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Abstract 64 

Whether and how CO2 and nitrogen (N) availability interact to influence carbon (C) 65 

cycling processes such as soil respiration remains a question of considerable uncertainty 66 

in projecting future C-climate feedbacks, which are strongly influenced by multiple 67 

global change drivers, including elevated atmospheric CO2 concentrations (eCO2), and 68 

increased N deposition. However, because decades of research on the responses of 69 

ecosystems to eCO2 and N enrichment have been done largely independently, their 70 

interactive effects on soil respiratory CO2 efflux remain unresolved. Here, we show that 71 

in a multifactor free-air CO2 enrichment experiment, BioCON (Biodiversity, CO2 and N 72 

deposition) in Minnesota, USA, the positive response of soil respiration to eCO2 73 

gradually strengthened at ambient (low) N supply, but not enriched (high) N supply for 74 

the 12-year experimental period from 1998 to 2009. In contrast to earlier years, eCO2 75 

stimulated soil respiration twice as much at low than at high N supply from 2006 to 2009. 76 

In parallel, microbial C degradation genes were significantly boosted by eCO2 at low but 77 

not high N supply. Incorporating those functional genes into a coupled C-N ecosystem 78 

model reduced model parameter uncertainty and improved the projections of the effects 79 

of different CO2 and N levels on soil respiration. If our observed results generalize to 80 

other ecosystems, they imply widely positive effects of eCO2 on soil respiration even in 81 

infertile systems. 82 

 83 

Significance 84 

The magnitude of CO2 efflux from soils (resulting from autotrophic and heterotrophic 85 

respiration) is one of the largest uncertainties in projecting future carbon-climate 86 



 

 

5 

 

feedbacks. Despite research over several decades, the magnitude, direction, and duration 87 

of such feedbacks and their underlying microbial mechanisms are poorly understood, 88 

especially in the context of potentially interacting global environmental changes. In a 89 

decade-long experiment examining the interactive effects of CO2 and N enrichment, N 90 

limitation strengthened the stimulatory effects of eCO2 on soil respiration, primarily via 91 

N mining during the decomposition of more recalcitrant organic compounds. This study 92 

also provides a novel strategy for integrating genomics information into ecosystem and 93 

Earth system models to improve carbon cycle predictions. 94 

 95 

Introduction 96 

Elevation of atmospheric CO2 concentrations, owing to fossil fuel combustion and land-97 

use changes, represents one of the greatest scientific and political concerns of the 21
st
 98 

century (1). Carbon (C) movement into the atmosphere annually from soils (i.e., soil CO2 99 

efflux or soil respiration) is much larger than annual C emissions from fossil fuel 100 

combustion (2), and thus even small changes in soil respiration could have significant 101 

impacts on the pace of change in atmospheric CO2. Numerous studies have demonstrated 102 

that elevated CO2 (eCO2) has a direct stimulatory effect on rates of plant photosynthesis 103 

(3), and an indirect positive effect on soil respiration, which typically includes 104 

autotrophic respiration from plant roots and heterotrophic respiration from microbial 105 

decomposition of litter and soil organic matter (SOM). The eCO2 stimulatory effect on 106 

soil respiration is commonly attributed to the following three mutually non-exclusive 107 

mechanisms from the actions of plants and microorganisms (4-7): enhanced root 108 

respiration associated with greater belowground plant biomass, enhanced microbial 109 
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decomposition of fresh C due to greater supply of foliar and root-derived labile soil C, 110 

and increased microbial priming of old SOM fueled by this increased supply of labile soil 111 

C (4, 5). The stimulation of soil respiration by eCO2 (7, 8) has the potential to greatly 112 

accelerate the future rate of increase in atmospheric CO2 concentrations unless matched 113 

by an offsetting increase in net C uptake. 114 

Human activities have also increased nitrogen (N) deposition to natural ecosystems 115 

(9). N enrichment is a growing concern because it disturbs N cycle processes in many 116 

ecosystems (9). Various studies have suggested that N addition can either increase (10, 117 

11) or reduce (12-15) soil CO2 efflux, while other studies have suggested that N addition 118 

does not influence soil CO2 efflux (16, 17), depending on ecosystem type and season of 119 

the year. 120 

The stimulation of soil respiration by eCO2 also could be strongly influenced by 121 

variability in ambient soil N availability and the rate of atmospheric N deposition (18). 122 

However, studies that have explored the interactive effects of eCO2 and N on soil 123 

respiration are extremely scarce. For instance, an open-top study of young subtropical 124 

tree seedlings in contrasting eCO2 and N treatments in transplanted soil found that 125 

response to eCO2 was enhanced by high levels of N addition (10 g m
-2

 yr
-1

) in the earliest 126 

two years but unaffected by the same N supply in the subsequent year (19, 20). A free-air 127 

enrichment study in perennial grasslands also found no interaction between eCO2 and N 128 

addition treatments over the first two years of the study (21). Given that many questions 129 

about such potential interactions remain unresolved (22), here we report on 12 years of 130 

results in that same grassland study, assessing whether interactions develop, and if so, 131 

what underlying mechanisms might drive them.  132 
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It is well known that N availability alters many aspects of ecosystems (12, 23, 24) 133 

and thus could hypothetically influence responses of soil respiration to eCO2. Three 134 

potentially off-setting and interrelated mechanisms have been proposed. First, N 135 

limitation could affect belowground productivity and thus root respiration. For example, 136 

if N limitation constrains plant canopy development and the stimulatory effect of eCO2 137 

on photosynthesis, and thus limits total productivity belowground, root respiration will 138 

decline (24). On the other hand, the same N limitation constraint on canopy development 139 

combined with stimulatory effects of eCO2 on photosynthesis could increase plant 140 

investment of C in nutrient-absorbing systems (25, 26), favoring C allocation to roots at 141 

the expense of aboveground biomass. Such a shift in allocation could increase root 142 

respiration (27). Second, changes in root detrital production and exudation of labile C 143 

into soils can influence substrate supply that fuels soil microbial activity and 144 

heterotrophic respiration. Third, the supply of labile C into soils can influence 145 

decomposition of SOM through the priming effect, which would also influence soil 146 

heterotrophic respiration (28). Under N limitation, greater photosynthesis caused by eCO2 147 

could stimulate mining of N from SOM, and thus soil heterotrophic respiration, through 148 

enhanced priming mechanisms (29).  149 

Although various studies indicate that N availability plays critical roles in mediating 150 

soil respiration (10-17, 23, 30, 31), divergent results are observed: positive (10, 11, 23), 151 

neutral (16, 17, 30), or negative (12-15, 30, 31). Thus, the impacts of N availability on 152 

the magnitude and duration of the eCO2 enhancement of soil respiration and its 153 

underlying mechanisms remain elusive, particularly under field settings. In addition, 154 

recent modeling efforts demonstrated the importance of understanding microbial C 155 
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decomposition for more confidently extrapolating soil C cycling processes (32, 33). 156 

However, to date, it remains uncertain whether and how microbial processes influence 157 

the responses of terrestrial ecosystems to eCO2 and N deposition, and how best to 158 

incorporate information regarding microbial responses to eCO2 and N into climate-C 159 

models for better simulation and prediction (32, 34, 35). 160 

Herein, we report results from a well-replicated long-term (12 years at the time of 161 

sampling) CO2×N experiment, BioCON (24), to elucidate the interactive effects of eCO2 162 

and N enrichment on soil respiration and their underlying mechanisms. From 1998-2009, 163 

we measured soil CO2 efflux, and other biogeochemical processes on 296 plots 164 

containing different numbers (1, 4, 9, or 16 species) and combinations (C3 and C4 grasses, 165 

forbs, and legumes) of perennial plant species at ambient CO2 (aCO2) or eCO2 (+180 ppm) 166 

with either ambient N supply (aN) or enriched N supply (eN, i.e., + 4 g N m
−2

 yr
−1

). 167 

Hereafter, we refer to these four treatment combinations as aCO2-aN, eCO2-aN, aCO2-eN, 168 

and eCO2-eN. The contrasting high versus low levels of N supply in this study was a 169 

rough proxy for a part of the worldwide range of N supply rates in soils as well as for 170 

times or places with low versus high N deposition (24). Thus, we posit that the results are 171 

relevant to understanding the potentially different responses to eCO2 of both low versus 172 

high N fertility soils and contexts with low versus high N deposition. In 2009, we also 173 

assessed responses of microbial community functional gene structure to eCO2 and N 174 

enrichment to gain insights into microbial regulation of soil respiration. In addition, we 175 

incorporated microbial functional trait information into ecosystem models to explore 176 

means of better prediction of C cycling. Our overarching hypothesis is that N limitation 177 

would accelerate the stimulatory effects of eCO2 on soil respiration, primarily via 178 
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microbial N mining mechanisms. We further explored the possibility that microbial 179 

functional trait information would greatly help to constrain the uncertainty of model 180 

parameters and hence significantly improve confidence in model simulations and 181 

predictions. 182 

 183 

Results and Discussion 184 

N modulation of the stimulatory effect of eCO2 on soil respiration  185 

Soil CO2 efflux was measured ca. biweekly during the growing season (May to August) 186 

from 1998 to 2009. Overall, significantly (p < 0.01) higher soil respiration was observed 187 

at eCO2 than aCO2 at both low and high N supply (Fig. 1a), indicating that eCO2 188 

stimulated soil respiration, consistent with previous reports (6, 7). Along with significant 189 

main effects of CO2, N, and plant species diversity as individual treatments, there were 190 

significant CO2×N (p = 0.03; Table 1) and CO2×N×Year (p = 0.05) interactive effects on 191 

soil respiration, indicating that the stimulatory effect of eCO2 on soil respiration was 192 

modulated by N supply and that this interaction varied with time. Although the effect of 193 

eCO2 varied with plant diversity (p = 0.01 for the CO2×plant diversity interaction; Table 194 

1), the CO2×N interaction was independent of plant diversity (p = 0.83 for the three-way 195 

interaction of CO2×N×plant diversity; Table 1). 196 

To better identify the timing of the shift in the responses of soil respiration to eCO2 197 

at contrasting N supplies, four commonly used change-point tests - Pettitt's test, Buishand 198 

range test, Buishand U test, and Standard Normal Homogeneity Test (SI Appendix, Table 199 

S1) - were used. Our results indicated that 2005 was the breakpoint when the N influence 200 

on the stimulatory effects of eCO2 on soil respiration significantly changed (SI Appendix, 201 
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Table S1). Therefore, we have divided the whole experimental period into two phases: 202 

Phase I from 1998 to 2005, and Phase II from 2006 to 2009 (see Materials and methods 203 

for details). Using this breakpoint, the CO2×N interactive effects on soil respiration 204 

significantly differed between these two phases, as indicated by a significant three-way 205 

interaction, CO2×N×Phase, on soil respiration (p = 0.02; SI Appendix, Table S2). In 206 

Phase I, eCO2 significantly (p < 0.01) stimulated mean soil respiration regardless of N 207 

level (+22% vs. +24% at low and high N, respectively, Fig. 1b; p = 0.07 for the CO2×N 208 

interaction, SI Appendix, Table S3). In contrast, the CO2×N interaction became 209 

significant (p < 0.01; SI Appendix, Table S3) in Phase II, and eCO2 stimulated mean soil 210 

respiration by 40% at low N supply, but by only 19% at high N supply (Fig. 1c). These 211 

results indicate that long term N limitation strengthened the stimulatory effects of eCO2 212 

on soil respiration as the experiment proceeded. 213 

Conceptually, the changing interactive effects of N and eCO2 on soil respiration 214 

between Phase I and Phase II were most likely due to soil processes, plant characteristics, 215 

and microbial community structure (21, 34, 36-40). Similar to soil respiration, significant 216 

(p < 0.01) CO2×N×Phase interactions were observed for soil net N mineralization rate 217 

and aboveground plant N concentration, but not for other soil and plant variables (SI 218 

Appendix, Table S2), indicating that there were temporal shifts in CO2×N effects on those 219 

two variables. By examining the CO2×N effect per year from 1998-2009, we found that 220 

the CO2×N effect on soil respiration was significantly correlated with that on soil net N 221 

mineralization rate (p = 0.05), aboveground plant N concentration (p = 0.04), and 222 

aboveground plant C/N ratio (p = 0.03) (SI Appendix, Table S4). Further analysis 223 

revealed that eCO2 had no effect on net N mineralization rate at both N supplies in Phase 224 
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I, but significantly increased the mineralization rate at high, but not low N supply, in 225 

Phase II (SI Appendix, Fig. S1a-b). In addition, aboveground plant N concentration was 8% 226 

lower at low than high N supply in Phase I but was 20% lower in Phase II (SI Appendix, 227 

Fig. S1c-d). These data suggest that soil and plant N availability became more limited at 228 

low than high N supply as the time proceeded. The progressive N limitation could lead to 229 

less C allocation by plants to grow but more labile C inputs by eCO2 at low N supply (41), 230 

stimulating SOM decomposition and soil respiration. Collectively, the more positive soil 231 

respiration response to eCO2 at lower than higher N supply in Phase II is probably related, 232 

at least in part, to the N-mediated phase shift of soil and plant N dynamics in response to 233 

eCO2. Similarly, microbes play important roles in regulating the interactive effects of 234 

CO2 and N on soil respiration, as discussed in the following section. 235 

 236 

Roles of microbial processes 237 

The stimulation of soil respiration by eCO2 might be caused by changes in heterotrophic 238 

microbial processes and/or root-associated autotrophic processes (26). However, 239 

partitioning soil respiration into autotrophic and heterotrophic respiration is generally 240 

difficult (42). Thus, we used root biomass as a proxy to determine whether autotrophic 241 

respiration was a major component of our observed soil efflux interaction over time, 242 

given certain assumptions and caveats (43, 44). Root respiration is driven by a number of 243 

factors, including current soil temperature, prior soil temperature (which could drive 244 

acclimation), tissue N concentration, and soil water (45-48), as well as root biomass (43). 245 

Several of these factors (e.g., soil temperature, soil moisture, and root N concentration) 246 

showed no significant difference between eCO2 and aCO2 plots at both low and high N 247 
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supply (SI Appendix, Table S5). Hence, although translating root biomass into absolute 248 

values of simulated soil respiration is challenging, assuming that root biomass is a 249 

reliable measure of relative differences in autotrophic respiration seems sound. 250 

To evaluate whether root biomass mirrored the shifting N effect on eCO2 stimulation 251 

of soil respiration, we examined its responses to CO2 and N. In Phase I, eCO2 stimulated 252 

root biomass to similar extents at low (11%) and high N (14%) supply (SI Appendix, Fig. 253 

S1e), which might partially account for the parallel responses of soil respiration to eCO2 254 

at low and high N supply (Fig. 1b). In contrast, live root biomass was stimulated more by 255 

eCO2 at high N (22%) than low N (14%) supply in Phase II (SI Appendix, Fig. S1f), 256 

whereas soil respiration was stimulated less by eCO2 at high N (19%) than at low N (40%) 257 

supply (Fig. 1c). Thus, live root biomass and associated autotrophic respiration responses 258 

likely were not the main drivers of the shifting responses of soil respiration to CO2 and N 259 

treatments, as mentioned above (SI Appendix, Table S4). 260 

To examine the potential importance of different microbial processes in explaining 261 

the phase shift in CO2×N interactive effects on soil respiration, we analyzed the 262 

composition and abundance of microbial functional genes for soil samples collected in 263 

2009 using GeoChip (49). GeoChip is a generic microarray targeting hundreds of 264 

functional gene categories important to biogeochemical, ecological, and bioremediation 265 

processes. As predicted, the functional community structure was significantly shifted by 266 

CO2, N, and plant diversity treatments (SI Appendix, Table S6). All functional gene 267 

categories involved in C degradation and N cycling showed significant (p  0.05) or 268 

marginally significant (p  0.10) correlations across plots with mean soil CO2 efflux in 269 

Phase II (SI Appendix, Table S7), but none of them did so in Phase I (p > 0.10). Thus, 270 
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microbial communities could play an important role in mediating the phase shift of N-271 

induced differences in the soil respiration response to eCO2. 272 

Directly relevant to questions of CO2×N interactive effects on soil CO2 efflux in 273 

Phase II, many microbial genes involved in C degradation and N cycling were 274 

significantly stimulated or suppressed by eCO2, but in different ways at low than at high 275 

N supply (Fig. 2). In general, at low N supply, most genes related to C degradation and N 276 

cycling were stimulated by eCO2 (Fig. 2a), whereas at high N supply, most were slightly 277 

suppressed (Fig. 2b). Among those genes, antagonistic CO2×N effects, whereby the 278 

combined CO2 and N effect on functional gene abundance was less than additive, were 279 

dominant (67%) (SI Appendix, Table S8), but no synergistic interactive effects were 280 

observed (50). Additionally, to summarize gene responses across all 14 assessed gene 281 

categories (in addition to those in Fig. 2a and Fig. 2b), we determined the percentage of 282 

the significantly shifted genes (for each function) that increased versus decreased at eCO2, 283 

at each of the two N supply rates. A markedly greater percentage (59%) of affected genes 284 

were stimulated by eCO2 at low than at high N supply (Fig. 2c vs. Fig. 2d; p = 0.04 for 285 

CO2×N effect on the relative abundance of those genes, SI Appendix, Table S6). 286 

Altogether, the changes in various functional gene abundances suggest enhanced 287 

microbial decomposition response to eCO2 at low N supply. These results are consistent 288 

with the above experimental observations that the effects of eCO2 on soil respiration in 289 

Phase II were more enhanced at low N than at high N supply. 290 

In parallel with changes in overall community functions, CO2 and N showed 291 

antagonistically interactive effects on a variety of bacterial genes (26% of the bacterial 292 

genes on the arrays) related to C degradation and N cycling, which were significantly (p 293 
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< 0.05) stimulated by eCO2 at low N supply but were suppressed by eCO2 at high N 294 

supply (SI Appendix, Table S9). However, only three fungal genes (15%) related to C 295 

degradation were antagonistically affected by CO2 and N, while most of the fungal genes 296 

(85%) showed similar responses to eCO2 at the two N supplies. The results suggest that 297 

high N supply suppressed the eCO2 effect on bacterial functional capacity, thus 298 

potentially shifting the microbial community toward relatively higher fungal capacity. 299 

Two major competing, but non-exclusive, theories have been proposed to explain 300 

the mechanisms underlying the impacts of N on eCO2-induced microbial decomposition 301 

of SOM (23). Herein, we identify which ones may be at work in BioCON. The 302 

“stoichiometric decomposition” theory posits that microbial activity (e.g., decomposition, 303 

respiration) will be highest when the stoichiometry of substrates matches that of 304 

microbial demand and C and N co-limit decomposition (51). Accordingly, soil respiration 305 

will be stimulated more by eCO2 at high than at low N supply (SI Appendix, Table S10). 306 

This is because with higher substrate C/N ratios at eCO2 and low N supply, microbes are 307 

unable to meet their N demand, which may suppress microbial C decomposition rates and 308 

disfavor rapidly growing microbes (r-strategists) that primarily use labile C. In contrast, 309 

the “microbial N mining” theory asserts that, at low N availability, microbes use labile C 310 

as an energy source to decompose recalcitrant SOM to acquire N, accelerating microbial 311 

decomposition of SOM and favoring genes involved in recalcitrant C degradation (slow-312 

growing k-strategists) (SI Appendix, Table S10) (52).  313 

Data from BioCON in Phase II are more consistent with the microbial N limitation 314 

and N mining theory. eCO2 significantly increased soil net N mineralization at high, but 315 

not low, N supply (SI Appendix, Fig. S1b) and the aboveground plant N concentration 316 
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and total plant N pool were considerably less under low than high N supply (SI Appendix, 317 

Fig. S1d, h). Those results suggest limited N availability at low N supply may not have 318 

met microbial N demand, and hence microbial C decomposition was stimulated to 319 

acquire N. As a likely result, most genes involved in C and N cycling were stimulated by 320 

eCO2 at low N supply (Fig. 2a), in contrast to their suppression by eCO2 at high N supply 321 

(Fig. 2b). Alternatively, eCO2 weakly (p = 0.08) decreased soil C/N ratio at low but not 322 

high N supply (SI Appendix, Fig. S1j). As microbial C content relative to N is one to two 323 

orders of magnitude lower than that of plants (51), a decreased soil substrate C/N ratio 324 

may relieve nutrient limitation and promote substrate-induced microbial respiration (53), 325 

echoing the stoichiometric decomposition theory. It should be noted that N addition could 326 

reduce soil respiration (12-15) by suppressing microbial decomposition via both N-327 

mining and substrate stoichiometry, which are time-dependent and may take a long time 328 

to appear. This could be one of the main reasons that the N-induced suppression of the 329 

stimulatory effects of eCO2 on soil respiration was more obvious in Phase II. 330 

 331 

Decomposition modeling enabled by microbial functional traits 332 

As demonstrated above, microbial functional community structure likely plays an 333 

important role in mediating responses of soil respiration to eCO2 and N availability. Such 334 

information is a prerequisite for predicting how the soil microbial community and 335 

associated functions respond to multiple global change factors. The next urgent need is to 336 

translate such conceptual understanding into an ecosystem model-based quantitative 337 

framework because process-based microbial-explicit ecosystem models can provide 338 

mechanistic insights, integration, and scenario testing not available from or possible with 339 
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experiments (54). In this regard, microbial-explicit ecosystem models will enable us to 340 

mechanistically simulate large-scale experiments that would be too costly to establish in 341 

reality and predict their future dynamics. However, a grand challenge in ecology is how 342 

to integrate microbial functional traits into ecosystem models to improve their 343 

performance and predictive ability (55). 344 

To address the above challenge, we incorporated the GeoChip-detected microbial 345 

functional genes into the C-N coupled Microbial-ENzyme Decomposition (MEND) 346 

model (SI Appendix, Fig. S2a, and Table S11-15). We used tMEND to denote the MEND 347 

model parameterized with traditional observations such as soil CO2 efflux and mineral N 348 

concentrations. For comparison, gMEND refers to the MEND model calibrated with 349 

additional GeoChip-based microbial functional gene abundance data (Fig. 3a and SI 350 

Appendix, Fig. S3a). We compared the results of these two microbial models (tMEND, 351 

gMEND) plus a third model, the non-microbial C-only TECO model (SI Appendix, Fig. 352 

S2b). In addition to the best fit between observed and simulated soil CO2 efflux and 353 

mineral N (NH4
+
 and NO3

–
) concentrations, we constrained the model by achieving the 354 

highest goodness-of-fit between MEND-modeled relative changes in enzyme 355 

concentrations and GeoChip-detected relative changes in oxidative and hydrolytic gene 356 

abundances in response to eCO2 (SI Appendix, Table S11). 357 

The eCO2-induced changes in hydrolytic and oxidative genes observed by GeoChip 358 

were consistent with changes simulated by gMEND but not tMEND (Fig. 3a). Also, the 359 

parameter uncertainty (i.e., coefficient of variation) of gMEND was considerably reduced 360 

compared to both tMEND (by 35%) and the non-microbial C-only TECO model (by 86%; 361 

Fig. 3b). As a result, the gMEND model was able to simulate the observed soil CO2 362 
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efflux at aCO2-aN relatively well (R
2 

= 0.61; Fig. 3c). In addition, the gMEND model 363 

that had been calibrated only with the data at aCO2-aN was further validated against 364 

independent datasets from the other three CO2 and N treatments. The performance was 365 

almost as good as model calibration for ambient conditions (5% less variance explained 366 

on average) (R
2 

= 0.53–0.59; Fig. 3d). In contrast, the TECO model explained 367 

considerably less variation in observed soil respiration at the other three treatment 368 

combinations (R
2 
= 0.35–0.44; Fig. 3d) than at ambient conditions (explaining about 16% 369 

less of the variance). These differences suggest that gMEND better adjusts for CO2 and N 370 

effects than TECO. Finally, gMEND-simulated ammonium and nitrate concentrations 371 

also agreed fairly well with the observations (SI Appendix, Fig. S3b). Altogether, the 372 

above results suggested that the gMEND model can capture the dynamics of soil CO2 373 

efflux reasonably well, comparable to or better than several previously field modeling 374 

studies (56, 57). 375 

We further estimated eCO2-induced soil C loss via heterotrophic respiration. Our 376 

simulations showed that eCO2 would cause 38% and 20% more heterotrophic respiration 377 

at low and high N supply (Fig. 3e), respectively, and that enriched N would lead to 18% 378 

and 2% more heterotrophic respiration at aCO2 and eCO2 (Fig. 3e), respectively. We then 379 

asked what the implications might be if such results were general for grasslands globally. 380 

Applying our results to the world’s grasslands based on the IGBP (International 381 

Geosphere-Biosphere Programme) classification scheme and the estimated annual soil 382 

respiration from grasslands between 2001 and 2009 (58), eCO2 (+180 ppm) alone would 383 

increase heterotrophic respiration by 1.6 ± 0.1 Pg C yr
−1 

whereas enriched N (+4 g N m
−2

 384 

yr
−1

) alone would increase heterotrophic respiration by 0.8 ± 0.2 Pg C yr
−1

 However, 385 
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combined eCO2 and enriched N would increase heterotrophic respiration by 1.7 ± 0.2 Pg 386 

C yr
−1

 across global grasslands, 29% less than the additive effects of eCO2 and enriched 387 

N alone. Thus, interactions noted herein could be significant globally. 388 

Although our modeling results via calibration (Fig. 3a-c) and validation (Fig. 3d) 389 

indicated that the gMEND could encapsulate the dynamics of soil CO2 efflux fairly well, 390 

about 40% of the variation was not captured, likely for two primary reasons. First, 391 

various experimental measurements such as gross primary productivity, soil CO2 efflux, 392 

temperature, moisture, and microbial traits were highly variable and some were uncertain, 393 

which could contribute to the discrepancy between model simulations and experimental 394 

observations. Second, the MEND model used in this study does not consider the 395 

differential roles of diverse microbial communities (e.g., bacteria, saprotrophic and 396 

mycorrhizal fungi) in regulating C-N cycling in response to eCO2 and enriched N supply 397 

owing to our poor understanding of these processes (8). Incorporating additional 398 

biological processes and their interactions into the MEND model may improve the 399 

modeling of soil CO2 efflux and its response to environmental change (8). Nevertheless, 400 

to our knowledge, this is the first demonstration of the feasibility of integrating massive 401 

omics information into ecosystem models for better predictions of the soil C response to 402 

eCO2 and enriched N. 403 

 404 

Conclusions 405 

We found that the positive effect of eCO2 on soil respiration at low N supply was greater 406 

in years 9-12 than in years 1-8 of a long-term experiment, and that changes in microbial 407 

functional traits, such as functional genes involved in C and N cycling processes, as well 408 
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as temporal shifts in soil and plant N availability, likely underlie this dynamic. These 409 

findings would, if general, have important implications for predicting the responses of 410 

ecosystems to future environmental changes. For example, considering that N limitation 411 

is widespread in natural ecosystems, considerable stimulation of soil respiration in 412 

response to rising CO2 concentration might occur. Pervasive N deposition due to 413 

anthropogenic activities could offset, at least partially, the stimulation of soil respiration 414 

by elevated atmospheric CO2, and thus could weaken the positive feedback between the 415 

terrestrial C cycle and climate change. Our study also shows that whether microbially 416 

mediated feedback to rising CO2 concentrations and climate change is positive or 417 

negative depends on microbial functional groups and whether their associated functions 418 

are stimulated by eCO2, suggesting the necessity of integrating microbial functional traits 419 

into climate-C models for better prediction (34, 55). As expected, incorporating those 420 

functional genes into a coupled C-N ecosystem model substantially reduced model 421 

parameter uncertainty and improved the prediction of soil respiration in response to eCO2 422 

and enriched N supply. Although further model development, calibration, and validation 423 

of a microbially-enabled model will require rigorous benchmarking with observations, 424 

this study serves as a novel step forward to mechanistically assimilate microbial 425 

functional traits into climate-C cycle modeling. 426 

 427 

Materials and methods 428 

Experimental design and sampling 429 

The BioCON experiment contains 296 main plots with a fully factorial 2×2×4 430 

combinations of three treatments: CO2 (ambient vs. +180 ppm), N deposition (ambient vs. 431 
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+4 g N m
-2

 y
-1

) and plant diversity (1, 4, 9 or 16 species) (59). Plots were established with 432 

diversity treatments in 1997. The CO2 and N treatments began in 1998. The 296 plots are 433 

evenly distributed among six rings with split-plot arrangement of CO2 and N treatments. 434 

CO2 treatment is the whole-plot factor. The subplot N and plant diversity treatments were 435 

randomly distributed and replicated in individual plots among the six rings. Although 436 

ambient CO2 concentration has increased during the experimental period, resulting in 437 

inconstant ambient CO2 concentrations over time, a free-air CO2 enrichment system is 438 

used to provide a constant elevation of CO2 by an average of 180 ppm above ambient in 439 

three elevated CO2 (eCO2) rings. The other three ambient CO2 rings (aCO2) were treated 440 

identically but without additional CO2. Half of the plots in each ring received N 441 

amendments of 4 g N m
−2

 yr
−1 

applied as NH4NO3 on three dates each year. As a 442 

consequence, there were in total four CO2 and N treatments among 296 plots: aCO2 & 443 

low N (aCO2-aN), eCO2 & low N (eCO2-aN), aCO2 & high N (aCO2-eN), and eCO2 & 444 

high N (eCO2-eN) with each treatment having 74 plots (biological replicates). For each of 445 

the four CO2 and N treatments, there were 32 plots planted with 1 species, 15 plots 446 

planted with 4 species, 15 plots planted with 9 species, and 12 plots planted with 16 447 

species (59). 448 

 449 

Plant and soil variables  450 

Each year (1998–2009) in every plot, above- and below-ground (0-20 cm depth) plant 451 

biomass were mainly measured in August (59). Soil net N mineralization rates were 452 

measured in situ each year in each plot for a ca. 1-month period using a semi-open core in 453 

July (24). Net N mineralization is the net transformation of N from organic to inorganic 454 
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forms and is considered to represent the availability of N to plants. Plant N concentration 455 

(% aboveground plant and root) and plant C/N ratio (aboveground plant and root) were 456 

measured in August from 2001 to 2009. Soil C/N ratio was measured in year 2002 and 457 

2007. 458 

Soil CO2 efflux in each plot was measured for 11 to 36 times per year using an LI-459 

COR 6400-09 soil CO2 efflux chamber (LI-COR, Lincoln, Nebraska, USA) from 1998 to 460 

2009. Measurements made during peaking growing seasons (from May to August) were 461 

used in this study, as those data best reflect growing season ecosystem functioning. 462 

Within each of those months, soil CO2 efflux was measured 2 to 5 times in each plot. In 463 

the short term, soil CO2 efflux measured using chamber techniques may deviate from the 464 

instantaneous soil respiration due to changing CO2 stored in the soil pore-space (60). 465 

However, in the medium to long term, soil CO2 efflux corresponds to soil respiration as 466 

all CO2 produced in the soil must be emitted from the soil. Thus, in this study, we use 467 

“soil CO2 efflux” and “soil respiration” in an exchangeable way.  468 

 469 

GeoChip experiments and raw data processing 470 

Soil samples for microbial community analysis were collected from the 296 plots in 471 

August 2009. Microbial genomic DNA was extracted from 5 g of well-mixed soil for 472 

each sample by combining freeze-grinding and sodium dodecyl sulfate for cell lysis, and 473 

purified by agarose gel electrophoresis, followed by phenol–chloroform–butanol 474 

extraction as previously described (61). The functional gene array GeoChip 4.0 was used 475 

for DNA microarray hybridization. As described previously (62), the DNA samples were 476 

labeled with fluorescent dye Cy-3 dUTP and hybridized with the slides with GeoChip 477 
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4.0M in a rotator/incubator at 67 
o
C plus 10% formamide and rotated at 20 rpm for 24 478 

hours. After hybridization, GeoChip was scanned at 100% laser power and 100% 479 

photomultiplier tubes gain with a NimbleGen MS 200 Microarray Scanner (Roche 480 

NimbleGen, Madison, WI, USA). Scanned images were gridded by NimbleScan software 481 

(Roche, South San Francisco, CA, USA) to obtain the signal intensity for each probe. 482 

Raw data obtained from NimbleScan was submitted to the Microarray Data Manager at 483 

http://ieg.ou.edu/microarray/ and analyzed by the data analysis pipeline (49). We 484 

removed spots with the signal-to-noise ratio below 2, considered as poor quality.  485 

 486 

Model simulation and prediction 487 

Details for modeling methods are provided in SI Appendix, Supplementary Text. Briefly, 488 

we used a non-microbial C-only terrestrial ecosystem (TECO) model and a C-N coupled 489 

Microbial-ENzyme Decomposition (MEND) model to simulate daily soil CO2 efflux for 490 

four CO2 and N treatments from 1998 to 2009. In TECO model, we used a group of first-491 

order ordinary differential equations (ODEs) to describe the C turnover among fast, slow, 492 

and passive SOM pools (SI Appendix, Fig. S2b). We set prior ranges of C turnover rates 493 

based on a previous study (63), which were modified by soil temperature (T) and 494 

moisture (W) during the simulations. In comparison, The C-N coupled MEND model 495 

describes both C and N transformation processes in the following pools: oxidative and 496 

hydrolytic particulate organic matter (POMO and POMH), mineral-associated organic 497 

matter (MOM), active MOM (QOM), dissolved organic matter (DOM), active and 498 

dormant microbial biomass (MBA and MBD), three enzyme functional groups, and 499 

mineral N (NH4
+
 and NO3

–
) (SI Appendix, Fig. S2a). The two POM pools are 500 

http://ieg.ou.edu/microarray/
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decomposed by oxidative or hydrolytic enzymes, while the MOM is decomposed by both. 501 

Model state variables, governing equations, component fluxes, and parameters are shown 502 

in SI Appendix, Table S12–S15.  503 

The modified Shuffled Complex Evolution (SCE) algorithm was used to calibrate 504 

model parameters for both TECO and MEND models under the aCO2-aN treatment (SI 505 

Appendix, Supplementary Text). We then validated the model using the same set of 506 

model parameters calibrated for aCO2-aN to simulate soil CO2 efflux under the other 507 

three treatments. Microbial gene abundances were used as objective functions to calibrate 508 

model parameters only for the gMEND model (57). The coefficient of determination (R
2
) 509 

was used to estimate the model performance between simulated and observed soil CO2 510 

efflux (64). Additional observational variables (NH4
+
 and NO3

–
 concentrations, response 511 

ratios of oxidative and hydrolytic enzymes) for MEND model calibration and validation 512 

are shown in SI Appendix, Table S11. Parameter uncertainty of TECO model was 513 

quantified by probabilistic inversion (Markov Chain Monte Carlo) algorithm while that 514 

of MEND model was quantified by the Critical Objective Function Index (COFI) method. 515 

 516 

Statistical analyses 517 

Since microbial community structure was determined with all 296 soil samples collected 518 

in 2009, this study focused on the soil CO2 efflux from the beginning of the BioCON 519 

experiment until 2009. To identify the year in which interaction between CO2 and N 520 

emerged, we calculated the response ratio (RR) of soil CO2 efflux differences between 521 

eCO2 and aCO2 at low or high N supply in every month of the growing season. The N 522 

influence was then calculated as RR at high N supply minus RR at low N supply, 523 
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representing the CO2×N interaction. The annual mean value of the N influence was 524 

calculated for each year. Four commonly used change-point tests, including Buishand 525 

Range Test, Buishand U Test, Standard Normal Homogeneity Test (SNHT), and Pettitt's 526 

test, were performed on the annual mean values of the N influence. Because no soils were 527 

collected for microbial analysis in Phase I, most of the statistics-based mechanistic 528 

analyses were focused on Phase II. 529 

For each year from 1998 to 2009, data points of soil CO2 efflux (μmol mol
-2

 s
-1

) that 530 

were higher than mean plus 1.96 standard deviations or lower than mean minus 1.96 531 

standard deviations of all data points in a plot were regarded as outliers and removed 532 

before the analysis (65). By doing this, we reduced the within-plot variation in soil CO2 533 

efflux measurements to enhance the statistic power. We used the same approach to 534 

identifying and excluding outliers for other soil and plant variables, including soil net N 535 

mineralization rate (mg Kg
-1

 day
-1

), soil temperature (C), soil moisture, soil pH, soil C/N 536 

ratio, plant N concentration (%), plant C/N ratio, plant biomass (g m
-2

) and plant N pool 537 

(g m
-2

). Net N mineralization data in 2008 were contaminated and thus were not included 538 

in the analysis (41). The significance of CO2×N effects and CO2×N×Phase effects on soil 539 

CO2 efflux, soil, and plant variables was tested using repeated-measures mixed models 540 

following the previous method (66). The CO2×N effects (N influence on the eCO2 effect) 541 

on each of the soil and plant variables, and on soil CO2 efflux were calculated per year 542 

from 1998 to 2009, then relationships between CO2×N effects on soil/plant variables and 543 

on soil CO2 efflux were examined using Pearson correlation.  544 
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The eCO2 effects on soil and plant variables as well as microbial functional genes at 545 

low and high N supply were calculated based on Eq. 3-4: 546 

eCO2 effect at low N supply = 100% ×
𝑒𝐶𝑎𝑁−𝑎𝐶𝑎𝑁

𝑎𝐶𝑎𝑁
                (3) 547 

eCO2 effect at high N supply= 100% ×
𝑒𝐶𝑒𝑁−𝑎𝐶𝑒𝑁

𝑎𝐶𝑒𝑁
                 (4) 548 

Where 𝑒𝐶𝑒𝑁, 𝑒𝐶𝑎𝑁, 𝑎𝐶𝑒𝑁 and 𝑎𝐶𝑎𝑁 represent mean of soil CO2 efflux, soil variables, 549 

plant variables, or the relative abundance of microbial functional genes in eCO2-eN, 550 

eCO2-aN, aCO2-eN, and aCO2-aN plots, respectively. Permutation t-test was conducted 551 

to examine the significance of the eCO2 effect on plant and soil properties at both low 552 

and high N supply (67). At the low or high N supply, the significance of eCO2 effect on 553 

the abundance of each functional gene (total abundance of all probes of this gene; SI 554 

Appendix, Table S8) was examined by response ratio with 95% confidence intervals of 555 

gene abundance differences between eCO2 and aCO2 plots. We also examined the eCO2 556 

effect on the abundance of each gene probe by response ratio. Of all significantly 557 

changed probes of an individual gene, we calculated the percentages of stimulated and 558 

suppressed probes by eCO2. Then, we calculated the averaged percentages of stimulated 559 

and suppressed probes across genes in different gene categories for C cycling, including 560 

starch, hemicellulose, cellulose, chitin, pectin, aromatics and lignin degradation, gene 561 

categories for N cycling, including assimilatory/dissimilatory N reduction, denitrification, 562 

ammonification, nitrification and N fixation as well as gene categories for phosphorus (P) 563 

cycling, including P fixation and P utilization.  564 

To determine the direction (additive, synergistic, or antagonistic) of interactive 565 

effects of CO2 and N on functional genes, we compared the observed effects (OEs, i.e., 566 

combined eCO2 and enriched N effects) and the expected effects (EEs), i.e., additive 567 
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effects of eCO2 alone and enriched N alone (50). For each functional gene, OE was 568 

calculated as follows: 100% ×
𝑒𝐶𝑒𝑁−𝑎𝐶𝑎𝑁

𝑎𝐶𝑎𝑁
. EE was calculated as follows: 100% ×569 

𝑒𝐶𝑎𝑁−𝑎𝐶𝑎𝑁

𝑎𝐶𝑎𝑁
 + 100% ×

𝑎𝐶𝑒𝑁−𝑎𝐶𝑎𝑁

𝑎𝐶𝑎𝑁
. The interactive effects are additive when OE is not 570 

different from EE. Interactive effects are synergistic if OE is significantly higher than EE 571 

or antagonistic if OE is significantly lower than EE. The significance of the interactive 572 

CO2 and N effect on each functional gene was tested by the permutational multivariate 573 

analysis of variance (Adonis) using the abundance matrix of this microbial functional 574 

gene. 575 
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Figure legends 767 

Figure 1. Observed responses of soil CO2 efflux to eCO2 at different N supply levels. 768 

a, soil CO2 efflux from 1998 to 2009. b, soil CO2 efflux from 1998 to 2005 (Phase I). c, 769 

soil CO2 efflux from 2006 to 2009 (Phase II). Each bar shows the annual mean plus 770 

standard error of 74 plots. Percent changes of soil CO2 efflux in elevated CO2 (eCO2) 771 

plots relative to ambient CO2 (aCO2) plots are labeled above the bars. p values of the 772 

permutation t-test are labeled as * when p < 0.05 and ** when p < 0.01. 773 

 774 

Figure 2. eCO2 effects on microbial functional genes important to C and N cycling at 775 

low and high N supply. a, Response ratios of functional genes at low N supply; and b, at 776 

high N supply. Individual functional genes detected by GeoChip are shown on the x-axis. 777 

Error bars indicate 95% confidence intervals of gene abundance difference between eCO2 778 

and aCO2. c, The percent of significantly shifted microbial gene probes stimulated (blue) 779 

versus suppressed (orange) by eCO2 at low N supply; and d, at high N supply. 780 

Percentages of stimulated and suppressed gene probes were averaged across gene probes 781 

in each gene category (each point in the boxplot) relevant to C, N, and phosphorus (P) 782 

cycling. These gene categories (n = 14) include starch, hemicellulose, cellulose, chitin, 783 

pectin, aromatics and lignin degradation, N reduction, denitrification, ammonification, 784 

nitrification, N fixation, and phosphate limitation and phosphorus utilization. 785 

 786 

Figure 3. Model simulations. a, Comparison of eCO2-induced percent changes of 787 

hydrolytic and oxidative enzymes observed by GeoChip to the simulated effects by 788 

gMEND (gene-incorporated MEND model) and traditional MEND without gene 789 
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information (tMEND) at low N supply. The GeoChip data were obtained from the 790 

samples from 2009. b, Parameter uncertainty quantified by the Coefficient of Variation 791 

(CV) for the non-microbial C-only TECO, tMEND, and gMEND models; the bars show 792 

mean CV of 10 calibrated parameters represented by dots. c, Model calibration with the 793 

soil respiration (Rs, 1998–2009) at aCO2-aN. d, Model validations were performed using 794 

Rs at eCO2-aN, aCO2-eN, and eCO2-eN for gMEND and TECO. e, Percent changes of 795 

gMEND-simulated heterotrophic respiration (Rh) between different CO2 and N levels. 796 

The error bars represent standard errors. p values of the permutation t-test are labeled as * 797 

when p < 0.05 and ** when p < 0.01. 798 
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Table 1. The main and interactive effects of CO2, N, and plant diversity (PD) on soil CO2 800 

efflux measured from 1998 to 2009 based on repeated-measures mixed model across 296 801 

plots. Significant (p < 0.05) effects are bolded. 802 

 

F p 

CO2 763.33 <0.01 

N 59.56 <0.01 

PD 692.89 <0.01 

Year 410.76 <0.01 

CO2×N 4.63 0.03 

CO2×PD 13.99 0.01 

N×PD 2.34 0.12 

CO2×Year 9.02 0.01 

N×Year 15.69 0.01 

PD×Year 4.32 0.03 

CO2×N×PD 0.04 0.83 

CO2×N×Year 3.73 0.05 

CO2×PD×Year 3.02 0.08 

N×PD×Year 0.16 0.69 

CO2×N×PD×Year 0.51 0.47 

 803 
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