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Abstract

Whether and how CO; and nitrogen (N) availability interact to influence carbon (C)
cycling processes such as soil respiration remains a question of considerable uncertainty
in projecting future C-climate feedbacks, which are strongly influenced by multiple
global change drivers, including elevated atmospheric CO, concentrations (eCO,), and
increased N deposition. However, because decades of research on the responses of
ecosystems to eCO;, and N enrichment have been done largely independently, their
interactive effects on soil respiratory CO, efflux remain unresolved. Here, we show that
in a multifactor free-air CO; enrichment experiment, BioCON (Biodiversity, CO, and N
deposition) in Minnesota, USA, the positive response of soil respiration to eCO;
gradually strengthened at ambient (low) N supply, but not enriched (high) N supply for
the 12-year experimental period from 1998 to 2009. In contrast to earlier years, eCO;
stimulated soil respiration twice as much at low than at high N supply from 2006 to 2009.
In parallel, microbial C degradation genes were significantly boosted by eCO, at low but
not high N supply. Incorporating those functional genes into a coupled C-N ecosystem
model reduced model parameter uncertainty and improved the projections of the effects
of different CO, and N levels on soil respiration. If our observed results generalize to
other ecosystems, they imply widely positive effects of eCO, on soil respiration even in

infertile systems.

Significance
The magnitude of CO, efflux from soils (resulting from autotrophic and heterotrophic

respiration) is one of the largest uncertainties in projecting future carbon-climate
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feedbacks. Despite research over several decades, the magnitude, direction, and duration
of such feedbacks and their underlying microbial mechanisms are poorly understood,
especially in the context of potentially interacting global environmental changes. In a
decade-long experiment examining the interactive effects of CO; and N enrichment, N
limitation strengthened the stimulatory effects of eCO, on soil respiration, primarily via
N mining during the decomposition of more recalcitrant organic compounds. This study
also provides a novel strategy for integrating genomics information into ecosystem and

Earth system models to improve carbon cycle predictions.

Introduction

Elevation of atmospheric CO, concentrations, owing to fossil fuel combustion and land-
use changes, represents one of the greatest scientific and political concerns of the 21
century (1). Carbon (C) movement into the atmosphere annually from soils (i.e., soil CO,
efflux or soil respiration) is much larger than annual C emissions from fossil fuel
combustion (2), and thus even small changes in soil respiration could have significant
impacts on the pace of change in atmospheric CO,. Numerous studies have demonstrated
that elevated CO, (eCO,) has a direct stimulatory effect on rates of plant photosynthesis
(3), and an indirect positive effect on soil respiration, which typically includes
autotrophic respiration from plant roots and heterotrophic respiration from microbial
decomposition of litter and soil organic matter (SOM). The eCO, stimulatory effect on
soil respiration is commonly attributed to the following three mutually non-exclusive
mechanisms from the actions of plants and microorganisms (4-7): enhanced root

respiration associated with greater belowground plant biomass, enhanced microbial
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decomposition of fresh C due to greater supply of foliar and root-derived labile soil C,
and increased microbial priming of old SOM fueled by this increased supply of labile soil
C (4, 5). The stimulation of soil respiration by eCO, (7, 8) has the potential to greatly
accelerate the future rate of increase in atmospheric CO; concentrations unless matched
by an offsetting increase in net C uptake.

Human activities have also increased nitrogen (N) deposition to natural ecosystems
(9). N enrichment is a growing concern because it disturbs N cycle processes in many
ecosystems (9). Various studies have suggested that N addition can either increase (10,
11) or reduce (12-15) soil CO, efflux, while other studies have suggested that N addition
does not influence soil CO; efflux (16, 17), depending on ecosystem type and season of
the year.

The stimulation of soil respiration by eCO, also could be strongly influenced by
variability in ambient soil N availability and the rate of atmospheric N deposition (18).
However, studies that have explored the interactive effects of eCO, and N on soil
respiration are extremely scarce. For instance, an open-top study of young subtropical
tree seedlings in contrasting eCO, and N treatments in transplanted soil found that
response to eCO- was enhanced by high levels of N addition (10 g m™? yr™) in the earliest
two years but unaffected by the same N supply in the subsequent year (19, 20). A free-air
enrichment study in perennial grasslands also found no interaction between eCO;, and N
addition treatments over the first two years of the study (21). Given that many questions
about such potential interactions remain unresolved (22), here we report on 12 years of
results in that same grassland study, assessing whether interactions develop, and if so,

what underlying mechanisms might drive them.
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It is well known that N availability alters many aspects of ecosystems (12, 23, 24)
and thus could hypothetically influence responses of soil respiration to eCO,. Three
potentially off-setting and interrelated mechanisms have been proposed. First, N
limitation could affect belowground productivity and thus root respiration. For example,
if N limitation constrains plant canopy development and the stimulatory effect of eCO,
on photosynthesis, and thus limits total productivity belowground, root respiration will
decline (24). On the other hand, the same N limitation constraint on canopy development
combined with stimulatory effects of eCO, on photosynthesis could increase plant
investment of C in nutrient-absorbing systems (25, 26), favoring C allocation to roots at
the expense of aboveground biomass. Such a shift in allocation could increase root
respiration (27). Second, changes in root detrital production and exudation of labile C
into soils can influence substrate supply that fuels soil microbial activity and
heterotrophic respiration. Third, the supply of labile C into soils can influence
decomposition of SOM through the priming effect, which would also influence soil
heterotrophic respiration (28). Under N limitation, greater photosynthesis caused by eCO,
could stimulate mining of N from SOM, and thus soil heterotrophic respiration, through
enhanced priming mechanisms (29).

Although various studies indicate that N availability plays critical roles in mediating
soil respiration (10-17, 23, 30, 31), divergent results are observed: positive (10, 11, 23),
neutral (16, 17, 30), or negative (12-15, 30, 31). Thus, the impacts of N availability on
the magnitude and duration of the eCO, enhancement of soil respiration and its
underlying mechanisms remain elusive, particularly under field settings. In addition,

recent modeling efforts demonstrated the importance of understanding microbial C



156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

decomposition for more confidently extrapolating soil C cycling processes (32, 33).
However, to date, it remains uncertain whether and how microbial processes influence
the responses of terrestrial ecosystems to eCO, and N deposition, and how best to
incorporate information regarding microbial responses to eCO, and N into climate-C
models for better simulation and prediction (32, 34, 35).

Herein, we report results from a well-replicated long-term (12 years at the time of
sampling) CO,xN experiment, BioCON (24), to elucidate the interactive effects of eCO,
and N enrichment on soil respiration and their underlying mechanisms. From 1998-2009,
we measured soil CO, efflux, and other biogeochemical processes on 296 plots
containing different numbers (1, 4, 9, or 16 species) and combinations (C; and C, grasses,
forbs, and legumes) of perennial plant species at ambient CO, (aCO,) or eCO, (+180 ppm)
with either ambient N supply (aN) or enriched N supply (eN, i.e., + 4 g N m™~= yr'').
Hereafter, we refer to these four treatment combinations as aCO;-aN, eCO,-aN, aCO,-eN,
and eCO,-eN. The contrasting high versus low levels of N supply in this study was a
rough proxy for a part of the worldwide range of N supply rates in soils as well as for
times or places with low versus high N deposition (24). Thus, we posit that the results are
relevant to understanding the potentially different responses to eCO, of both low versus
high N fertility soils and contexts with low versus high N deposition. In 2009, we also
assessed responses of microbial community functional gene structure to eCO, and N
enrichment to gain insights into microbial regulation of soil respiration. In addition, we
incorporated microbial functional trait information into ecosystem models to explore
means of better prediction of C cycling. Our overarching hypothesis is that N limitation

would accelerate the stimulatory effects of eCO, on soil respiration, primarily via
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microbial N mining mechanisms. We further explored the possibility that microbial
functional trait information would greatly help to constrain the uncertainty of model
parameters and hence significantly improve confidence in model simulations and

predictions.

Results and Discussion

N modulation of the stimulatory effect of eCO, on soil respiration

Soil CO; efflux was measured ca. biweekly during the growing season (May to August)
from 1998 to 2009. Overall, significantly (p < 0.01) higher soil respiration was observed
at eCO; than aCO, at both low and high N supply (Fig. 1a), indicating that eCO,
stimulated soil respiration, consistent with previous reports (6, 7). Along with significant
main effects of CO,, N, and plant species diversity as individual treatments, there were
significant CO,xN (p = 0.03; Table 1) and CO,xNxYear (p = 0.05) interactive effects on
soil respiration, indicating that the stimulatory effect of eCO; on soil respiration was
modulated by N supply and that this interaction varied with time. Although the effect of
eCO, varied with plant diversity (p = 0.01 for the CO,xplant diversity interaction; Table
1), the CO,xN interaction was independent of plant diversity (p = 0.83 for the three-way
interaction of CO,xNxplant diversity; Table 1).

To better identify the timing of the shift in the responses of soil respiration to eCO,
at contrasting N supplies, four commonly used change-point tests - Pettitt's test, Buishand
range test, Buishand U test, and Standard Normal Homogeneity Test (SI Appendix, Table
S1) - were used. Our results indicated that 2005 was the breakpoint when the N influence

on the stimulatory effects of eCO, on soil respiration significantly changed (SI Appendix,
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Table S1). Therefore, we have divided the whole experimental period into two phases:
Phase | from 1998 to 2005, and Phase Il from 2006 to 2009 (see Materials and methods
for details). Using this breakpoint, the CO,xN interactive effects on soil respiration
significantly differed between these two phases, as indicated by a significant three-way
interaction, CO,xNxPhase, on soil respiration (p = 0.02; SI Appendix, Table S2). In
Phase I, eCO; significantly (p < 0.01) stimulated mean soil respiration regardless of N
level (+22% vs. +24% at low and high N, respectively, Fig. 1b; p = 0.07 for the CO,xN
interaction, Sl Appendix, Table S3). In contrast, the CO,xN interaction became
significant (p < 0.01; SI Appendix, Table S3) in Phase 1I, and eCO, stimulated mean soil
respiration by 40% at low N supply, but by only 19% at high N supply (Fig. 1c). These
results indicate that long term N limitation strengthened the stimulatory effects of eCO,
on soil respiration as the experiment proceeded.

Conceptually, the changing interactive effects of N and eCO, on soil respiration
between Phase | and Phase Il were most likely due to soil processes, plant characteristics,
and microbial community structure (21, 34, 36-40). Similar to soil respiration, significant
(p < 0.01) CO2xNxPhase interactions were observed for soil net N mineralization rate
and aboveground plant N concentration, but not for other soil and plant variables (SI
Appendix, Table S2), indicating that there were temporal shifts in CO,xN effects on those
two variables. By examining the CO,xN effect per year from 1998-2009, we found that
the CO,xN effect on soil respiration was significantly correlated with that on soil net N
mineralization rate (p = 0.05), aboveground plant N concentration (p = 0.04), and
aboveground plant C/N ratio (p = 0.03) (SI Appendix, Table S4). Further analysis

revealed that eCO, had no effect on net N mineralization rate at both N supplies in Phase

10
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I, but significantly increased the mineralization rate at high, but not low N supply, in

Phase 11 (SI Appendix, Fig. Sla-b). In addition, aboveground plant N concentration was 8%
lower at low than high N supply in Phase | but was 20% lower in Phase 11 (SI Appendix,
Fig. S1c-d). These data suggest that soil and plant N availability became more limited at
low than high N supply as the time proceeded. The progressive N limitation could lead to
less C allocation by plants to grow but more labile C inputs by eCO; at low N supply (41),
stimulating SOM decomposition and soil respiration. Collectively, the more positive soil
respiration response to eCO; at lower than higher N supply in Phase 11 is probably related,
at least in part, to the N-mediated phase shift of soil and plant N dynamics in response to
eCO,. Similarly, microbes play important roles in regulating the interactive effects of

CO; and N on soil respiration, as discussed in the following section.

Roles of microbial processes

The stimulation of soil respiration by eCO, might be caused by changes in heterotrophic
microbial processes and/or root-associated autotrophic processes (26). However,
partitioning soil respiration into autotrophic and heterotrophic respiration is generally
difficult (42). Thus, we used root biomass as a proxy to determine whether autotrophic
respiration was a major component of our observed soil efflux interaction over time,
given certain assumptions and caveats (43, 44). Root respiration is driven by a number of
factors, including current soil temperature, prior soil temperature (which could drive
acclimation), tissue N concentration, and soil water (45-48), as well as root biomass (43).
Several of these factors (e.g., soil temperature, soil moisture, and root N concentration)

showed no significant difference between eCO, and aCO, plots at both low and high N

11
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supply (SI Appendix, Table S5). Hence, although translating root biomass into absolute
values of simulated soil respiration is challenging, assuming that root biomass is a
reliable measure of relative differences in autotrophic respiration seems sound.

To evaluate whether root biomass mirrored the shifting N effect on eCO, stimulation
of soil respiration, we examined its responses to CO, and N. In Phase I, eCO; stimulated
root biomass to similar extents at low (11%) and high N (14%) supply (SI Appendix, Fig.
Sle), which might partially account for the parallel responses of soil respiration to eCO,
at low and high N supply (Fig. 1b). In contrast, live root biomass was stimulated more by
eCO; at high N (22%) than low N (14%) supply in Phase Il (SI Appendix, Fig. S1f),
whereas soil respiration was stimulated less by eCO; at high N (19%) than at low N (40%)
supply (Fig. 1c). Thus, live root biomass and associated autotrophic respiration responses
likely were not the main drivers of the shifting responses of soil respiration to CO; and N
treatments, as mentioned above (SI Appendix, Table S4).

To examine the potential importance of different microbial processes in explaining
the phase shift in CO,xN interactive effects on soil respiration, we analyzed the
composition and abundance of microbial functional genes for soil samples collected in
2009 using GeoChip (49). GeoChip is a generic microarray targeting hundreds of
functional gene categories important to biogeochemical, ecological, and bioremediation
processes. As predicted, the functional community structure was significantly shifted by
CO,, N, and plant diversity treatments (SI Appendix, Table S6). All functional gene
categories involved in C degradation and N cycling showed significant (p < 0.05) or
marginally significant (p < 0.10) correlations across plots with mean soil CO, efflux in

Phase 1l (SI Appendix, Table S7), but none of them did so in Phase | (p > 0.10). Thus,

12
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microbial communities could play an important role in mediating the phase shift of N-
induced differences in the soil respiration response to eCO,.

Directly relevant to questions of CO,xN interactive effects on soil CO; efflux in
Phase Il, many microbial genes involved in C degradation and N cycling were
significantly stimulated or suppressed by eCO, but in different ways at low than at high
N supply (Fig. 2). In general, at low N supply, most genes related to C degradation and N
cycling were stimulated by eCO; (Fig. 2a), whereas at high N supply, most were slightly
suppressed (Fig. 2b). Among those genes, antagonistic CO,xN effects, whereby the
combined CO, and N effect on functional gene abundance was less than additive, were
dominant (67%) (SI Appendix, Table S8), but no synergistic interactive effects were
observed (50). Additionally, to summarize gene responses across all 14 assessed gene
categories (in addition to those in Fig. 2a and Fig. 2b), we determined the percentage of
the significantly shifted genes (for each function) that increased versus decreased at eCO»,
at each of the two N supply rates. A markedly greater percentage (59%) of affected genes
were stimulated by eCO; at low than at high N supply (Fig. 2c vs. Fig. 2d; p = 0.04 for
CO,xN effect on the relative abundance of those genes, SI Appendix, Table S6).
Altogether, the changes in various functional gene abundances suggest enhanced
microbial decomposition response to eCO, at low N supply. These results are consistent
with the above experimental observations that the effects of eCO, on soil respiration in
Phase Il were more enhanced at low N than at high N supply.

In parallel with changes in overall community functions, CO, and N showed
antagonistically interactive effects on a variety of bacterial genes (26% of the bacterial

genes on the arrays) related to C degradation and N cycling, which were significantly (p
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< 0.05) stimulated by eCO, at low N supply but were suppressed by eCO; at high N
supply (SI Appendix, Table S9). However, only three fungal genes (15%) related to C
degradation were antagonistically affected by CO, and N, while most of the fungal genes
(85%) showed similar responses to eCO, at the two N supplies. The results suggest that
high N supply suppressed the eCO, effect on bacterial functional capacity, thus
potentially shifting the microbial community toward relatively higher fungal capacity.

Two major competing, but non-exclusive, theories have been proposed to explain
the mechanisms underlying the impacts of N on eCO,-induced microbial decomposition
of SOM (23). Herein, we identify which ones may be at work in BioCON. The
“stoichiometric decomposition” theory posits that microbial activity (e.g., decomposition,
respiration) will be highest when the stoichiometry of substrates matches that of
microbial demand and C and N co-limit decomposition (51). Accordingly, soil respiration
will be stimulated more by eCO; at high than at low N supply (SI Appendix, Table S10).
This is because with higher substrate C/N ratios at eCO, and low N supply, microbes are
unable to meet their N demand, which may suppress microbial C decomposition rates and
disfavor rapidly growing microbes (r-strategists) that primarily use labile C. In contrast,
the “microbial N mining” theory asserts that, at low N availability, microbes use labile C
as an energy source to decompose recalcitrant SOM to acquire N, accelerating microbial
decomposition of SOM and favoring genes involved in recalcitrant C degradation (slow-
growing k-strategists) (SI Appendix, Table S10) (52).

Data from BioCON in Phase Il are more consistent with the microbial N limitation
and N mining theory. eCO, significantly increased soil net N mineralization at high, but

not low, N supply (SI Appendix, Fig. S1b) and the aboveground plant N concentration
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and total plant N pool were considerably less under low than high N supply (SI Appendix,
Fig. S1d, h). Those results suggest limited N availability at low N supply may not have
met microbial N demand, and hence microbial C decomposition was stimulated to
acquire N. As a likely result, most genes involved in C and N cycling were stimulated by
eCO; at low N supply (Fig. 2a), in contrast to their suppression by eCO;at high N supply
(Fig. 2b). Alternatively, eCO, weakly (p = 0.08) decreased soil C/N ratio at low but not
high N supply (SI Appendix, Fig. S1j). As microbial C content relative to N is one to two
orders of magnitude lower than that of plants (51), a decreased soil substrate C/N ratio
may relieve nutrient limitation and promote substrate-induced microbial respiration (53),
echoing the stoichiometric decomposition theory. It should be noted that N addition could
reduce soil respiration (12-15) by suppressing microbial decomposition via both N-
mining and substrate stoichiometry, which are time-dependent and may take a long time
to appear. This could be one of the main reasons that the N-induced suppression of the

stimulatory effects of eCO; on soil respiration was more obvious in Phase I1.

Decomposition modeling enabled by microbial functional traits

As demonstrated above, microbial functional community structure likely plays an
important role in mediating responses of soil respiration to eCO, and N availability. Such
information is a prerequisite for predicting how the soil microbial community and
associated functions respond to multiple global change factors. The next urgent need is to
translate such conceptual understanding into an ecosystem model-based quantitative
framework because process-based microbial-explicit ecosystem models can provide

mechanistic insights, integration, and scenario testing not available from or possible with

15
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experiments (54). In this regard, microbial-explicit ecosystem models will enable us to
mechanistically simulate large-scale experiments that would be too costly to establish in
reality and predict their future dynamics. However, a grand challenge in ecology is how
to integrate microbial functional traits into ecosystem models to improve their
performance and predictive ability (55).

To address the above challenge, we incorporated the GeoChip-detected microbial
functional genes into the C-N coupled Microbial-ENzyme Decomposition (MEND)
model (SI Appendix, Fig. S2a, and Table S11-15). We used tMEND to denote the MEND
model parameterized with traditional observations such as soil CO; efflux and mineral N
concentrations. For comparison, gMEND refers to the MEND model calibrated with
additional GeoChip-based microbial functional gene abundance data (Fig. 3a and Sl
Appendix, Fig. S3a). We compared the results of these two microbial models (tMEND,
gMEND) plus a third model, the non-microbial C-only TECO model (SI Appendix, Fig.
S2b). In addition to the best fit between observed and simulated soil CO, efflux and
mineral N (NH;" and NO3") concentrations, we constrained the model by achieving the
highest goodness-of-fit between MEND-modeled relative changes in enzyme
concentrations and GeoChip-detected relative changes in oxidative and hydrolytic gene
abundances in response to eCO; (SI Appendix, Table S11).

The eCO2-induced changes in hydrolytic and oxidative genes observed by GeoChip
were consistent with changes simulated by gMEND but not tMEND (Fig. 3a). Also, the
parameter uncertainty (i.e., coefficient of variation) of gMEND was considerably reduced
compared to both tMEND (by 35%) and the non-microbial C-only TECO model (by 86%;

Fig. 3b). As a result, the gMEND model was able to simulate the observed soil CO,
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efflux at aCO,-aN relatively well (R*= 0.61; Fig. 3c). In addition, the gMEND model
that had been calibrated only with the data at aCO,-aN was further validated against
independent datasets from the other three CO, and N treatments. The performance was
almost as good as model calibration for ambient conditions (5% less variance explained
on average) (R* = 0.53-0.59; Fig. 3d). In contrast, the TECO model explained
considerably less variation in observed soil respiration at the other three treatment
combinations (R?= 0.35-0.44; Fig. 3d) than at ambient conditions (explaining about 16%
less of the variance). These differences suggest that gMEND better adjusts for CO, and N
effects than TECO. Finally, gMEND-simulated ammonium and nitrate concentrations
also agreed fairly well with the observations (SI Appendix, Fig. S3b). Altogether, the
above results suggested that the gMEND model can capture the dynamics of soil CO;
efflux reasonably well, comparable to or better than several previously field modeling
studies (56, 57).

We further estimated eCO,-induced soil C loss via heterotrophic respiration. Our
simulations showed that eCO, would cause 38% and 20% more heterotrophic respiration
at low and high N supply (Fig. 3e), respectively, and that enriched N would lead to 18%
and 2% more heterotrophic respiration at aCO, and eCO; (Fig. 3e), respectively. We then
asked what the implications might be if such results were general for grasslands globally.
Applying our results to the world’s grasslands based on the IGBP (International
Geosphere-Biosphere Programme) classification scheme and the estimated annual soil
respiration from grasslands between 2001 and 2009 (58), eCO, (+180 ppm) alone would
increase heterotrophic respirationby 1.6 + 0.1 Pg C yr ' whereas enriched N (+4 g N m™

yr ') alone would increase heterotrophic respiration by 0.8 + 0.2 Pg C yr ' However,
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combined eCO; and enriched N would increase heterotrophic respiration by 1.7 £ 0.2 Pg
C yr " across global grasslands, 29% less than the additive effects of eCO, and enriched
N alone. Thus, interactions noted herein could be significant globally.

Although our modeling results via calibration (Fig. 3a-c) and validation (Fig. 3d)
indicated that the gMEND could encapsulate the dynamics of soil CO; efflux fairly well,
about 40% of the variation was not captured, likely for two primary reasons. First,
various experimental measurements such as gross primary productivity, soil CO; efflux,
temperature, moisture, and microbial traits were highly variable and some were uncertain,
which could contribute to the discrepancy between model simulations and experimental
observations. Second, the MEND model used in this study does not consider the
differential roles of diverse microbial communities (e.g., bacteria, saprotrophic and
mycorrhizal fungi) in regulating C-N cycling in response to eCO, and enriched N supply
owing to our poor understanding of these processes (8). Incorporating additional
biological processes and their interactions into the MEND model may improve the
modeling of soil CO, efflux and its response to environmental change (8). Nevertheless,
to our knowledge, this is the first demonstration of the feasibility of integrating massive
omics information into ecosystem models for better predictions of the soil C response to

eCO, and enriched N.

Conclusions
We found that the positive effect of eCO, on soil respiration at low N supply was greater
in years 9-12 than in years 1-8 of a long-term experiment, and that changes in microbial

functional traits, such as functional genes involved in C and N cycling processes, as well
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as temporal shifts in soil and plant N availability, likely underlie this dynamic. These
findings would, if general, have important implications for predicting the responses of
ecosystems to future environmental changes. For example, considering that N limitation
IS widespread in natural ecosystems, considerable stimulation of soil respiration in
response to rising CO, concentration might occur. Pervasive N deposition due to
anthropogenic activities could offset, at least partially, the stimulation of soil respiration
by elevated atmospheric CO,, and thus could weaken the positive feedback between the
terrestrial C cycle and climate change. Our study also shows that whether microbially
mediated feedback to rising CO;, concentrations and climate change is positive or
negative depends on microbial functional groups and whether their associated functions
are stimulated by eCO,, suggesting the necessity of integrating microbial functional traits
into climate-C models for better prediction (34, 55). As expected, incorporating those
functional genes into a coupled C-N ecosystem model substantially reduced model
parameter uncertainty and improved the prediction of soil respiration in response to eCO,
and enriched N supply. Although further model development, calibration, and validation
of a microbially-enabled model will require rigorous benchmarking with observations,
this study serves as a novel step forward to mechanistically assimilate microbial

functional traits into climate-C cycle modeling.

Materials and methods
Experimental design and sampling
The BioCON experiment contains 296 main plots with a fully factorial 2x2x4

combinations of three treatments: CO, (ambient vs. +180 ppm), N deposition (ambient vs.
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+4 g N m?y™) and plant diversity (1, 4, 9 or 16 species) (59). Plots were established with
diversity treatments in 1997. The CO, and N treatments began in 1998. The 296 plots are
evenly distributed among six rings with split-plot arrangement of CO, and N treatments.
CO,, treatment is the whole-plot factor. The subplot N and plant diversity treatments were
randomly distributed and replicated in individual plots among the six rings. Although
ambient CO, concentration has increased during the experimental period, resulting in
inconstant ambient CO, concentrations over time, a free-air CO, enrichment system is
used to provide a constant elevation of CO; by an average of 180 ppm above ambient in
three elevated CO, (eCOy) rings. The other three ambient CO, rings (aCO;) were treated
identically but without additional CO,. Half of the plots in each ring received N
amendments of 4 g N m> yr ' applied as NH;NO; on three dates each year. As a
consequence, there were in total four CO, and N treatments among 296 plots: aCO, &
low N (aCO,-aN), eCO, & low N (eCO;-aN), aCO; & high N (aCO,-eN), and eCO; &
high N (eCO2-eN) with each treatment having 74 plots (biological replicates). For each of
the four CO, and N treatments, there were 32 plots planted with 1 species, 15 plots
planted with 4 species, 15 plots planted with 9 species, and 12 plots planted with 16

species (59).

Plant and soil variables

Each year (1998-2009) in every plot, above- and below-ground (0-20 cm depth) plant
biomass were mainly measured in August (59). Soil net N mineralization rates were
measured in situ each year in each plot for a ca. 1-month period using a semi-open core in

July (24). Net N mineralization is the net transformation of N from organic to inorganic
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forms and is considered to represent the availability of N to plants. Plant N concentration
(% aboveground plant and root) and plant C/N ratio (aboveground plant and root) were
measured in August from 2001 to 2009. Soil C/N ratio was measured in year 2002 and
2007.

Soil CO; efflux in each plot was measured for 11 to 36 times per year using an LlI-
COR 6400-09 soil CO;, efflux chamber (LI-COR, Lincoln, Nebraska, USA) from 1998 to
2009. Measurements made during peaking growing seasons (from May to August) were
used in this study, as those data best reflect growing season ecosystem functioning.
Within each of those months, soil CO; efflux was measured 2 to 5 times in each plot. In
the short term, soil CO, efflux measured using chamber techniques may deviate from the
instantaneous soil respiration due to changing CO; stored in the soil pore-space (60).
However, in the medium to long term, soil CO, efflux corresponds to soil respiration as
all CO; produced in the soil must be emitted from the soil. Thus, in this study, we use

“soil CO7 efflux” and “soil respiration” in an exchangeable way.

GeoChip experiments and raw data processing

Soil samples for microbial community analysis were collected from the 296 plots in
August 2009. Microbial genomic DNA was extracted from 5 g of well-mixed soil for
each sample by combining freeze-grinding and sodium dodecyl sulfate for cell lysis, and
purified by agarose gel electrophoresis, followed by phenol-chloroform—butanol
extraction as previously described (61). The functional gene array GeoChip 4.0 was used
for DNA microarray hybridization. As described previously (62), the DNA samples were

labeled with fluorescent dye Cy-3 dUTP and hybridized with the slides with GeoChip
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4.0M in a rotator/incubator at 67 °C plus 10% formamide and rotated at 20 rpm for 24
hours. After hybridization, GeoChip was scanned at 100% laser power and 100%
photomultiplier tubes gain with a NimbleGen MS 200 Microarray Scanner (Roche
NimbleGen, Madison, WI, USA). Scanned images were gridded by NimbleScan software
(Roche, South San Francisco, CA, USA) to obtain the signal intensity for each probe.
Raw data obtained from NimbleScan was submitted to the Microarray Data Manager at

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

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

Model simulation and prediction

Details for modeling methods are provided in SI Appendix, Supplementary Text. Briefly,
we used a non-microbial C-only terrestrial ecosystem (TECO) model and a C-N coupled
Microbial-ENzyme Decomposition (MEND) model to simulate daily soil CO, efflux for
four CO; and N treatments from 1998 to 2009. In TECO model, we used a group of first-
order ordinary differential equations (ODES) to describe the C turnover among fast, slow,
and passive SOM pools (SI Appendix, Fig. S2b). We set prior ranges of C turnover rates
based on a previous study (63), which were modified by soil temperature (T) and
moisture (W) during the simulations. In comparison, The C-N coupled MEND model
describes both C and N transformation processes in the following pools: oxidative and
hydrolytic particulate organic matter (POMo and POMy), mineral-associated organic
matter (MOM), active MOM (QOM), dissolved organic matter (DOM), active and
dormant microbial biomass (MBa and MBp), three enzyme functional groups, and

mineral N (NH," and NOs) (SI Appendix, Fig. S2a). The two POM pools are
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decomposed by oxidative or hydrolytic enzymes, while the MOM is decomposed by both.
Model state variables, governing equations, component fluxes, and parameters are shown
in SI Appendix, Table S12-S15.

The modified Shuffled Complex Evolution (SCE) algorithm was used to calibrate
model parameters for both TECO and MEND models under the aCO,-aN treatment (SI
Appendix, Supplementary Text). We then validated the model using the same set of
model parameters calibrated for aCO,-aN to simulate soil CO, efflux under the other
three treatments. Microbial gene abundances were used as objective functions to calibrate
model parameters only for the gMEND model (57). The coefficient of determination (R?)
was used to estimate the model performance between simulated and observed soil CO,
efflux (64). Additional observational variables (NH;" and NO3~ concentrations, response
ratios of oxidative and hydrolytic enzymes) for MEND model calibration and validation
are shown in SI Appendix, Table S11. Parameter uncertainty of TECO model was
quantified by probabilistic inversion (Markov Chain Monte Carlo) algorithm while that

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

Statistical analyses

Since microbial community structure was determined with all 296 soil samples collected
in 2009, this study focused on the soil CO, efflux from the beginning of the BioCON
experiment until 2009. To identify the year in which interaction between CO, and N
emerged, we calculated the response ratio (RR) of soil CO; efflux differences between
eCO; and aCO; at low or high N supply in every month of the growing season. The N

influence was then calculated as RR at high N supply minus RR at low N supply,
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representing the CO,xN interaction. The annual mean value of the N influence was
calculated for each year. Four commonly used change-point tests, including Buishand
Range Test, Buishand U Test, Standard Normal Homogeneity Test (SNHT), and Pettitt's
test, were performed on the annual mean values of the N influence. Because no soils were
collected for microbial analysis in Phase I, most of the statistics-based mechanistic
analyses were focused on Phase 1.

For each year from 1998 to 2009, data points of soil CO, efflux (umol mol? s™) that
were higher than mean plus 1.96 standard deviations or lower than mean minus 1.96
standard deviations of all data points in a plot were regarded as outliers and removed
before the analysis (65). By doing this, we reduced the within-plot variation in soil CO;
efflux measurements to enhance the statistic power. We used the same approach to
identifying and excluding outliers for other soil and plant variables, including soil net N
mineralization rate (mg Kg™ day™), soil temperature (°C), soil moisture, soil pH, soil C/N
ratio, plant N concentration (%), plant C/N ratio, plant biomass (g m®) and plant N pool
(g m™). Net N mineralization data in 2008 were contaminated and thus were not included
in the analysis (41). The significance of CO,xN effects and CO2xNxPhase effects on soil
CO2 efflux, soil, and plant variables was tested using repeated-measures mixed models
following the previous method (66). The CO,xN effects (N influence on the eCO, effect)
on each of the soil and plant variables, and on soil CO; efflux were calculated per year
from 1998 to 2009, then relationships between CO,xN effects on soil/plant variables and

on soil CO; efflux were examined using Pearson correlation.
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The eCO;, effects on soil and plant variables as well as microbial functional genes at

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

eCaN—aCaN

eCO, effect at low N supply =100% X L 3)
eCO effect at high N supply=100% x TZNC;;VCWV @

Where eCeN, eCaN, aCeN and aCaN represent mean of soil CO; efflux, soil variables,
plant variables, or the relative abundance of microbial functional genes in eCO,-eN,
eCO;-aN, aCO,-eN, and aCO,-aN plots, respectively. Permutation t-test was conducted
to examine the significance of the eCO, effect on plant and soil properties at both low
and high N supply (67). At the low or high N supply, the significance of eCO, effect on
the abundance of each functional gene (total abundance of all probes of this gene; SI
Appendix, Table S8) was examined by response ratio with 95% confidence intervals of
gene abundance differences between eCO; and aCO, plots. We also examined the eCO,
effect on the abundance of each gene probe by response ratio. Of all significantly
changed probes of an individual gene, we calculated the percentages of stimulated and
suppressed probes by eCO,. Then, we calculated the averaged percentages of stimulated
and suppressed probes across genes in different gene categories for C cycling, including
starch, hemicellulose, cellulose, chitin, pectin, aromatics and lignin degradation, gene
categories for N cycling, including assimilatory/dissimilatory N reduction, denitrification,
ammonification, nitrification and N fixation as well as gene categories for phosphorus (P)
cycling, including P fixation and P utilization.

To determine the direction (additive, synergistic, or antagonistic) of interactive
effects of CO, and N on functional genes, we compared the observed effects (OEs, i.e.,
combined eCO, and enriched N effects) and the expected effects (EEs), i.e., additive
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effects of eCO, alone and enriched N alone (50). For each functional gene, OE was

eCeN—aCaN

calculated as follows: 100% x . EE was calculated as follows: 100% x

eCaN—-aCaN aCeN—-aCaN

— + 100% X . The interactive effects are additive when OE is not

different from EE. Interactive effects are synergistic if OE is significantly higher than EE
or antagonistic if OE is significantly lower than EE. The significance of the interactive
CO; and N effect on each functional gene was tested by the permutational multivariate
analysis of variance (Adonis) using the abundance matrix of this microbial functional

gene.
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Figure legends

Figure 1. Observed responses of soil CO, efflux to eCO, at different N supply levels.
a, soil CO, efflux from 1998 to 2009. b, soil CO, efflux from 1998 to 2005 (Phase 1). c,
soil CO, efflux from 2006 to 2009 (Phase Il). Each bar shows the annual mean plus
standard error of 74 plots. Percent changes of soil CO, efflux in elevated CO; (eCO,)
plots relative to ambient CO, (aCO,) plots are labeled above the bars. p values of the

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

Figure 2. eCO; effects on microbial functional genes important to C and N cycling at
low and high N supply. a, Response ratios of functional genes at low N supply; and b, at
high N supply. Individual functional genes detected by GeoChip are shown on the x-axis.
Error bars indicate 95% confidence intervals of gene abundance difference between eCO,
and aCO.. ¢, The percent of significantly shifted microbial gene probes stimulated (blue)
versus suppressed (orange) by eCO, at low N supply; and d, at high N supply.
Percentages of stimulated and suppressed gene probes were averaged across gene probes
in each gene category (each point in the boxplot) relevant to C, N, and phosphorus (P)
cycling. These gene categories (n = 14) include starch, hemicellulose, cellulose, chitin,
pectin, aromatics and lignin degradation, N reduction, denitrification, ammonification,

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

Figure 3. Model simulations. a, Comparison of eCO,-induced percent changes of
hydrolytic and oxidative enzymes observed by GeoChip to the simulated effects by

gMEND (gene-incorporated MEND model) and traditional MEND without gene
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information (tMEND) at low N supply. The GeoChip data were obtained from the
samples from 2009. b, Parameter uncertainty quantified by the Coefficient of Variation
(CV) for the non-microbial C-only TECO, tMEND, and gMEND models; the bars show
mean CV of 10 calibrated parameters represented by dots. ¢, Model calibration with the
soil respiration (Rs, 1998-2009) at aCO,-aN. d, Model validations were performed using
Rs at eCO;-aN, aCO,-eN, and eCO,-eN for gMEND and TECO. e, Percent changes of
gMEND-simulated heterotrophic respiration (R,) between different CO, and N levels.
The error bars represent standard errors. p values of the permutation t-test are labeled as *

when p < 0.05 and ** when p < 0.01.
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plots. Significant (p < 0.05) effects are bolded.

F p
CO; 763.33 <0.01
N 59.56 <0.01
PD 692.89 <0.01
Year 410.76 <0.01
CO2xN 4.63 0.03
CO,xPD 13.99 0.01
NxPD 2.34 0.12
COyxYear 9.02 0.01
NxYear 15.69 0.01
PDxYear 4.32 0.03
CO,xNxPD 0.04 0.83
CO,xNxYear 3.73 0.05
CO,xPDxYear 3.02 0.08
NxPDxYear 0.16 0.69
CO,xNxPDxYear 0.51 0.47

Table 1. The main and interactive effects of CO,, N, and plant diversity (PD) on soil CO,

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

34



Soil CO:2 efflux (umol m2 s )

10.0

N
&)

o
o

N
on

©
o

[] aCO, 1998-2009
[ ] eCO,
27% **  22%**
L —
low N high N

Soil CO:2 efflux (umol m2 s")T

10.0

7.5

5.0

2.5

0.0

[ ] aCO, 1998-2005
[] eCO,

22%**  24% ™"
|

j— = el

—_ -

low N high N

Soil CO: efflux (umol m2 s) @

—
o
o

5.0

25

0.0

s

aCO, 2006-2009
eCO,

40% ** -
—19%
T

lowN  high N




8% b ®
4 . °,
x|
i ool
o, ' .
o (L] .
©O o o o o
N © O ¥ ®
o abejusdlad
uonexy N—e— F
uonedyU)IN e r
uonesy e L
-lUOWWY o L
& e H
.m o] L
‘E —o—] -
c o -
c [
s e ! r
9 —eo— r
m o r
I e 3
—e— r
£ —e— r
k=3 —e—1i H
- —o— o
] o o
=
m o r
s "l I
< e r
ujoad H—o— r
E |-
c
= o] +
e
(&) B H
o F
® ag! r
[
kel gl r
=]
® F r
(&) [ o
o F
oso|njjea HeH r
-lweH tor r
o r
—e— r
m ° L
o e F
STI r
to] L
o o ¢ :
a & 2 ° mw_ %_

sauab [euonouny N pue 9

[eIgoIoIW Uo 1086 ‘009

©

0. . . . e
s R B8 & °
- abejusdiad

uonexi N

uonesyLIN
uoneoy

-lJuowiwy

=

*’Il!iiliiiiiiixiill'

r

Denitrification

N-reduction

e

Lignin
- I

Aromatics

c
ry

1994

Chitin
3 ()
90
S

9] ste¥stilas
%)
R
N

Cellulose
P

aso|n||8o H
-lwaH

Starch

S
o %
o >

AAAA q
o o o o o o
S T 9

[SP I\

sauab |euonouny N pue 9
[eIqouoIL Lo 108Y18 Y000

o



a 8- b 80 i
GCJ g 20} 3=
oR & 5" -
S8 4 T 81| .
o < © T
[O] >
=T o « 67
°5 S S0
8® 0] — g : ;
) J 2
T 2] §
Hydrolytic ~ Oxidative 8 N * . ,
[ ] Observed [ |gMEND [ JtMEND TECO tMEND gMEND
eCO,-aN aCO,-eN eCO,-eN
o gMEND R2 = 0.53 o gMEND R2 = 0.55 # 1| e gMEND R2=0.59 p
104 °TECO R?=035 7 oTECO R2=044 7 °oTECO R2=042 7

Simulated Ry (g C m?2 day") &

oON N O ® O

02 46 810

0246 810

0246 810

Observed R (g C m? day")

N

oON s @D

Simulated R, (g C m? day”) ©

aCO,-aN

| °TECO R?=

o gMEND R? = 0.61 ,
0.56 7

02 46 810

Observed R, (g C m? day™)

1200
1000
o 800

m2yr') ®

(
(@2
o
o

400
200
0

Simulated R

0 aCoO,

=] eCO 2%
18°/ >

"38% " 20%*

0l

low N high N




	Manuscript File
	Figure 1
	Figure 2
	Figure 3



