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Abstract

The potential of large-scale deployment of basalt to reduce N,O emissions from cul-
tivated soils may contribute to climate stabilization beyond the CO,-removal effect
from enhanced weathering. We used 3 years of field observations from maize (Zea
mays) and miscanthus (Miscanthus X giganteus) to improve the nitrogen (N) module
of the DayCent model and evaluate the potential of basalt amendments to reduce N
losses and increase yields from two bioenergy crops. We found 20%—60% improve-
ment in our N,O flux estimates over previous model descriptions. Model results pre-
dict that the application of basalt would reduce N,O emissions by 16% in maize and
9% in miscanthus. Lower N,O emissions responded to increases in the N,:N,O ratio
of denitrification with basalt-induced increases in soil pH, with minor contributions
from the impact of P additions (a minor component of some basalts) on N immo-
bilization. The larger reduction of N,O emissions in maize than in miscanthus was
likely explained by a synergistic effect between soil pH and N content, leading to a
higher sensitivity of the N,:N,O ratio to changes in pH in heavily fertilized maize.
Basalt amendments led to modest increases in modeled yields and the nitrogen use
efficiency (i.e., fertilizer-N recover in crop production) of maize but did not affect
the productivity of miscanthus. However, enhanced soil P availability maintained
the long-term productivity of crops with high nutrient requirements. The alleviation
of plant P limitation led to enhanced plant N uptake, thereby contributing to lower
microbial N availability and N,O emissions from crops with high nutrient require-
ments. Our results from the improved model suggest that the large-scale deployment
of basalt, by reducing N,O fluxes of cropping systems, could contribute to the sus-
tainable intensification of agriculture and enhance the climate mitigation potential of

bioenergy with carbon capture and storage strategies.
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1 | INTRODUCTION

Large-scale deployment of bioenergy with carbon capture and
storage (BECCS) strategies is widely proposed to be a cru-
cial element of climate risk management (Fuss et al., 2014;
Kato & Yamagata, 2014; Obersteiner et al., 2018; Smith
et al., 2016). Given the amplified global warming potential
of N,O (298 CO,eq; Foster et al., 2007), fertilizer-derived
N,O emissions from bioenergy crops could reduce climate
savings by fossil fuel displacement, raising concerns about
the efficacy of biofuels to abate global warming (Crutzen
et al., 2016; Reay et al., 2012; Smith et al., 2019). Reducing
the N,O emission factor (EF; i.e., N,O EF; percentage of
N,O-N emission relative to N fertilization) of cultivated land
is critical for reaching climate targets sustainably (Davidson
& Kanter, 2014; Reay et al., 2012; Tilman et al., 2011). The
potential of basalt, a fast-reacting silicate rock commonly
used in CO, removal strategies by enhanced weathering
(Beerling et al., 2018; Taylor et al., 2016), to reduce N,O
losses from croplands (Kantola et al., in review) opens an
opportunity to limit the non-CO, climate forcing of agricul-
ture and enhances the climate mitigation potential of BECCS.
However, the biogeochemical drivers of the response of N,O
fluxes to basalt remain unresolved, hampering a full assess-
ment of the role of large-scale deployment of basalt in cli-
mate stabilization schemes.

The rapid weathering of basalt and accessory minerals re-
leases base cations (Ca2+, Mg2+, Na*t and K*), which increase
total alkalinity and raises soil pH, enhancing the bioavailability
of essential nutrients such as phosphorous (P; Anda et al., 2015;
Gillman et al., 2001, 2002; Kelland et al., 2020; MacDonald
etal., 2011). Basalt amendments may reduce N,O emissions ei-
ther singly or in combination, by: (a) a P-driven increase of the
nitrogen use efficiency (i.e., NUE; yield produced per unit of N
applied; Agren etal., 2012; Yuetal., 2017); and (b) a pH-driven
decrease of the N,O:N, ratio of denitrification by stimulating the
activity of N,O reductase, the enzyme responsible for reducing
N,O to N, (Figure 1; Mukumbuta et al., 2018; Rochester, 2003;
Samad et al., 2016). By stimulating plant N uptake, P-driven
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interactions could reduce total N losses and hence fertilizer re-
quirements and the N,O EF of cropping systems, whereas pH-
driven interactions would maintain N losses but reduce the N,O
EF of cropping systems in favor of the emission of inert N spe-
cies (N,; Figure 1).

The impact of basalt on the N,O emissions of cropping
systems is likely regulated by C and nutrient bioavailability.
Mehnaz et al. (2018) showed that P addition increased the
N,0/CO, of soil emissions under carbon (C)-limiting con-
ditions but decreased this ratio with the addition of labile C,
and Baral et al. (2014) found that the sensitivity of N,O emis-
sions to P additions increased with soil N availability. This
context dependency represents a challenge to unraveling the
relative contribution of increased P or pH in controlling N,O
emissions in basalt-treated crops.

Process-based ecosystem models are valuable tools for
generating new hypotheses and revealing potential mech-
anisms that can lead to effective climate mitigation (Davis
et al., 2010). Recognizing the dearth of empirical data demon-
strating the effect of basalt on N,O emissions and other soil
properties, we used the biogeochemical model DayCent to
evaluate the potential of basalt amendments to reduce N losses,
increase yields, and reduce climate forcing from BECCS.

We performed an in silico assessment of the response of
maize (Zea mays) and miscanthus (Miscanthus X giganteus)
yields and N,O fluxes to two different types of basalt, a higher
P/lower alkali basalt and a lower P/higher alkali basalt. These
two bioenergy crops have differing belowground C alloca-
tion patterns (low and high respectively), and nutrient cycling
efficiencies and requirements (high and low respectively;
Anderson-Teixeira et al., 2009; Davis et al., 2012; Kantola
et al., 2017). Given the codependency of the sensitivity of
N,O fluxes to soil pH or P availability with labile C and nutri-
ent content, different responses may be expected from maize
and miscanthus to different basalt-induced changes in soil pH
and P availability.

DayCent is a process-based model widely used to sim-
ulate biogeochemical processes in natural and managed
systems (Campbell et al., 2014; Cheng et al., 2014; Davis
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et al., 2010; Del Grosso et al., 2005; Del Grosso, Halvorson,
et al., 2008; Del Grosso, Parton, et al., 2008; Del Grosso,
Wirth, et al., 2008; Del Grosso et al., 2009, 2011; Hudiburg
et al., 2015, 2016; Parton et al., 1998). However, the model
does not integrate regulating functions of soil pH on denitri-
fication, the accuracy of simulated N,O emissions relaying
on single point calibrations against fixed soil pH values.
Given that denitrification is the predominant N,O-producing
process at the global scale (Davidson, 2009; Inatomi et al.,
2019; Xu-Ri et al., 2012), failing to adequately capture the
dynamic interaction of soil pH and the denitrification me-
tabolism could result in strong biases in N,O flux estimates
over a wide range of soil pH, both spatially and over time.
Prior to using the model to explore the effects of basalt ad-
dition on N,O fluxes, it was modified to incorporate soil
pH interactions with the total activity and end-product stoi-
chiometry of denitrification by coupling pH with pre-exist-
ing denitrification functions. We tested model performance
using data collected from control and basalt amended plots
at the Energy Farm (UIUC) for maize and miscanthus. The
new model was then used to (a) evaluate how much model
performance improves with the incorporation of pH into the
denitrification subroutine; (b) identify the dominant mech-
anisms driving the response of yields and N,O fluxes to
basalt; and (c) assess the potential of basalt amendments
to improve the NUE and reduce the N,O EF of maize and
miscanthus. With an improved ability to capture the inter-
actions of basalt with the nitrogen cycling of agricultural
systems, the research presented here represents the first step
toward the full appraisal of the climate mitigation potential
of a promising, albeit understudied carbon dioxide removal
strategy.

2 | MATERIALS AND METHODS

2.1 | Model description

The DayCent ecosystem model (Del Grosso, Parton, Mosier,
Hartman, Brenner, et al., 2001; Del Grosso, Parton, Mosier,
Hartman, Keough, et al., 2001; Kelly et al., 2000; Parton
et al., 1998), the daily time step version of the CENTURY
model, simulates the exchange of C, nutrients (N and P),
and gases among the atmosphere, soil and plants as a func-
tion of light, temperature and water and nutrient availability.
Primary model inputs are soil texture, current and historical
land use, and daily weather. DayCent includes submodels for
plant productivity, decomposition of dead plant material and
soil organic matter (SOM), soil water and temperature dy-
namics, and N gas fluxes. The plant growth submodel simu-
lates plant productivity as a function of nutrient availability,
soil water and temperature, solar radiation, and plant-specific
physiological parameters (e.g., potential growth, heat and

light tolerance, nutrient requirements; Del Grosso, Parton,
et al., 2008). SOM is simulated as a sum of dead plant matter
and three SOM pools with different C:N ratios defining their
turnover times (i.e., active, slow, and passive; Kelly et al.,
1997, Parton et al., 1993; Parton et al., 1994). The flow of C
and nutrients among pools depends on the size and quality
of these pools, temperature and water stress, and soil texture
(Del Grosso et al., 2011; Parton et al., 1994). Decomposition
of SOM and external nutrient additions supply the nutrient
pool, which is in turn available for plant growth and micro-
bial processes that result in trace gas fluxes. (Del Grosso,
Parton, et al., 2008; Kelly et al., 1997; Parton et al., 1993).

The N gas submodel simulates soil N,O, NO, and N,
gas emissions from nitrification and denitrification (Del
Grosso et al., 2000; Parton et al., 1996, 2001). Daily nitri-
fication simulates the oxidation of NH} to NO3, with N,O
and NO, released in the intermediate steps as a function
of NH;r concentration, temperature, pH, and water-filled
pore space (WFPS). The nitrification rate is assumed to
increase linearly with NH;r concentration, to increase ex-
ponentially with soil temperature until the optimal tem-
perature is reached and then decline, and to be limited by
low soil pH, by water stress at low WFPS, and by O, avail-
ability at high WFPS (Parton et al., 1996, 2001). Daily
denitrification simulates the stepwise reduction of NOJ to
N, via NO and N,O as a function of soil NOJ and labile
C levels and is tightly regulated by O, availability (Del
Grosso, Parton, Mosier, Hartman, Brenner, et al., 2001;
Parton et al., 1996). The rate of denitrification increases
exponentially with increasing soil NOj concentration
when NOJ concentration is low (<50 ppm) and linearly at
higher NOJ concentration levels. Denitrification increases
linearly with labile C availability. O, availability is simu-
lated based on soil properties that describe gas diffusivity
throughout the soil profile, soil WFPS, and O, demand
dictated by respiration rates. Denitrification is assumed
to be strongly limited at WFPS values below 50%—60%.
The system becomes increasingly anaerobic under wetter
soils increasing denitrification exponentially until WFPS
reaches 70%—80% and the rate stabilizes as soil water con-
tent approaches saturation (Del Grosso, Parton, Mosier,
Hartman, Keough, et al., 2001; Del Grosso, Wirth, et al.,
2008; Parton et al., 1996).

N,O and N, fluxes from denitrification are computed for
each soil layer from total denitrification rates and built in
N,:N,O ratio functions. The N,:N,O ratio is assumed to in-
crease with decreases in NO;—to-labile C ratio and O, avail-
ability, and with increases in the residence time of N,O within
a soil layer (represented as an increase in WFPS) favoring fur-
ther reduction to N, (Del Grosso et al., 2000). Comparisons
of model results and field observations show that DayCent re-
liably simulates biomass yields and SOM for various natural
and managed systems, and N,O and NOj leaching data from
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cropping systems show reasonable agreement with DayCent
annual estimates (Abdalla et al., 2010; Davis et al., 2010; Del
Grosso et al., 2005, 2006; Del Grosso, Halvorson, et al., 2008;
Del Grosso, Parton, et al., 2008; Del Grosso, Wirth, et al.,
2008; Del Grosso et al., 2009, 2010; Hudiburg et al., 2015,
2016).

2.2 | Model improvements

DayCent was modified to improve model performance by adjust-
ing P solubility and interactions with soil pH and texture (Cabeza
et al., 2017; Penn & Camberato, 2019), constraining P availabil-
ity to plants (Christian et al., 2008; Faucon et al., 2010; Glaser
& Lehr, 2019), and introducing soil pH in the regulation of the
denitrification subroutine (Simek & Cooper, 2002). Contrary
to the reported negative correlation between soil pH and N,O
fluxes (Wang et al., 2018) and recently observed decreases in
N,O fluxes with basalt additions (Kantola et al., in review), the
standard DayCent version predicted greater N,O emissions with
basalt-induced increases in soil pH led by enhanced nitrification
rates, failing to capture the impacts of soil pH on denitrification,
the dominant N,O-producing mechanism in most soils (Simek
etal., 2002). The DayCent denitrification subroutine (Del Grosso
et al., 2000; Parton et al., 1996) was therefore modified to incor-
porate responses to soil pH by: (a) reproducing the impacts of
soil pH on gross denitrification rates (N, + N,0O); and (b) incor-
porating the impacts of soil pH on the stoichiometry of the end
products of denitrification (N,:N,O ratio).

Total N loss during denitrification was computed as-
suming control by the limiting factor, soil NO3, or labile C
availability (i.e., potential denitrification), constrained by O,
availability and gas diffusivity defined by WFPS, and soil pH
at each soil layer (Equation 1).

tot

where D, is the rate of denitrification per unit area (N, + N,O
production), Fd (NO; ) is the maximum N flux per unit area for
a given NOj level, Fd (CO, ) is the maximum N flux per unit
area for a given heterotrophic respiration rate (proxy for labile
C availability), and FA(WFPS) and Fd(pH) are dimensionless
functions that integrate the effect of soil moisture and pH on N
flux, respectively.

Functions for Fd (NO; ) Fd (COZ) and Fd(WFPS) are
adapted from Parton et al. (1996) and later modifications de-
scribed in detail in Del Grosso et al. (2000) (Equations 2—4):

Fd (NO3)

=1.556+ 7691

Xarctan (rx0.00222x ([NO3] -9.23)) (2)

_ | max[0.066, min[Fd(NO3), Fd(CO,)]]x Fd(WFPS) x Fd(pH) lyr=0, 1
min[Fd(NO3), Fd(CO,)] x FA(WFPS) x Fd(pH)
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where [NO; ] is soil nitrate concentration (ppm N) calculated
from the soil nitrate content (g N/mz) and the soil mass of each
layer (g soil/m?) derived from bulk density (g/cm3) and layer
thickness (cm).

Fd (CO,) =max [0.0, (0.1x[CO,~corr] " ~min [NO3] )| 3)

where [CO, —corr] is CO, concentration (ppm CO,) com-
puted from microbial soil respiration (g C m™> day_l) and soil
mass (g soil/m?) corrected for the soil gas diffusivity of each
soil layer (Potter et al., 1996), and min [NOJ | is the minimum
required nitrate concentration in a soil layer for denitrification
(0.1 ppm N).

arctan (0.6 (10.0xX WFPS —a)) @)

T

FA(WEPS) =0.45 +

where a is a layer-specific inflection coefficient calculated from
soil gas diffusivity and O, demand inferred from corrected CO,
concentration at each soil layer.

The pH effect function, Fd(pH), was adapted from Wagena
et al. (2017) with adjusted thresholds based on sensitivity
limits reported in the literature (Liu et al., 2010; Simek &
Cooper, 2002; Simek et al., 2002; Equation 5):

0.001 for pH<4
(pH-4)/3 for 4<pH <7 )
1.0 for pH>7

Fd(pH) =

After computing total N flux from denitrification, the
ratio of N,:N,O was calculated as a function of e~ acceptor
(NO3) to substrate (labile C; proxy for e~ donor availability)

lyr>2 ()

ratio regulated by WFPS and pH for each soil layer, and as-
sumed a minimum value of 0.1 (Equation 6):

Ry, /N0

=max [0.1, F, (NO; /CO,) X F,(WFPS) X F,(pH)| ©

where Ry /.0 18 the N to N,O ratio of the end products
of denitrification, and F, (NO;/CO,), F(WFPS), and
F.(pH) describe the effects of the relative abundance of
soil NO3 and CO,, WFPS and pH on the N,:N,O ratio,
respectively.

Functions from Del Grosso et al. (2000) were adapted
for F, (NO; /CO,) and F,(WFPS) (Equations 7 and 8), and
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F.(pH) was modified from Liu et al. (2010) and Rochester
(2003) (Equation 9).

—0.8% [NO;|

[CO2 - corr]

F, NO; /CO, =max [kx0.16, kxexp (7)

where k is a model-fitted coefficient with a minimum value of
1.5 that controls maximum NO3 /CO, based on soil gas diffu-
sivity (Del Grosso et al., 2000).

F.(WFPS)=max [0.1, 1.5x WFPS —0.32] (8)

F.(pH)=0.0016 X exp(1.006 x pH) 9)

Denitrification N, and N,O flux rates were then calcu-
lated from the sum of daily total N (ppm N) and N,:N,O ratio
of each soil layer converted to g N m™ day™" accounting for
layer-specific soil mass.

The ability of F.(pH) to reproduce the response of the
N,:N,O ratio to pH was tested independently against direct
observations from McMillan et al. (2016) and Mukumbuta
et al. (2018; Figure S1). The accuracy of the new model was
tested by regressing simulated data against randomly selected
observations of plant productivity, yields, P availability, N,O
emissions, and N leachates for maize and miscanthus plots at
the Energy Farm excluded from model calibration (Kantola
et al., in review). Coefficients of determination (rz), root
mean square error (RMSE), bias, and deviation were used to
evaluate the percentage of variation explained by the model
and the accuracy of the prediction. Bias was defined as the
tendency for model output to overestimate low values and
underestimate high values. Bias was small when the slope
approached 1 and the intercept approached 0. Deviation was
calculated as the difference between simulated and measured
values divided by the measured value.

2.3 | Model calibration

DayCent was calibrated for maize and miscanthus growing
at the University of Illinois Energy Farm, located in cen-
tral Illinois (40.06°N, 88.19°W). For model simulations, we
used site-specific reconstructions of historical daily climate
(CRU/NCEP 1901-1979; Viovy, 2018) and daily weather
records (DayMet 1980-2008; www.daymet.org; Thornton
et al., 2016) to drive historical simulations. Daily weather
data from onsite weather stations were used to capture cli-
matic variability at the Energy Farm over the past 11 years
(2008-2018). Historical agricultural simulations followed a
native tallgrass prairie with light grazing and a short fire re-
turn interval followed by ca. 150 years of agricultural history.
Agricultural history included corn—soy rotations, alfalfa, and

wheat under historical management practices. Simulated soil
carbon and nutrient stocks represent the preagricultural na-
tive prairie levels with a subsequent decline following agri-
cultural intensification toward current grain-based cropping
systems. Following agricultural history, the Energy Farm
simulations were run from 2008 to 2018 reproducing the site
management. Soil texture, bulk density, and pH were param-
eterized based on onsite measurements at the Energy Farm
(Anderson-Teixeira et al., 2009).

DayCent was calibrated for maize and miscanthus fol-
lowing improvements developed from field observations of
above- and belowground net primary productivity and C allo-
cation, tissue C:N ratios, and biomass and grain yields at the
Energy Farm (Dohleman et al., 2012; Hudiburg et al., 2015).
A simulated stand age effect (i.e., establishment and aging)
was developed using additional crop submodel definitions for
miscanthus (Arundale etal., 2014). For maize—maize—soybean
rotations, DayCent simulations reproduced spring N
fertilizer additions to maize at the Energy Farm (168—
202 kg N ha™! year_l), with no fertilizer additions during
the soybean year. Previous research suggests that the N fer-
tilization of miscanthus has a detrimental environmental im-
pact without significant yield improvement during the initial
stages of development (Davis et al., 2015). Therefore, mis-
canthus was not fertilized for the first 7 years and a low fer-
tilization rate was applied to mature miscanthus crops from
2014 to 2018 to compensate soil N depletion with repeated
harvest (56 kg N ha™! year_l; Arundale et al., 2014; Lee
et al., 2017). Additional N inputs included atmospheric N
deposition (0.6 g N m™ year_l), N in plant residue, and sym-
biotic-N fixation (Davis et al., 2010; Hudiburg et al., 2015)
and retranslocation of plant N at senescence for miscanthus
(Heaton et al., 2009).

Basalt amendments were simulated considering poten-
tial to increase extractable phosphorus (P) and to release
alkaline-earth oxides (i.e., CaO and MgQO), whose double-
charged base cations (Ca’* and Mg”") allow for enhanced
alkalinizing potential, thereby increasing soil P availability
and pH (Gillman et al., 2002). DayCent was parameterized
to reproduce system dynamics in response to two different
types of basalt applied at the Energy Farm: a coarse-grained
higher P/lower alkaline basalt applied in 2016 (Cascade ba-
salt: p80 =714 pm; 1.47% P,0s, 7.87% alkaline-earth oxide),
and a fine-grained lower P/higher alkaline basalt applied in
2017 and 2018 (Blueridge metabasalt: p80 = 267 pm; 0.2%
P,0s, 11.54% alkaline-earth oxide; Figure S3; Tables S1—
S3; Appendix Al). Cascade basalt originates in the Cascade
Mountain Range, Oregon (Central Oregon Basalt Products,
LLC); with a chemical index alteration of 38%, it is consid-
ered relatively unaltered. The mineralogy indicated a pre-
dominance of plagioclase and alkali-feldspar, with relatively
high apatite and low CaO and MgO (Kelland et al., 2020;
Tables S1 and S3; Appendix Al). Blueridge metabasalt was
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mined from the Catoctin Greenstone Belt in Virginia (USGS,
2003; Rock Dust Local, LLC). With a chemical index alter-
ation of 47%, Blueridge basalt comprises a metamorphic
mineral assemblage of chlorite, epidote, actinolite, and albite
(Table S2). Though trace P (0.2%) is observed, no apatite
is identified through X-Ray Diffraction (Tables S2 and S3;
Appendix Al). Basalt amended plots received 7 g P/m’? in
2016 and 0.5 g P/m? in 2017 and 2018, and increased soil
pH by 0.3-0.5 on average (Kantola et al., in review). In the
model, P additions were simulated as early spring fertiliza-
tion events and changes in pH were introduced with a pH
scalar that reproduced monthly variations in pH observed at
both control and basalt-treated plots in maize and miscanthus
at the Energy Farm (Kantola et al., in review).

2.4 | Model simulations and nitrogen
use metrics

Basalt-induced N,O reduction in maize and miscanthus was
quantified using model estimates of mean annual N,O ef-
flux from basalt amended and untreated (control) crops. To
evaluate contributions of each driver to basalt-induced de-
creases in the N,O efflux, simulations were adjusted to re-
produce the impacts of changes in soil pH and P additions at
the Energy Farm, individually and in combination. To further
assess response dynamics of N,O emissions from maize and
miscanthus cropland to each individual parameter we con-
ducted a sensitivity analysis of soil pH (i.e., 0.3, 0.5, 0.7, 1.0
units above baseline) and P availability (i.e., 0.25, 0.5, 0.7,
1.56 g/kg above baseline) using step-wise increases within a
range consistent with basalt-induced changes observed at the
Energy Farm. Scenarios were run using a factorial randomi-
zation of 15 year weather records looped over 80 years for a
total of 30 weather iterations to integrate climatic variability.

We calculated the predicted impact of basalt on the N,O
EF of maize and miscanthus from estimates of fertilizer-
induced N,O emission relative to N fertilization following
recommended procedures by the IPCC (De Klein et al. 2006;
Equation 10).

NZO Nferl B N2O Nunfert

N,O EF= .
N applied

(10)

The predicted effect of basalt amendments on nitrogen
use in relation to crop yield was calculated from estimates
of NUE (kg biomass/kg N; Equation 11) and apparent N re-
covery (ANR, %; Equation 12) for maize and miscanthus as
the system's physiological efficiency and apparent recovery
efficiency respectively (Fageria & Baligar, 2005).

Yield,,, — Yield

. unfert (1 1 )
N applied

NUE=

IOENERGY__j — ¢ STRSE

Removed N, —Removed N

BI

unfert %100 (12)

ANR =

N applied

where Yieldy,,, and Yield, are yield values with and without
fertilizer additions, and Removed N, and Removed N, are
values of N removed in biomass during harvest with and with-
out fertilizer N additions, respectively. Model output for unfer-
tilized N,O emissions, yields, and removed N were obtained
from duplicated simulations without N additions.

Model outputs are reported as mean annual values. We
calculated uncertainty using the error propagation equations
described in the 2006 IPCC guidelines. Uncertainty was es-
timated for each crop and scenario considering variance over
80 year simulations and the error was propagated across 30
randomized weather iterations to integrate climate variability.

3 | RESULTS

3.1 | Model performance following
implementation of the denitrification
subroutine

Modification to the denitrification subroutine of the DayCent
biogeochemical model led to improved predictions of daily
N,O emissions from maize and miscanthus both in control
and in response to amendments with two types of basalt with
different P and alkaline-earth oxide content (Figure 2). When
compared with observations, predictions prior to model
improvement overestimated daily N,O fluxes from control
maize and miscanthus by 29% and 45%, respectively. The new
model reduced RMSE of predicted fluxes from 32.6 to 26.3,
improving control N,O flux estimates by 30% (Figure 2a,b).
Standard DayCent showed greater uncertainty in the simula-
tion of N,O fluxes from basalt-treated soils than that from
control, overestimating daily N,O emissions by 71% and
116% from maize and miscanthus, respectively. Following
calibration, the new subroutines reduced the RMSE of mod-
eled N,O fluxes from 27.9 to 17.8 and improved N,O flux
estimates from basalt amended soils by 60% (Figure S2).
Model predictions of N,O fluxes from both higher P/lower
alkaline (Cascade) and lower P/higher alkaline (Blueridge)
basalt amended soils showed improved robustness relative to
simulations prior to the incorporation of the impacts of soil
pH on the denitrification subroutine, reducing RMSE from
24.2 t0 20.7 (Figure 2¢,d) and from 27.7 to 10.3 (Figure 2e,f),
respectively. DayCent showed the largest improvement on the
simulation of N,O fluxes from soils with high alkalinity addi-
tions corresponding to scenarios with greater increases in soil
pH (Blueridge; Figure 1; Kantola et al., in review).

The new model effectively reproduced peak N,O emissions
following precipitation and fertilization events in control and
basalt amended maize and miscanthus indicating the model
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was successful in capturing the sensitivity of N,O fluxes to
soil hydrology and nutrient interactions (Figures 3 and 4).
Model estimates show that denitrifier-derived N,O accounts
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FIGURE 2 Observed versus

DayCent simulated nitrous oxide (N,O;

2 N,O-N ha™! day™) emissions for maize
(black symbols) and miscanthus (white
symbols) grown at the Energy Farm (UIUC)
in control soils (dots, a and b) and soils
treated with higher P/lower alkaline basalt
(Cascade; triangles, ¢ and d) and lower
P/higher alkaline basalt (Blueridge; squares,
e and f), before (standard DayCent) and
after the integration of the impacts of soil
pH on the denitrification subroutine

FIGURE 3 Daily precipitation

(mm; top panel), and modeled (solid line)
and observed (dots) daily N,O fluxes

(g N;O-N ha™ day_l; bottom panel) from
maize at control (black; above) and basalt-
treated (gray, below) plots at the Energy
Farm over the growing seasons of 2016,
2017, and 2018. Arrows indicate timing of
fertilization events

for 68% to 72% of total net N,O flux under control condi-
tions. This is in agreement with previous research from ad-
jacent fields at the Energy Farm showing that denitrification
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FIGURE 6 Observed (white) versus
modeled (black) labile P (g P m™> year_l)
for maize grown at the Energy Farm (UIUC)
in control soils and soils treated with higher
P/lower alkaline basalt (Cascade) and

lower P/higher alkaline basalt. Error bars
correspond to standard errors of the mean
(+SE)

FIGURE 7
modeled (black) aboveground peak biomass

Observed (white) versus

(g C/mz) for maize (a) and miscanthus

(b) grown at the Energy Farm (UIUC) in
control soils and soils treated higher P/lower
alkaline basalt (Cascade) and lower P/higher
alkaline basalt. Error bars correspond to
standard errors of the mean (+SE)
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contributes 72% of net N,O emissions (Krichels et al., 2019),
and indicates model robustness in reproducing the dynamics
of the main contributing pathways to net N,O emissions.

Model estimates of nitrate leaching and labile P com-
pared favorably with measured values (Figures 5 and 6).
Although there was both positive and negative model bias,
differences between modeled and observed nitrate leaching
were not statistically significant (two-sided p > .05), and
the model successfully reproduced the response dynam-
ics of nitrate leaching to both higher P/lower alkaline and
lower P/higher alkaline additions in maize and miscanthus
(Figure 5). Estimates of labile P also fell within 1 SE of
observed values both at control plots and plots amended
with basalt with different levels of P content and alkalinity
(Figure 6).

Estimates of aboveground biomass compared well with
measured values. Mean aboveground peak biomass showed a
small bias (—4% to 8%) but varied little from observed means
for control and basalt-treated maize and miscanthus, indicat-
ing the correct integration of the new subroutines with com-
panion DayCent modules (Figure 7).

3.2 | Potential effects and drivers of
basalt amendments

Integrating climate variability at the Energy Farm over 80 years,
the new model predicted a mean annual N,O efflux of 7.3 + 0.3
for maize and 3.7 + 1.6 kg N ha™" year™' for miscanthus con-
trol plots. Model estimates fall within the range reported from

BIS R A SUSTAINABLE BIOECONOMY i 19

the Energy Farm in the past decade for the same period (3.4—
7.7 kg N/ha for maize and 0.6-1.4 kg N/ha for miscanthus,
from Apr to Oct; Smith et al., 2013). Simulated basalt additions
reduced annual N,O emissions to 6.1 + 0.2 kg N ha™' year™" in
maize and to 3.3 + 0.6 kg N ha™! year_' in miscanthus, reduc-
ing the N,O efflux of maize and miscanthus by 16.4% and by
8.5% on average, respectively (Figure 8).

Simulated individually, changes in soil pH and P avail-
ability showed different contribution to basalt-induced de-
creases in annual N,O emissions. Contributions from each
driver differed between maize and miscanthus. Basalt-
induced increases in soil pH and P availability individually
reduced the N,O efflux of maize by 10.8% and by 4.2%, re-
spectively (Figure 8a). However, decreases in annual N,O
emissions from basalt-treated miscanthus responded almost
entirely to increases in soil pH, which reduced the N,O ef-
flux by close to 8.5% with negligible contributions from re-
sponses to P availability (<1%; Figure 8b). Modeled N,O
fluxes displayed a strong sensitivity to soil pH both in maize
and in miscanthus, but the sensitivity to P availability dif-
fered among crops. N,O fluxes were moderately sensitive
to soil P content in maize and relatively insensitive in mis-
canthus (Figure 9). Annual N,O emissions declined by 9.3%,
15.1%, and 30.8% in maize and by 3.9%, 8.2%, and 21.8% in
miscanthus as the pH was raised 0.3, 0.5, and 1.0 above base
conditions, respectively (Figure 9a,c). P additions reduced
the N,O emissions of maize by 2%—4% but the response
rapidly saturated at loads above 5 g P m~? year_l, and N,O
emissions were irresponsive to changes in soil P content in
miscanthus (Figure 9b,c).

— Effect of basalt
Independent effect of A soil pH A

—— Independent effect of A phosphorus additions

-20
=30 Y
0
FIGURE 8 Model simulation of 10 - (b)
the long-term impacts (% change) of
basalt amendments (solid line), and the ol

independent effects of increases in soil pH

A N,O emissions relative to control (%)

(dashed line) and P content (dotted line) $ =\

consistent with basalt amendments on =P v \ \ \/* W

annual N,O emissions from maize (a) and -

miscanthus (b). Horizonal lines indicate =20 |- B

mean effect relative to control (% change).

Shaded areas integrate error propagation =30 "1 . . . .
0 20 40 60 80

and indicate model uncertainty associated to
climate variability

Year of application
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FIGURE 9 Model results of the
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TABLE 1 Model estimates of mean annual productivity (Mg DW ha™' year™"), yield (Mg DW ha™" harvest™") and harvested nitrogen

(kg N ha™" harvest™") of maize (Zea mays) and miscanthus (Miscanthus X giganteus) over 80 year projections under control conditions without
routine phosphorous additions (CTL), with basalt amendments (BLT), with increases in pH and available P consistent with basalt amendments
(ApH and AP respectively), and under CTL and ApH with routine P fertilization consistent with current agricultural practices (CTL—Py,, and
ApH—P;, respectively). Reported values are mean estimates =+ standard errors of the mean. Standard errors of the mean (+SE) represent model
uncertainty associated to climate variability. Different letters indicate significant differences among treatments (p < .05)

CTL CTL—P;, BLT ApH ApH—P;,, AP

Zea mays
Annual productivity 14.6 +0.9° 20.2 + 0.6 21.6 + 0.4° 145 +0.9° 20.1 + 0.6 21.5 +0.4°
Grain yield 8.7 +0.5" 12.0 £04° 129 +0.2° 8.6 +0.5° 12.0 £04° 12.8 +0.3°
Harvested nitrogen 110.1 + 4.0° 136.0 + 3.0° 142.4 +2.3¢ 1093 +4.1° 135.5 +3.0° 142.0 +2.3°

Miscanthus X giganteus
Annual productivity 249 +0.7° 25.0 +0.8* 25.0 +0.8* 249 +0.7°
Yield 15.9 £ 0.5 16.0 + 0.4* 16.0 + 0.4* 15.9 £ 0.5
Harvested nitrogen 21.0 + 0.6* 21.1 +0.5* 21.1 +0.5% 21.0 + 0.6*

Basalt-induced increases in soil P content dominated the
regulation of the long-term productivity and SOC of maize
but did not affect those of miscanthus (Table 1). In the ab-
sence of alternative P sources, mean annual estimates of
the aboveground productivity of maize and yields dropped
by more than 30% under control and increased pH scenar-
ios (Table 1). Routine P fertilization at loads reported for
the Corn Belt region over the last decade (USDA, Economic
Research Service, 2019), brought up the productivity of
maize fully compensating long-term productivity losses, in-
dicating that the decline in productivity was associated to P
limitation (Table 1). Basalt amendments increased the mean
annual productivity of maize by more than 10% above esti-
mates of productivity under current management practices,

and similar increases were observed in P addition scenarios
(Table 1). Similarly, modeled harvested N dropped by close
to 25% in the absence of alternative P sources, whereas ba-
salt amendments increased estimates of harvested N by

close to 10% above that under current management practices
(Table 1).

3.3 | Impacts of basalt amendments on N,O
EF, ANR, and NUE

Basalt-treated soils displayed lower EF both in maize and mis-
canthus, but the regulation of N fertilizer use in response to
basalt differed between crops (Figure 10). Basalt amendments
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reduced the N,O EF of cornfields by ~17% and increased the
ANR and NUE of maize by about 7.5% and 11.3% respec-
tively, the difference being largely explained by N losses
through enhanced N, emissions (Figure 10a). Basalt reduced
the EF of miscanthus by ~11% but had no significant impact
on the ANR or the NUE, decreases in N,O emissions being
almost entirely compensated by increases in the emission of
N, (Figure 10b).

4 | DISCUSSION

Adding process-based descriptions of the pH regulation of
denitrification into the DayCent biogeochemical model and ad-
justing the effect of pH on the solubility of P within the model
parameters, significantly improved the prediction of N,O flux
over previous versions of the model for soils at the Energy

Farm (Figure 2; Figure S1). Model results indicate that the ap-
plication of basalt could reduce N,O emissions and lower the
N,O EF from both maize and miscanthus, but the magnitude
and the mechanisms mediating this response differed by crop.
Predicted decreases in N,O emissions responded to basalt-
induced increases in soil pH with minor contributions from the
impact of repeated P additions on N immobilization. Basalt
amendments led to modest increases in modeled productiv-
ity, ANR, and NUE of maize with no significant effect in the
productivity or nitrogen use of miscanthus. However, basalt-
driven increases in soil P availability helped sustain the long-
term productivity of crops with high nutrient requirements. Our
findings suggest that basalt amendments have the potential to
reduce the climate forcing of cultivated land beyond the CO,-
removal effect from enhanced weathering.

Our results show significant improvement of model-data
agreement of N,O fluxes by incorporating a pH effect in the
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denitrification subroutine, reducing model uncertainty by
~20% under control conditions, and by ~15% and by ~60%
in the simulation of basalt amendments with low and high
alkaline-earth oxide content, respectively (Figure 2). The new
model accurately reproduced N,O flux dynamics across a
range of basalt-induced changes in soil pH and P content in
two crops with different above- and belowground C allocation
patterns, residue management, and nutrient cycling efficien-
cies and requirements grown at the Energy Farm (Figures 3
and 4). The evaluation of model performance in reproducing
the response of codependent parameters (i.e., crop produc-
tivity, N leaching, labile P) indicates the correct integration
of the new subroutines with companion DayCent modules
(Figures 5-7), and increases our confidence that DayCent can
adequately capture carbon and nitrogen response dynamics to
changes in soil pH and P additions at levels consistent with
basalt additions.

Our simulations indicate the potential of basalt amend-
ments to significantly reduce the N,O EF of both maize and
miscanthus (Figure 10), but the mechanisms mediating these
responses varied with crop type (Figures 8 and 9). Basalt-
induced increases in soil pH dominated the response of N,O
emissions to basalt in both maize and miscanthus (Figure 8).
This is consistent with recent studies identifying soil pH as a
chief modifier of the N,O EF of agriculture by regulating the
activity of N,O reductase and complete denitrification (Hénault
et al., 2019; Samad et al., 2016; Wang et al., 2018). The N,O
response to N fertilizer inputs (AEF) grows significantly
faster than linear for most crop types, including grain and pe-
rennial crops, and AEF is negatively correlated with soil pH
(Shcherbak et al., 2014; Wang et al., 2018). Our results suggest
the potential of basalt amendments to counter the amplifica-
tion of N,O emissions from intensive agricultural practices as-
sociated with progressive soil acidification. (Anda et al., 2015;
Gillman et al., 2002). Our projections further indicate that the
pH-driven mitigation effect is particularly important in inten-
sively managed annual crops (Figure 8). Unlike miscanthus, a
high nutrient efficiency perennial grass, maize is heavily fer-
tilized (130-220 kg N ha™! year™" in the Corn Belt region of
the United States), explaining the larger reduction of N,O emis-
sions in maize than in miscanthus (Figure 9) as the sensitivity
of the N,O:N, ratio to changes in pH increases with nitrate ad-
ditions (Liu et al., 2010).

Basalt-driven additions of P to cultivated soils contrib-
uted to decreases in modeled N,O emissions from maize
but not from miscanthus (Figure 8). Decreases in N,O emis-
sions with P additions were accompanied by an enhanced
NUE and a greater ANR of maize. This suggests that the al-
leviation of plant P limitation led enhanced plant N uptake
reducing microbial N availability and N,O emissions from
crops with high nutrient requirements (Figure 10; Agren
et al., 2012; Schlegel et al., 1996), which is consistent with
previous research showing up to 50% decreases in the N,O

EF of nutrient-limited cropping systems with P fertiliza-
tion (Baral et al., 2014). Similar “grain N—to—yield” ratios
further suggest that the greater NUE and ANR of maize
responded to enhanced productivity rather than to physi-
ological adjustments of N allocation with increases in P
availability (Table 1).

The observation that nutrient limitation regulated NUE
and the suppression of N,O emissions from maize systems
is further supported by long-term projections of maize pro-
ductivity. In the absence of an alternative source of P, the
productivity of maize dropped by 35%—40% but these losses
were recovered with routine P fertilization at loads consis-
tent with application rates in the Corn Belt region of the
United States over the past decade (Table 1; Cao et al., 2018;
NASS, 2019; USDA, Economic Research Service, 2019). In
a recent publication, Kelland et al. (2020) reported dissolu-
tion rates and mass transfer of elements from Cascade basalt
weathering into the plant—soil system compatible with en-
hanced extractable P, sufficient to sustain plant productiv-
ity without agronomic P inputs. However, the low nutrient
requirements of highly efficient lignocellulosic perennials
limited the response of miscanthus productivity and NUE to
basalt-derived P inputs, making impacts on N,O emissions
from miscanthus negligible (Figures 8 and 10; Table 1; Davis
et al., 2010, 2015; Hudiburg et al., 2015). Consistently, net
N,O fluxes were responsive to P availability in maize but not
in miscanthus (Figure 9).

The incorporation of basalt additions into routine ag-
ronomic practices could significantly abate the N,O EF of
cropping systems, but the effect varied with the soil prop-
erties of amended croplands and crop nutrient cycle effi-
ciencies that dictate fertilizer requirements (Figure 10). Soil
texture, organic matter content, and initial soil pH are strong
determinants of the pH buffering capacity and hence dictate
the susceptibility of a given soil to pH alterations. Basalt-
induced decreases in soil acidity and subsequent impacts
on the N,O EF of cultivated soils will be greatest in low
organic, coarsely textured acidic soils, which are common
consequences of long-term intensive agricultural practices.
Similarly, how responsive N,O emissions from cultivated
land are to basalt-driven increases in soil P availability de-
pends on initial levels of bioavailable P and crop nutrient
requirements.

At present, P deficits cover almost 30% of the global crop-
land despite agronomic inputs exceeding P removal by har-
vested crops (MacDonald et al., 2011). Limited P availability
may result from low retention in soils in highly weathered
soils and poor plant uptake efficiency, as P in soils exists
predominantly in inorganic fractions that are only sparingly
available to plants (Richardson & Simpson, 2011). Repeated
P fertilization together with low P retention or excessive
accumulation in unavailable forms has led to P losses from
cultivated soils to water bodies causing the eutrophication
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of agricultural watersheds (Goyette et al., 2018). Our sim-
ulations suggest that the synergistic effect between basalt-
induced increases in soil pH and P additions, both on N,O
fluxes and the productivity of maize, was likely caused by
the combined effect of enhanced inorganic P dissolution
and organic P mineralization into bioavailable forms in
less acidic soils, and subsequent increases in plant nutrient
uptake (Figure 8; Table 1; Glaser & Lehr, 2019; Penn &
Camberato, 2019). By providing a slow-release P source and
promoting both, the adsorption and efficient mobilization
of phosphates by cation release and soil alkalization (Anda
et al., 2015; Gillman et al., 2002; Kelland et al., 2020), rou-
tine basalt additions may help avert P losses by runoff and
leaching, and replace the use of P fertilizers while reducing
the N,O EF and increasing the ANR and NUE of heavily
managed crops.

In summary, the addition of new subroutines to DayCent
relating key elements of the nitrogen and phosphorus cy-
cles to soil pH, improved the accuracy of model predictions
of N,O fluxes from agricultural soils. Our results from the
improved model predict that the large-scale deployment of
basalt, by reducing the N,O EF of cropping systems could
effectively contribute to the sustainable intensification of
agriculture and enhance the climate mitigation potential of
BECCS strategies significantly. Roughly 40% of today’s US
maize production is used for bioethanol, and lignocellulosic
perennial crops such as miscanthus are rapidly expanding as
high-yielding second-generation bioenergy sources (Davis
et al., 2012; Hudiburg et al., 2016). The routine amendment
of bioenergy crops with basalt provides an opportunity to re-
duce the non-CO, climate forcing of biofuels, while reducing
nutrient overuse and increasing yields of underperforming
cropland. However, the strong dependence of N,O response
dynamics on changes in soil pH and available P imply an
asymmetric distribution of climate savings with basalt addi-
tions. Trade-offs related with the large-scale deployment of
basalt amendments need to be further assessed to character-
izing the potential for climate mitigation more reliably and
geographically explicitly.
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