73‰ (S.D.=13‰, N=41), and atmospheric 352 

samples from the tower averaging 29‰ (S.D.=4‰, N=41, see also Fig. 3). The total 353 

range in soil 14CO2 over the sampling period was about two to three times greater than in 354 

air samples from the tower, indicating atmospheric variation was not the primary factor 355 

driving soil 14CO2 variability. 356 
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The computed ∆14CO2 of surface fluxes (Fig. 3) indicated microbial soil respiration was 357 

more enriched in 14C than total respiration by a seasonal average of 34‰ (95% CI = 23 - 358 

44‰). This is approximately equivalent to a mean age six to eight years older, based on 359 

the recent rate of decline of atmospheric bomb-14C of 4 to 5.5‰ yr-1 (Graven et al., 360 

2012). In intact plots, respired ∆14C decreased over the course of the 2012 growing 361 

season, from a high value in March of 77‰ (only Plot 1 sampled) to a low in October of 362 

37‰ (Plots 1-3, averaged). This 40‰ seasonal decrease was also significantly correlated 363 

with soil moisture (Fig. 4). In the following sections, we will investigate possible 364 

explanations for the seasonal decline in respired 14C from intact plots and the correlation 365 

with soil moisture.  366 

In contrast to the intact plots, microbially-respired ∆14C from the trenched plot remained 367 

comparatively elevated through the growing season. Other impacts of trenching included 368 

a substantial decrease in surface CO2 flux, by an average of 39% over the course of the 369 

2012 growing season (Fig 5a), and elevated summer soil moisture compared to the intact 370 

plots (Fig. 5c). The decrease in CO2 flux rate and the lack of soil drying, which was likely 371 

due to cessation of plant transpiration, both provided strong indications that trenching 372 

was successful at excising live roots. We observed no impacts of trenching on soil 373 

temperature (Fig. 5b). 374 

While microbially-respired fluxes from the trenched plot did not have identifiable 375 

seasonal trends, they had similar total variation as fluxes from the intact plots. For most 376 

days surface fluxes from the trenched plot fell within a 20‰ range, but one observation 377 

exceeded the minimum by almost 50‰. It is important to note, however, that this high 378 

value was calculated using the 14cm gas well depth to gap-fill missing data from the 7cm 379 

depth, which may have induced a positive bias in calculated surface flux ∆14CO2. On the 380 

other hand, the 14 cm depth was not uniquely elevated in 14C on that particular sampling 381 

day. High ∆14CO2 levels exceeding 100‰ were found in both shallow and deep gas wells 382 

from this profile (Fig. 2, bottom panel).  383 
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3.2 Explanation 1: Changing R h and Ra contributions 384 

To account for seasonal declines in respired 14CO2 from the intact plots, we first 385 

examined changes in relative contributions from heterotrophic and autotrophic CO2 386 

sources. We expected that increasing contributions from 14C-deplete root respiration 387 

could lead to decreases in total soil respired 14CO2. Root-respired 14CO2 measured from 388 

incubations of roots from 0-5cm depth was 39‰ (S.D.=4‰, N=4). Consistent with 389 

expectation, root-respired CO2 had less 14C than microbially-respired (i.e. surface flux 390 

from the trenched plot), with a seasonally-averaged difference of 46‰ (95% CI = 33-391 

60‰). In terms of C age, CO2 respired from the trenched plot was 8 to 12 years older 392 

than root respiration. 393 

We estimated contributions from heterotrophic and autotrophic sources by two methods. 394 

Our first approach was to compare the quotient of surface CO2 fluxes from the intact and 395 

trenched plots. This approach produced a U-shaped seasonal pattern for Rh/Rtot (Fig. 6). 396 

Heterotrophic contributions descended from 100% in March to a minimum of about 30% 397 

in mid-summer, and returned to 100% by mid-October. Note that the quotient of surface 398 

fluxes often exceeded 1 outside the growing season because rates in the trenched and 399 

intact plots were similar to each other and near zero.  400 

Estimates of Rh/Rtot using the second approach, an isotopic mixing equation, provided 401 

similar estimates as surface fluxes from March through July, but then diverged and 402 

remained close to zero through the remainder of the growing season. Two ∆14C 403 

measurements from the intact plots were actually more deplete in 14C than the autotrophic 404 

end-member, providing negative estimates of Rh contributions, and these are shown on 405 

the zero line in Fig. 6. Essentially, the two partitioning approaches diverged because flux 406 

rates in the intact plots returned to levels similar to the trenched plot by the end of the 407 

growing season, but ∆14C did not.  Both partitioning approaches pointed towards 408 

decreasing heterotrophic contributions in the first half of the summer as a possible 409 

explanation for the decrease in respired 14CO2 from intact plots, but other mechanisms are 410 

needed to explain the continued ∆14C decrease in late summer. 411 



 16

3.3 Explanation Two: Changing vertical CO 2 contributions 412 

We next investigated whether the seasonal decline in respired 14CO2 from intact plots was 413 

related to changes in the vertical distribution of CO2 production in the soil profile. 414 

Because deep soil carbon is older and has less 14C than shallow substrates, we expected 415 

seasonal warming and drying of the soil profile could cause deep C to become 416 

destabilized and respired. We found, however, only weak evidence that variation in the 417 

vertical distribution of CO2 production influenced the 14C-signature of surface 418 

respiration.  419 

Vertical partitioning calculations indicated approximately 40 to 80% of total production 420 

originated from the uppermost 8 cm (Fig. 7).  The ∆14C of surface flux tended to increase 421 

with the fraction of CO2 produced in the uppermost soil layer (slope p=0.002, R2=0.3), 422 

but the relationship was only significant when all four plots were analyzed. When the 423 

trenched plot was excluded, the slope of this relationship had a p-value of 0.07.  424 

Vertical partitioning exhibited some seasonality (Fig. 7A), and we found a weak 425 

correlation between the fraction of CO2 produced by the top layer and soil moisture, but 426 

only when all four plots were analyzed (slope p=0.01, R2=0.12). Furthermore, in contrast 427 

to our expectation of deep CO2 containing less 14C, we found the ∆14C of soil air did not 428 

show consistent patterns with depth (Fig. 2). Gradients were especially variable in the 429 

intact soil plots, sometimes increasing with depth and sometimes decreasing. To 430 

investigate vertical CO2 gradients in more detail, we also calculated the ∆14C of CO2 431 

produced in each subsurface horizon (Fig. 8), in contrast to examining only the 14CO2 432 

gradients in soil air, which are attenuated by diffusion. Unfortunately, we found that ∆14C 433 

production estimates were prone to error in deep soil where bulk CO2 production rates 434 

were low, because the bulk production term occurs in the denominator of ∆14C 435 

calculations and tends to inflate isotopic errors in the numerator (Eqs. 8 and 9). We 436 

therefore present only a subset of the calculated production ∆14C results, filtering out 437 

values where production rate was ≤ 0.2 µmol m-2 s-1 for the soil layer. The remaining 438 

observations, where were focused between 0 – 20 cm, indicated no vertical trends in ∆14C 439 

of production. The lack of vertical gradient in ∆14C of CO2 production may also indicate 440 
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that CO2 in this layer is root-derived. In contrast to soil organic matter, roots have limited 441 

age gradients with soil depth (Schrumpf et al., 2013) 442 

From the vertical partitioning analysis we did not find a compelling explanation for the 443 

correlation between respired 14CO2 and moisture. Although the vertical distribution of 444 

CO2 production varied substantially through time, correlations with soil moisture and 14C 445 

were weak, and we lacked evidence that 14CO2 abundance decreases with depth. 446 

3.4 Explanation Three: Changes in ∆∆∆∆14C of heterotrophic respiration  447 

As stated in the general trends, surface fluxes from the trenched plot varied in ∆14C by as 448 

much as 50‰ through the 2012 growing season, but remained comparatively high and 449 

did not seem to explain the decrease in respired 14CO2 from intact plots. Observations 450 

from the trenched plot provided a unique opportunity to examine Rh in a more dynamic 451 

environment than traditional laboratory incubations. To place these trenched plot results 452 

in context, here we compare the trenched plot observations, which are essentially an in 453 

situ incubation, to more commonplace in vitro incubations in static laboratory conditions.   454 

We found that for both laboratory incubations and trenched plot measurements, the 455 

vertical distribution of soil CO2 production was similar (Fig. 9b). Both approaches had 456 

the highest production rates between 0-20 cm, and very little production in deeper soil. 457 

This similarity conferred some confidence that manipulating the soil either by trenching 458 

or by more disruptive coring did not alter the relative microbial activity of deep versus 459 

shallow soil. We found striking differences, however, between 14CO2 produced in 460 

laboratory incubations and 14CO2 in the trenched plot (Fig. 9a). In laboratory incubations, 461 

respired 14CO2 had a similar vertical gradient as bulk solid soil. Below 15 cm, CO2 from 462 

incubations did not contain bomb-C (i.e. ∆14C < 0‰) and reflected the old C substrates 463 

present in deep soil. In contrast, CO2 in the trenched plot was greater than 0‰ at all 464 

depths, containing bomb-C throughout the profile. Although in situ soil air is somewhat 465 

impacted by atmospheric CO2 invasion, atmospheric effects were unlikely to have 466 

substantial impact, because soil CO2 concentrations ranged five to 20 times greater than 467 

atmospheric CO2. Following the same incubation procedure used by many others 468 

(Cisneros-Dozal et al., 2006; Gaudinski et al., 2000; Schuur and Trumbore, 2006) we 469 Field Code Changed
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picked out the majority of roots from soil cores before incubating them, and this root 470 

removal may have dramatically altered respired 14CO2 in comparison to the trenched plot. 471 

This comparison between in vitro and in situ microbial respiration suggests that C 472 

substrates for respiration are very different in lab incubations from the field, particularly 473 

below 15cm. In the field, C from decaying roots was an important microbial substrate in 474 

the trenched plot, throughout the profile. The ∆14C of microbial respiration from the 475 

trenched plot was influenced not only by the quantity and quality of soil organic matter 476 

pools, but perhaps more importantly by the availability of root C.particularly below 477 

15cmIn the lab incubations release of old C due to disturbance of ped structure may have 478 

augmented release of old C, as in Ewing et al. (2006).  479 

 3.5 Dynamic simulations 480 

Because incubation 14CO2 measurements are used in many studies to assess the age of C 481 

that is actively utilized by microbes, and to characterize heterotrophic end-members for 482 

respiration source partitioning, we wanted to confirm the apparent discrepancy between 483 

field and laboratory microbial 14CO2 production. We used a dynamic CO2 diffusion 484 

model as an alternate tool to constrain the ∆14C of production in the trenched plot. We 485 

prescribed a range of production ∆14C profiles to assess if microbial production of old 486 

14C-deplete CO2 at depth could give rise to modern soil air CO2 gradients (i.e. ∆14C 487 

>0‰), like we observed in the trenched plot. For these simulations we assumed that the 488 

vertical distribution of bulk CO2 production was the same as observed in the incubations, 489 

and we parameterized all other soil variables to match actual soil conditions as much as 490 

possible (Table 1). For the first simulation (Fig. 10a) we started with 14CO2 production 491 

profiles that were observed in the laboratory incubations. With each subsequent 492 

simulation we included more 14C at depth, progressing towards a vertically-constant 493 

isotopic profile with ∆14C production = 86‰ (the ∆14C produced by the 0-5 cm depth 494 

incubation). In other words, if microbial production in the trenched plot had the same 14C 495 

abundance as in lab incubations, we would expect steady-state soil CO2 in the trenched 496 

plot to look similar to the black line in Fig.10A. This set of simulations demonstrated two 497 

important points. First, it highlighted that the ∆14C soil air CO2 profiles differ somewhat 498 

from ∆14C CO2 production profiles, due to diffusive mixing and infiltration of 499 
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atmospheric CO2. Second, it showed that the ∆14C produced in lab incubations was much 500 

too old in deep soil to give rise to the CO2 profiles observed in the trenched plot. In order 501 

to obtain 14CO2 soil air profiles in the range we observed in the trenched plot (50-120‰), 502 

the ∆14C of production would have to exceed 0‰ through the length of a 1 m profile (as 503 

in Fig. 10e or 10f).  504 

 505 

4. Discussion 506 

4.1 Influences on 14CO2 seasonal variation 507 

We found a monotonic decrease in ∆14C of surface flux from intact plots through the 508 

2012 growing season, which was consistent with the seasonal decline found by Gaudinski 509 

et al. at Harvard Forest (2000), and the decline in ecosystem-respired 14CO2 at an Alaska 510 

tundra site by Hicks Pries et al. (2013). We examined three possible explanations for this 511 

seasonal decline: shifts in autotrophic versus heterotrophic contributions, deep versus 512 

shallow contributions, and variability in ∆14C of heterotrophic respiration. We found 513 

substantial seasonal variation in all of these potential explanatory variables, but each had 514 

a weak or no relationship with respired 14CO2. Although our trenched plot treatment was 515 

not spatially replicated, the ∆14C of respiration from the trenched plot was consistently 516 

greater than intact plots following the first spring sampling event. Based on this shift in 517 

respired CO2 towards older, 14C-enriched bomb C when roots were cut-off, as well as the 518 

shift in microbial respiration towards even older pre-bomb C when roots were picked-out 519 

from incubated soils, we believe one of the more compelling explanations for the 520 

growing-season decline in respired 14CO2 was an increasing dependence through the 521 

summer on newly-photosynthesized plant C by both roots and microbes. 522 

The typical pattern for gross photosynthesis at Willow Creek based on several years of 523 

eddy covariance measurements has been a parabolic curve peaking in June-July (Cook et 524 

al. 2004, Desai et al. 2005). This pattern mirrored our estimates of Rh/Rtot based on 525 

surface flux rates, suggesting that heterotrophic relative contributions reached a minimum 526 

when plant growth peaked. When we used an isotopic-mixing approach to partitioning, 527 
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however, it suggested that heterotrophic contributions remained low untilcontinued to 528 

remain low until the fall.  A possible explanation of this discrepancy is that 529 

microorganisms in the intact plots switched during the growing season to substrates such 530 

as root exudates and new root litter that were more deplete in 14C than the substrates 531 

initially available following spring thaw.  The CO2 respired from intact plots in late 532 

summer may have been produced by microbes but carried the ∆14C signature of new 533 

roots. If microbes in intact plots switched to newly available substrates, then the trenched 534 

plot would have no longer provided a good measure of heterotrophic ∆14C for mixing-535 

model partitioning.  536 

Hopkins et al. (2013) have also shown that 14C abundance in root respiration declines 537 

over the course of the growing season. While we measured root respiration at only a 538 

single time point and did not explicitly assess root respiration seasonal variability, the 539 

analysis by Hopkins et al. suggests that the root 14C end-member, like the microbial end-540 

member, is non-static through time. Their findings support our observation that soil 541 

respiration ∆14CO2 declined in the presence of roots, and that more recent photosynthates 542 

tended to dominate respiration as the growing season passes.  543 

We initially found that ∆14C of surface flux from intact plots correlated with soil 544 

moisture; however, supporting analyses did not indicate a clear cause-and-effect 545 

relationship. We had expected that moisture might alter 14C by changing vertical 546 

partitioning of soil respiration sources. We expected seasonal soil drying might cause 547 

shallow soils to become less active, due to water stress, and deep, seasonally-saturated 548 

soils to become more active, due to improved oxygenation. This expectation was not 549 

substantiated, however, by the vertical partitioning analysis. Although we calculated that 550 

the percentage of CO2 produced in the top 8cm varied seasonally between 40-80%, we 551 

did not find a significant correlation with moisture, unless we included observations from 552 

the trenched plot. Observations from the trenched plot tended to have high leverage on 553 

regression analyses, because they grouped at the wet end of the soil moisture spectrum 554 

and at the high abundance end of the ∆14C spectrum.  This points to the general challenge 555 

of parsing-out environmental drivers in soil respiration analyses. Because moisture in the 556 

trenched plot remained high through the summer, we could not assess the impacts of soil 557 
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moisture in the absence of root inputs. Conversely, because root inputs co-varied with 558 

moisture in the intact plots, it was not entirely possible to assess which factor was 559 

responsible for the seasonal decline in respired ∆14C. 560 

4.2 In situ versus in vitro heterotrophic 14CO2  561 

The variation we observed in 14CO2 respiration from the trenched plot indicated that that 562 

the “active” C pool utilized by microbes is dynamic through time, varying at least 20‰. 563 

Although the factors driving this variation could not be entirely discerned from this study 564 

(we did not find significant correlations between ∆14C from the trenched plot and 565 

temperature or moisture, for instance), we had indirect evidence that microbes responded 566 

readily to changes in substrate availability.  567 

We showed that ∆14CO2 from soil incubations decreased with depth, reflecting the ∆14C 568 

of bulk soil, whereas in situ CO2 was modern through the soil profile. This discrepancy 569 

suggests that microbes at depth in the field were not consuming soil carbon from depth, 570 

but rather modern substrates that may have come from decaying roots (which were 571 

mostly picked-out of the incubated soil cores), or from dissolved carbon transported from 572 

the shallow subsurface. Other field studies have previously noted modern 14CO2 in soil 573 

air at depth (Gaudinski et al. 2000, Hirsch et al. 2003); however, previous studies were 574 

unable to rule-out root respiration as a source of this CO2. Because our trenching 575 

treatment cut off live roots, we were able to show that microbial activity can also produce 576 

modern CO2 at depth in intact soil columns. Advective transport of substrates from the 577 

soil surface has been shown to create infillings of modern organic matter that serve as an 578 

important component of the “active” microbial C pool at depth in other ecosystems 579 

(Marin-Spiotta et al., 2011)(Marin-Spiotta et al. 2011).  Future work at Willow Creek that 580 

examines ∆14C of dissolved organic carbon could help determine whether the source of 581 

modern carbon at depth is root inputs or surface carbon that is translocated.  582 

4.3 Utility and limitations of 14CO2 for understanding soil metabolism 583 

The large seasonal range in soil-respired 14CO2 found in this study points to exciting 584 

possibilities for using 14C as a sensitive indicator of changing soil metabolism. Coupled 585 
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with recent analyses by Hopkins et al. (2013), which show that root respiration from 586 

several forest sites becomes more similar to the atmosphere in 14C content over the course 587 

of the growing season, it appears that 14C can be very useful for detecting respiration of 588 

current photosynthates. Partitioning root and microbial respiration, on the other hand, 589 

may be more difficult than previously thought, as both end-members appear to be highly 590 

dynamic. Going forward, we have several recommendations for others studying soil 591 

14CO2.  592 

(1) Use caution in extrapolating laboratory incubations to field conditions. Using 593 

laboratory incubations as an approximation for heterotrophic activity could compound, 594 

rather than simplify, interpretation of respired CO2 sources. Laboratory incubations are 595 

useful for comparisons between disturbed soil cores, and within the context of 596 

understanding soil organic matter dynamics they can be used to assess the turnover time 597 

of the “active” C pool, or the pool that is most readily destabilized by microbial activity. 598 

Within the context of understanding in situ microbial activity, however, it becomes 599 

important to consider the more complete spectrum of microbial associations, including 600 

not only soil organic matter associations but also close associations with intact roots 601 

(Kuzyakov, 2006). For deep soils in particular, in situ microbial respiration is likely much 602 

more impacted by root-derived C, and younger in terms of 14C age, than is represented by 603 

soil incubations.  604 

(2) Consider an alternative scheme for partitioning sources of soil respiration. 605 

Partitioning soil respiration into root and microbial sources has been a persistent 606 

challenge for many years. Using 14C as a tracer (Schuur and Trumbore, 2006), or a 607 

combination of 14C and 13C (Hicks Pries et al., 2013) have been shown as tools to 608 

isotopically partition root and microbial end-members. Such measurements usually 609 

depend on one-time measurements of the root and microbial end-members, because the 610 

sampling process is destructive, and 14C measurements are costly. In light of the finding 611 

that root and microbial end-members may vary through time with inputs of new 612 

photosynthates, however, an alternative approach should be considered that focuses 613 

instead on partitioning respiration into present-year and older C stores. Such partitioning 614 

could be done without any destructive sampling or extrapolation from incubations, and 615 

may be equally useful for studies that seek to examine coupling between above- and 616 
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below-ground activity. Instead of measuring root and microbial end-members, a very 617 

early-season measurement of respired ∆14CO2 could be used to represent the baseline 618 

condition, or the end-member for C sources from previous years, and atmospheric CO2 619 

could be measured as the end-member for new photosynthates. Repeated measurements 620 

through the growing season of respired ∆14CO2 could be partitioned into present year and 621 

previous C sources using a two end-member mixing model.  622 

(2) Dynamic models are a useful complement to static, steady-state models for 623 

interpreting soil gas data. In studies where deep soil C dynamics are of interest, analyses 624 

that go beyond directly-measured values of surface flux 14CO2 or soil air 14CO2 to 625 

calculating flux and production profiles can also reveal useful insights about underlying 626 

sources of CO2 that contribute to surface emissions. The steady-state Fickian models that 627 

are often used to calculate production profiles (e.g. Eqs. 7-9) are useful for this purpose 628 

but can have very large uncertainties, particularly if steady-state assumptions are 629 

violated. Dynamic models, like the Nickerson and Risk model demonstrated here, 630 

provide a useful alternative to constrain production profiles, and are also useful for 631 

investigating 14CO2 responses to dynamic changes in soil environment.  632 

 (3) Measure soil respiration 14CO2 at the beginning, middle, and end of the growing 633 

season. For researchers primarily interested in an average annual growing season ∆14C 634 

respiration value, this study corroborated previous work suggesting that seasonal 635 

variation in respired 14CO2 is substantial (Hicks Pries et al., 2013; Hirsch et al., 2003; 636 

Hopkins et al., 2013; Schuur and Trumbore, 2006)(Hicks Pries et al., 2013; Hirsch et al., 637 

2003; Schuur and Trumbore, 2006). At a minimum, sampling time points at the 638 

beginning, middle, and end of the growing season are ideal to capture the seasonal 639 

progression of new C additions. 640 

 641 

5 Conclusions 642 

By examining soil 14CO2 with high vertical and temporal resolution we showed that 643 

respired 14CO2 is strongly influenced by recently-assimilated carbon; however, we could 644 

not fully resolve the mechanisms underlying low levels of ∆14C late in the growing 645 
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season and the correlation between ∆14C and soil moisture. Our results indicated that 646 

heterotrophic ∆14C is dynamic and sensitive to immediate substrate availability, and that 647 

experimental manipulations to isolate heterotrophic and autotrophic activity can 648 

substantially impact estimates of heterotrophic ∆14C. Inputs of new photosynthates over 649 

the growing season, which have been shown to decrease the 14C content of root 650 

respiration (Hopkins et al., 2013), may also lead to decreases in the 14C content of 651 

microbial respiration. Studies that make use of 14CO2 measurements for examining 652 

disturbance or climatic change impacts should be interpreted with an understanding that 653 

respired 14CO2 can fluctuate seasonally by 40‰, and that this variability may reflect not 654 

only changes in root contributions, but possibly root impacts on ∆14C of heterotrophic 655 

respiration as well. 656 
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Table 1. Default parameters in model simulations  

Parameter Default value Default source 

Soil porosity (v/v) gradient, 0.65 to 0.34 soil cores 

Water content (v/v) 0.27 growing season mean at 18 cm, plot 4 

CO2 production rate (µmol m- 2s-1) 2.71 growing season mean, plot 4 

CO2 production vertical 
distribution gradient, 97% in 0-20 cm laboratory incubations 

∆14C production (‰) gradient, 82 to -198‰ laboratory incubations 

δ13C production (‰ PDB) gradient, -28‰ to -17‰ laboratory incubations 

Atm CO2 (ppm) 385 tower 

Atm ∆14C (‰) 29‰ tower 

Atm δ13C (‰ PDB) -9.5‰ tower 
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Figure 1. Schematic of soil plot layout and belowground sensor installation. 769 

Figure 2. Soil air 14CO2 for intact and trenched plots. Grey bar shows range of 770 

atmospheric 14CO2. Error bars not shown for clarity, uncertainty for ∆14CO2 771 

measurements ranged approximately 2‰ – 9‰ (see methods). 772 

Figure 3. Computed ∆14CO2 of surface flux (Rtot for intact plots and Rh for trenched plot) 773 

and atmospheric ∆14CO2 (21 m above ground level) for the same period. Note that for the 774 

trenched plot, fluxes on 2012.42 and 2012.49 were calculated using measurements from 775 

14cm depth rather than 7cm, due to missing data. 776 

Figure 4. Surface flux ∆14C versus soil moisture. In intact soil plots ∆14C and moisture 777 

were significantly correlated (slope p=0.01, R2=0.31). With the trenched plot included, 778 

slope p<0.001, R2=0.62. 779 

Figure 5. Time series of (a) soil CO2 flux measured with forced-diffusion probes, (b) soil 780 

temperature at 5 cm, and (c) volumetric soil moisture at 4 cm. 781 

Figure 6. Heterotrophic contributions to total soil respiration, estimated by two methods. 782 

Grey points show hourly Rh/Rtot estimated from the quotient of surface fluxes from the 783 

trenched and intact plots (all intact plots averaged). Solid black line shows mean quotient 784 

estimated by loess fitting. Large symbols show 14C partitioning estimates for each plot. 785 

Figure 7. Vertical partitioning, expressed as fraction of CO2 produced in uppermost soil 786 

layer (top 7 to 8 cm). Errors bars were calculated from Monte Carlo simulations to 787 

propagate uncertainties from gas well measurements. (A) Variation in vertical 788 

partitioning through time, with soil water content shown for seasonal context, and (B) 789 

vertical partitioning versus ∆14C of surface flux. The grey regression line includes plot 4 790 

(slope p<0.01, R2=0.29) and the black regression line excludes plot 4 (slope p=0.07, 791 

R2=0.19). 792 

Figure 8. Variation in estimated ∆14CO2 production profiles over the sampling period. 793 

Sampling days are distinguished by shade, from dark (late 2011 and early 2012) to light 794 

(late 2012). Because estimate errors are inflated by low production rates (see Eq. 9), we 795 

omitted ~20% of observations where soil layer CO2 production rate was ≤ 0.2 µmol m-2 s-796 

1. 797 
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Figure 9. (a) ∆14C of bulk solid soil, CO2 respired in laboratory incubations, and soil air 798 

CO2 from trenched plot. (b) CO2 production rate in incubations and in trenched plot. 799 

Error bars for bulk soil and laboratory incubations are the standard deviation of replicate 800 

cores (N=3), and for the trenched plot are the standard deviation of sampling dates 801 

(N=10). 802 

Figure 10. Comparison of production and soil air 14CO2 profiles from dynamic 803 

simulations of 1D diffusion. 804 

 805 
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