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1. Simulation for current agricultural system using ECOSYS

ECOSYS, developed by Dr. Robert Grant from Department of Renewable Resources
University of Alberta, is one of the few ecosystem models that have much more detailed processes in
terms of physical and chemical theories, esp. the crop growth and nitrogen cycle. ECOSYS is
constructed entirely in FORTRAN language, and can be implemented in hourly or daily temporal
resolution. ECOSY'S simulates the transport and transformation of heat, water, carbon, oxygen,
nitrogen, phosphorus and ionic solutes through soil-plant-atmosphere systems with the atmosphere as
the upper boundary and soil parental material as the lower boundary. ECOSYS also incorporated
major farming practices such as tillage, irrigation, and tile-drainage system. We have implemented



ECOSYS in the seven agroecosystem sites in the Midwest US (Figure 1), with the plan to apply it to
the whole Illinois for the project in Year 2.
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Figure 1. Sites in US Midwest where ECOSYS is implemented.

To implement ECOSYS in different sites, the following site-specific dataset need to be
prepared: site topography files; scenarios and cycles setting for simulation; weather forcing data; soil
management data; plant management specifics; output variables definition file.

For site-level carbon dynamics modeling, ECOSYS manages to represent biochemical CO2
fixation in leaf chloroplasts and of stomatal resistance to diffusive CO2 and H2O transfer through leaf
surfaces have been coupled, at both leaf and canopy scales. ECOSYS also includes a solution to the
first-order closure of the energy balance between the atmosphere and plant canopies; features explicit
linkages of water status among the soil, root, canopy and atmosphere during radial and axial
movement of water in the liquid phase through heterogeneous soil and root systems, and during
diffusive transfer of water in the vapor phase through leaves and boundary layers in the canopy.

ECOSYS has a GUI version which is friendly to new user, but the version is outdated lacking
the most recent processes added. We chose the latest version and compiled the code to implement on
Blue Waters supercomputing facilities. The computational cost for one site simulation per year is
around 100 seconds using cluster from NCSA. We could get an estimate of time cost for further
regional simulation and parameter sensitivity analysis.

With proper and detailed site-level ECOSYS setting, we managed to generate simulation
results with good accordance with observation data from flux sites. The following results show the
model well represent carbon, water and energy balance in specific sites we selected. We also test
ECOSYS with various settings of spin-up time, and we found that 10-20 years should be a good
selection for spin-up, which help initiate the model and different element pools in the model reach a
steady state.

We also implement some preliminary parameters sensitivity analysis, for a few key
parameters in ECOSYS (Figure 2). We adopted the Morris sensitivity analysis for the following
parameters, and plan to do more comprehensive analysis using Sobel method. The Morris sensitivity
results (Figure 3) show that photosynthesis parameters (e.g. RUBP-leaf rubisco content, PEPC-leaf
PEP carboxylase content, FCO2-Ci:Ca ratio, and VCMX-rubisco carboxylase activity) and leaf
growth rate (e.g. NRNI-rate of node initiation) are the most dominant parameters.



Parameter name

parameter definition

Unit

stardard value

VCMX rubisco carboxylase activity umol g-1 h-1 at 25 oC 90
VOMX rubisco oxygenase activity umol g-1 h-1 at 25 oC 15
VCMX4 PEP carboxylase activity umol g-1 h-1 at 25 oC 180
XKCO2 Km for rubisco carboxylase activity uM 30
XKO2 Km for rubisco oxygenase activity uM 810
XKCO24 Km for PEP carboxylase activity uM 3
RUBP leaf rubisco content gg-l 0.025
PEPC leaf PEP carboxylase content gg-1l 0.025
FCO2 Ci:Ca ratio 0.45
XRNI rate of node initiation h-1 at 25 oC 0.025
XRLA rate of leaf initiation h-1at 25 oC 0.015
SLA1 leaf area:mass during growth m2 g-1 0.009

de

Figure 2. Parameters selected for sensitivity analysis.
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Figure 3. Morris parameter sensitivity results.

2. Biogeochemical cycle implementation in ECOSYS

We choose ECOSYS to assess cover crops effects, since it is currently the most
mechanistically-comprehensive model to represent nitrogen cycle in agricultural ecosystem (Figure
4). It simulates the transport and transformation of heat, water, carbon, oxygen, nitrogen, phosphorus
and ionic solutes through soil-plant-atmosphere systems with the atmosphere as the upper boundary
and soil parental material as the lower boundary. It is also capable of partitioning of carbon, nitrogen
and phosphorus among different organs in the shoot and root is controlled by interaction between
phenology and environment. One unique feature in ECOSYS is its ability to include microbial
activities, which will greatly help simulation the effects from cover crops. The activity of each
microbial population in the model is driven by the energetics of the oxidation-reduction reactions that
it conducts. An autotrophic nitrifier population is also represented in the model and tested against
rates of NO3— formation and N20O evolution.
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Figure 4. Key components of agroecosystem carbon, nitrogen, energy and water balances as
represented in ECOSY'S model.

To accurately simulation carbon dynamics, well-documented information of soil management
is important, including fertilizer use and irrigation timing and amount.

We choose two sites located in Mead, Ne for our testing purpose, with the goal that the
ECOSYS model will be applied to the whole Illinois and Corn Belt in this project. These two sites
were chosen as they have the most complete observation and management records so far as research
sites in the US Corn Belt. These two sites are both corn-soybean rotation site, where comprehensive
measurements are available from 2001-2006. Ne-2 is irrigated site, while Ne-3 is non-irrigated. The
simulation results of GPP demonstrate that ECOSYS could well constrain (with R2>0.85 in both
sites) the carbon dynamics in these Corn Belt sites (Figure 5&6). The model could also capture
interannual variability in both sites, considering the corn-soybean rotation (Figure 7).
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Figure 5. Ne-2 GPP simulation comparison with flux observation.
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Figure 7. mean site GPP simulation results.

3. Nitrogen simulation results
With proper site-level driving data, we have done various simulations of carbon dynamics

and crop yield and managed to test the nitrogen module in the model. In ECOSYS, nitrogen cycle
includes the following important processes:

e Nitrogen fixation: N2 to ammonia (NH3)

e Nitrification: NH3 to NO2- and NO3-

e Assimilation: nitrate, nitrite, ammonia, and ammonium taken up to form protein

e Ammonification: decomposition, organic matter to ammonia

e Denitrification: NO3—to N2, nitrate in soil converted back to air

e Ammonia volatilization: NH3 lost from soil to air

In ECOSYS, dynamics of nitrogen are simulated in organic and inorganic phases in soil and
crop, which are based on explicit partial differential equations through a horizontally layered soil
profile with time step of 1 hour. Following governing equations show the main pools and fluxes in
ECOSYS nitrogen cycle:

N,yms = PON + DON + N

M=N +N, +N

d 1 fertilizer deposition nitrification denitrification assimilation

~[DIN,,,, _ flux]~ [DIN_ sufce — ﬂux:I

microbial

d[NH,']
4 1 _ _ —
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dt
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, where PON is particulate organic nitrogen, DON is dissolved organic carbon, SOM is soil
organic matter

d (residue_ N +humus _N +N,,,, W.,)
dt

—([surface _DIN _ flux]| + [surface_DON _ flux]| + [subs_DIN _ flux]| + [subs_DON _ flux]+
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Net _plant _exchange =




From the nitrogen simulation using ECOSY'S, we are able to achieve a reasonable
representation of the N pools and N fluxes dynamics in the two Mead sites. In the irrigated site, it is
planted with corn in 2005 with fertilizer used on 04/07 (39.2 kg N/ha ammonium, 39.2 kg N/ha urea,
and 39.2 kg N/ha nitrate). Multiple irrigation event is added, especially with two events with nitrogen
input (on 06/15 and 07/05). From the stacked Figure 8a, we could see a clear response of nitrogen
cycle with the fertilizer and irrigation event. The nitrogen allocation in plant also respond with the
soil management and show a clear seasonal cycle in Figure 8 right panels. In year 2006, the site was
planted with soybean, which has stronger nitrogen fixation ability than the corn system. No fertilizer
was used, and irrigation was done 4 times from June to August, with no additional nitrogen added to

the system pools.
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Figure 8. Nitrogen simulation results and N allocation in plant for irrigated Mead site Ne-2:

a)2005, corn; b) 2006, soybean.
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For the non-irrigated site, corn is planted in 2005 with fertilizer used on 04/07 (39.2 kg N/ha
ammonium, 39.2 kg N/ha urea, and 39.2 kg N/ha nitrate), placed at depth of 0.02m. No irrigation
event is added. In year 2006, the site is planted with soybean, with no fertilizer or irrigation. The
soybean grain is removed on 10/09.
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Figure 9. Nitrogen simulation results and N allocation in plant for non-irrigated Mead site
Ne-3: a) 2005, corn; b) 2006, soybean.

From the nitrogen simulated results, we are confident that ECOSYS provides reasonable
simulations for both the soil N cycle and plant N dynamics for the corn and soybean agroecosystems.
Our next step is to validate our crop and N simulations with field observations, and then apply to the
regional scale (i.e. Skm resolution for the whole Illinois). We will also add two cover crops (cereal
rye and hairy vetch) into ECOSY'S to start the simulation and assessment of cover crop suitability and
their impacts on the N cycle, in Year 2.



4. Regional simulation in 3 I-state using ECOSYS

We implemented simulation in several agroecosystem sites in Midwest US, and then did parameter
sensitivity analysis to identify parameters that need to be calibrate. For site simulation in US Midwest corn belt. We
also included detailed simulation of N dynamics, with comprehensive N cycle represented using ECOSYS. We then
extended the simulation the regional level with proper model settings. We are presenting this poster to demonstrate
that the model will help characterize current agricultural ecosystem and spatially-explicit calibration of current
model can predict crop yield (R2>0.50) of corn-soybean rotation system for the three I-states. Our model simulation
also captures the correlation between yield and monthly weather forcing including precipitation, air temperature, and
VPD. Our regional yield prediction is performing well, and we are confident to develop current ECOSY'S model to
include cover crops and study their influence on the resilience of US Midwest agroecosystem.

Compared to traditional crop yield estimation methods, which degrades beyond a timeframe, our process-
based model is more mechanistically rigorous such that it could provide robust predictability of the regional-scale
crop yield. We conduct our regional simulation with proper driving data prepared. To extend the simulation to the
regional level (in 3 I-states), forcing data is prepared including temperature, specific humidity, wind speed,
precipitation, and radiation. County-level US yield map from USDA NASS is prepared for regional simulation result
comparison and validation. Soil datasets were derived from Unified North America Soil Map (UNASM) with soil
attributes for clay/sand fraction, pH, total organic carbon, cation exchange capacity and bulk density for top and
subsoil, with spatial resolution of 0.25 degree across North America. For simulation in each grid, the parameter of
corn maturity group is adjusted to minimize RMSE of crop yield simulation and observation.

To implement regional ECOSY'S simulation, following is the standard steps to achieve the simulation: 1.
Regional forcing data preparation for each half-by-half degree grids: site geographic info; weather forcing;
topography; model initial settings; model run options (climate change scenarios); soil management file (disturbance,
irrigation, fertilizer); plant management (plant type parameters, growing/sowing dates); 2. Model deployment on
NCSA (national center for supercomputing applications) Blue Waters Supercomputers: code compilation,
computation resources allocation, model-run initialization, output result summary; 3. Verification and calibration of
model yield output in a spatially-explicit manner; 4. Find optimum maturity group depending on different simulation
time frame; 5. Spatially-explicit parameterization to find optimum maturity group such that regional-level crop yield
estimation is optimized.
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Figure 10(b). ECOSYS simulated corn yield in 3 I-state from 2001-2012
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Figure 10(c). Linear regression between NASS and ECOSY'S simulated corn yield.
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Figure 12. Correlation between crop yield (anomaly) and forcing in July and August from 2001-2012 (a). NASS comn
yield anomaly; (b) ECOSYS simulated corn yield; (¢) NASS soybean yield anomaly; (d) ECOSYS simulated soybean
yield
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5. Conclusions
Overall, using process-based model ECOSYS from rigorous calibration and detailed settings significantly

improves regional crop yield predictions. The additional use of ancillary climate data, fertilization, and plant
management information further improves model skill, in part because the crop reproductive stage related to soil
profile and nitrogen cycle to environmental stresses, but they are not fully captured by the traditional crop modeling
study. We conclude that using ECOSY'S improve monitoring of large-scale crop growth and yield beyond what can be
achieved from traditional crop modeling and statistical methods.

With proper setting of forcing data and soil profile data, we achieved well-calibrated simulation of biogeochemical
dynamics, and crop yield estimation. For the future work, we propose to use the well-calibrated model to assess Cover
Crops’ (CC) effect on agroecosystem, to test how well Cover Crops could help reduce soil erosion, keep nitrogen in
soil, and increase crop yield. With longer growing season expected under a warming climate, there is added
favorability to CC’s growth and especially for hairy vetch to expand northward. Warming in general leads to earlier
sowing of cash crops, which would shorten spring growing window for CC. We plan to use ECOSYS to achieve

suitability assessment of Cover Crops’ effect.
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Have you completed any outreach activities related this project? Or do you have any activities
planned? Yes [] No
If you answered “yes” please explain and provide details for any upcoming outreach:

1) On 06/15/18, we visited the Illinois Farmer Bureau (IFB) to have deep discussion in terms of the adoption of cover
crops. Prof. Guan first gave a talk about this project and how it could potentially benefit the farmers. Then each farmer
shared their experiences of whether they adopt cover crops and the reason for it. For the farmers who use cover crops,
most of them adopt it to prevent soil erosion, control weed, create more soil organic matter, and improve the nutrient use
efficiency. For the farmers who do not use cover crops, their main concerns are about seed selection, labor issue and the
availability of good resources.

2) Kaiyu Guan presented a talk in the annual IFB meeting in Chicago in Dec, 2018.

3) Yang Qu attended 2019 MCCC (Midwest Cover Crop Council) Conference in Springfield, IL. This meeting provides
a great opportunity to learn and communicate about cover crop implementation and researches progress among 12 states

where Cover Crops are implemented.

Additional Notes:
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