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Abstract

:

Warm season perennial C4 grasses (WSGs), switchgrass (Panicum virgatum L.) and miscanthus species (Miscanthus spp.), have been reported to positively influence short-term (15–20 years) soil organic carbon (SOC). In this study, the DayCent model was used to predict changes in long-term SOC stocks under WSGs for moderate (Representative Concentration Pathway (RCP) 4.5) and high (RCP 8.5) warming climate change scenarios in southern Ontario, Canada, and to determine how long the enhanced SOC stock will last when WSGs are converted back to annual crop rotation. The model predicted that a consistent corn–corn–soybean–winter wheat (CCSW) rotation prevented SOC from depletion over the 21st century. Under WSGs, the model predicted high rates of SOC sequestration during the first 20–30 years which then tended to stabilize after 50–60 years. However, the rate of SOC sequestration over 90 years for RCP 4.5 was 0.26 and 0.94 Mg C ha−1 yr−1 for switchgrass and miscanthus, respectively. If 40-year stands of WSGs are converted back to CCSW, the model predicted SOC decline to the previous level in 40–50 years. DayCent predicted that under RCP 8.5 scenario in the second half of the 21st century and in the future, there will be a reduction in SOC stocks, especially under miscanthus stands.
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1. Introduction


To effectively mitigate climate change by the year 2100, the entire world needs to completely abandon the use of fossil fuels [1]. Bioenergy and biofuels are recommended as a major source of future energy to replace energy currently generated from fossil fuels [1]. Biomass can be used for biofuel production, or for heating and generation of electricity [2]. There has been a growing interest in using C4 perennial grasses as biomass feedstocks. Switchgrass (Panicum virgatum L.) and miscanthus species (Miscanthus spp.), often referred to as warm season grasses (WSGs), are examples of C4 perennial grasses grown in Canada [2]. WSG biomass can also be used as livestock bedding, as an ingredient of mushroom compost [3] or as a horticultural mulch [4]. Marsal et al. [5], Deen [6] and Bazrgar et al. [7] proposed that WSGs are the most suitable biomass crops to be grown in southern Ontario, especially on marginal lands, due to their high yields and low nutrient requirements. Additionally, they have a broad range in climatic tolerance and provide additional environmental benefits. WSGs are cultivated similarly to common Ontario hay and forage crops, thus do not require additional specialized farm equipment [6].



McCalmont et al. [8] have described the beneficial impact of WSGs on soil properties. These benefits are due to their perennial nature, high productivity and extensive root system, which reduce erosion and non-point source of water pollution. Several studies have shown that WSGs promote soil organic carbon (SOC) sequestration [7,9,10,11]. In Ontario, soil organic carbon stocks under WSGs were higher in comparison to SOC stocks in agricultural fields [12]. Extensive meta-analysis by Agostini et al., [13] presented changes to gross C inputs and SOC stocks by WSGs with annual net SOC storage of 1.14 to 1.88 Mg C ha−1 yr−1, significantly surpassing the minimum mitigation requirement of 0.25 Mg C ha−1 yr−1 [14]. However, long-term time series field data are needed to verify SOC enrichment [13].



Since long-term time series measurements of SOC change due to biomass cropping are scarce due to their inherent high spatial variability and to the high cost associated with field measurements, properly validated biogeochemical models can be used to predict such changes [15,16,17]. Biogeochemical models have been widely used for assessing interactions between climate, soils, and crop management practices on environmental outcomes including SOC storage [18]. Site-specific meteorological data combined with historical crop management practices, soil characteristics and auxiliary data can help to facilitate model calibration [17]. DayCent is an ecosystem process-based model and when properly validated by field observations is a powerful tool to investigate the effects of management practices on GHG emissions or on SOC changes in different ecosystems, soil types, and climates [19].



The DayCent model simulates soil and vegetation processes that control SOC dynamics and greenhouse gas emissions [20,21] and studies have shown predictions of trends under different cropping systems in varied environmental conditions [22]. Miscanthus biomass production has been simulated in the DayCent model using plant growth parameters from Europe and Illinois [23]. Recent studies have presented extended evaluations of SOC changes over the 21st century by using varied Representative Concentration Pathway (RCP) scenarios [24,25]. IPCC proposed four RCP scenarios based on radiative forcing levels of 2.6, 4.5, 6.0, and 8.5 W m−2 by the end of the 21st century [1,26]. The moderate warming RCP 4.5 and high warming RCP 8.5 scenarios [24,25] are typically used for predictions of SOC changes.



The objectives of the study were: (i) to evaluate the ability of the DayCent model to simulate long-term SOC dynamics (over the 21st century) in switchgrass, miscanthus and conventional cropping systems (corn–corn–soybean–winter wheat (CCSW)) in Southern Ontario, Canada, (ii) to predict changes in SOC stocks under moderate and high warming climate change scenarios, and (iii) to determine how long enhanced SOC stocks will remain when WSG production systems are returned to annual cropping.




2. Materials and Methods


2.1. Site Description


The calibration data for DayCent simulation were obtained from field experiments conducted in Elora, Ontario, Canada (43°4’ N, 80°2´ W). The soil at the field site has been mapped as a well-drained Woolwich silt loam and, according to the Canadian System of Soil Classification (CSSC), was described as a Gray Brown Luvisol [27], and according to World Reference Base (WRB) as an Albic Luvisol [28]. Soil samples obtained from a common reference rotation (CCSW) contained 22 g kg−1 of SOC, as determined by Leco combustion of 8 replicates taken in 2000 and 2015. During 1981 to 2015, the average annual precipitation was 1009 mm, with precipitation and temperature from May to September averaged 426 mm and 1008 growing degree days, respectively. Maximum and minimum temperatures were 11.4 and 1.8 °C, respectively.




2.2. Crop Management


From the long-term experiment (1981–2015) conducted at the same research station (Elora, ON, Canada), the crop rotation corn–corn (Zea mays L.) –soybean [Glycine max (L.) Merr.] –winter wheat (Triticum aestivum L.) (CCSW) data ertr selected as an agricultural reference. CCSW was managed with conventional tillage, which consisted of fall moldboard plowing and disking in spring prior to planting annual crops. Nitrogen fertilizer was applied annually as starter at planting (11 kg N ha−1) and as a side-dress (146 kg N ha−1) at corn sixth-leaf stage and for winter wheat as a spring application (100 kg N ha−1). Switchgrass and Miscanthus were grown in 10-year stand rotations. Nitrogen fertilizer was applied in spring at a rate of 80 kg N ha−1 for both grasses.




2.3. DayCent Description and Input Parameters


DayCent is biogeochemical model which has been used to simulate the impact of grassland and agricultural management practices on soil C, trace gas fluxes (CH4, NOx, and N2O), and NO3 leaching. DayCent simulates and describes the detailed processes of soil organic matter decomposition and external organic matter additions [20,29,30,31]. DayCent has been calibrated to accurately simulate biomass yields for a variety of crops, including corn and switchgrass, that are managed for biofuel feedstocks [32,33].



The DayCent model input parameters include long-term daily temperature and precipitation (obtained from Environment Canada [34]), soil properties including bulk density (1.3 g cm−3), water field capacity (31 vol%), fraction of clay and sand (17 and 27%, respectively), SOC content (22 g kg−1), saturated hydraulic conductivity (15 mm h−1) and pH of 7.3. When soil hydraulic parameters such as field capacity and wilting point were not available for a site, the Saxton soil water characteristic calculator was employed [35]. Temperature, precipitation, and atmospheric CO2 concentrations for climate scenarios are presented in Table 1. Inputs for soil physical properties, planting, fertilization, and tillage operations were obtained from Ramnarine et al. [36] and Gaudin et al. [37].



The water flow submodel simulates the daily flow of water through the plant canopy, litter, and soil layers. Transpiration is calculated after water has been redistributed in the soil. The sum of sublimation, interception, soil evaporation, and transpiration does not exceed the daily potential evapotranspiration (PET) rate. The potential daily evapotranspiration rate (PET) is calculated as a function of the average daily air temperature. The soil water submodel simulates above field capacity water content, unsaturated water flow using Darcy’s equation, runoff, snow dynamics, and the effects of soil freezing on saturated water flow. Each soil layer is assigned unique properties including thickness, field capacity, wilting point, proportion of roots, bulk density, soil texture (percent sand and clay), saturated hydraulic conductivity, minimum soil water content, and soil pH. These values are based on observed data from each site or estimates based on soil texture at the site. Leaching occurs when there is water flow between soil layers. The fraction of the mineral pool that flows from the upper layer to the lower layer increases with increasing sand content and water flow [38].




2.4. DayCent: Initialization and Calibration for Crop Rotation and WSGs


2.4.1. Initialization


Initialization of DayCent requires a long-term spin-up simulation (e.g., millennia) to bring the soil organic carbon pools to a steady state [40]. The initial SOC pools (0–20 cm depth) were generated by 1900 years of spin-up simulation of a temperate mixed forest followed by simulation of historical land/cover use data; 70 years of low intensity agriculture (1911–1980), and since 1981 a CCSW rotation field experiment (Table 2).



Land-use changes for the southern Ontario region has been described in studies by Larson et al. [41].




2.4.2. Parametrization


The weather files for future climate scenarios at Elora, ON, Canada were generated by using the regional climate model CanRCM4 [39,42]. Crop files for switchgrass and miscanthus were created by modification of the warm season (C4) grass species file. Switchgrass, a native to North America, has wide adaptation due to inherent genotypic variation within switchgrass populations and cultivars [43]. Miscanthus is a high-yielding perennial grass native to Asia [44] and it has a higher yield potential than switchgrass [45,46]. Plantings are clonal, therefore plants within a cultivated population lack genotypic variability. Heaton et al. [45] reported that miscanthus showed a stronger response to water, while switchgrass showed a significantly higher response to nitrogen. The calibration of WSG growth parameters were based on data from an experiment conducted in Elora [12]. For all simulations, the non-growing degree day option was implemented. Since DayCent reports above-ground biomass production in units of g C m−2, predictions were converted to Mg ha−1 assuming a plant C content of 46% for both species [46,47].




2.4.3. Validation


CCSW calibration and validation was performed by comparisons of DayCent predictions versus measured crop grain yields. For the CCSW rotation simulations, DayCent was set for grain harvest with 50% crop residue removal. Switchgrass and miscanthus crops were calibrated based on measurements of plant biomass from an experiment at Elora [12]. WSGs simulations were fall harvested and set for removal of 75% of the aboveground biomass.




2.4.4. Simulation 2009–2100


Although both switchgrass and miscanthus stands can be productive for longer than 10 years [48,49], a 10-year stand rotation was chosen to simplify the simulation and to provide more opportunity in the model for root biomass turnover. In the 10th year since planting, after the 10th annual harvest, a plowing event was created and new stands of WSGs were planted in the subsequent spring. All simulations were performed for RCP 4.5 and 8.5 scenarios.





2.5. Statistical Evaluation


Comparisons between observed data and DayCent predicted values were evaluated using the following statistical tests: mean absolute percentage error (MAPE, %) and root mean squared error (RMSE). Jamieson et al. [50] presented a performance measurement scale using the MAPE: if MAPE <10—excellent; <20—good; <30—fair; and >30—poor.



The formulas for the MAPE and RMSE are defined as follows:


  MAPE =   100 %  n   ∑  t = 1  n     a t  − p    a t     



(1)




where at is the observed value of the quantity being forecasted, p is the predicted value and n is the number of observations.


  RMSE =    [   n  − 1    ∑  i = 1  n     (  p −  a t   )   2   ]    0.5    



(2)







Confidence interval (C.I.) for SOC data at p = 0.05 were computed using equation (3):


  C . I . =  x ¯  ± t ·  s   n     



(3)




where   x ¯   is sample mean, t is confidence coefficient, s is standard deviation of the mean and n is the sample size.



Relationships between WSGs biomass production and SOC stocks were estimated with a Pearson correlation coefficient (r). Nonlinear regressions and fitting regression lines based on DayCent predictions of SOC and were performed using SigmaPlot Version 11.0.





3. Results


Weather data for future projections showed increased temperatures with RCP 8.5 compared to RCP 4.5 of 13.1 and 10.1 °C by 2100, respectively. However, precipitation underwent fluctuations, but they were not connected with time frame or RCP scenarios (Table 1, Figure 1). CCSW crop yields were validated against recorded crop data for 1981–2015 (Table 3). Statistical evaluators RMSE and MAPE showed that predicted and observed switchgrass and miscanthus biomass was in close agreement with 2.9 and 2.7% MAPE, respectively. RMSE and MAPE for crops corn, soybean and winter wheat were also in good or satisfactory agreement with field data: 18.2, 24.7 and 23.9% MAPE, respectively (Table 3). The SOC stock (0 to 20 cm) in the CCSW rotation, before converting to WSGs in 2008, was predicted by DayCent to be 56.2 Mg ha−1. This value is in agreement with available observed SOC data; an average from 1998 and 2000 was 54.2 (3.7) Mg ha−1. DayCent estimation for the same period was 54.8 (0.8) Mg ha−1. From a SOC stock of 95 Mg ha−1 in 1913 stocks (Figure 2) levels declined after deforestation and the land was converted to agricultural use (Figure 2, Table 4). DayCent predicted that over the next 85 years with annual crop rotations, SOC stocks were reduced by 41% (56 Mg ha−1 in 2008) (Table 4). If the CCSW rotation is maintained, DayCent predicted SOC stocks would remain steady (Figure 2a). Over the 21st century, a slight increase in CCSW SOC (~30 kg ha−1 yr−1) was predicted in the RCP 4.5 scenario (Figure 2a, Table 4). Increases in SOC stocks were predicted in both grasses (Figure 2b,c, Table 4). At the end of 21st century, for RCP 4.5 scenario, DayCent predicted 79.5 Mg ha−1 SOC stock for switchgrass and 144.0 Mg ha−1 for miscanthus, which is 84 and 151% of the original SOC stocks, respectively (Figure 2b,c, Table 4). For 8.5 scenario, at the second half of 21st century, there was a predicted decline in SOC stock in the miscanthus system (Figure 2b,c, Table 4). In 2060, when both grasses were switched back to a CCSW rotation, the model predicted a rapid decline in previously sequestered SOC for both WSG systems. Prediction of SOC stocks in 2100 in SG-CCSW was 63.5 Mg ha−1 and in MIS-CCSW was 79.6 Mg ha−1 (Figure 2b,c and Table 4 in RCP 4.5). As in all previous cases the decline in SOC was greater in the RCP 8.5 scenario (Figure 2, Table 4).



Lines presented on Figure 2 show changes in SOC stock over 20th and 21st century. In the first 50 years after deforestation, under low intensity agriculture constant decline in SOC stock was observed (Figure 2a–c). Then from 1981, when CCSW was introduced the SOC stock remained on similar level until 2100 (Figure 2a). After changing crop rotation (CCSW) to WSG there was a observed rapid increase in SOC stock until the end of 21st century with RCP 4.5 for both grasses and for RCP 8.5 for SG, and some decline for MIS in the last 40 years of simulation (Figure 2b,c). In the middle of the 21st century, when land with WSG was converted back to CCSW, the SOC stock declined (Figure 2b,c) and after about 50 years dropped to the level observed prior to the conversion to WSG (Figure 2a). Perennial WSG systems are characterized by continuous biomass production with low soil and underground biomass disturbance. Large input of biomass with slower turnover rates can result in enhanced SOC sequestration. Similar gains in SOC sequestration was observed by Garten [51] for switchgrass and by Poeplau and Don [52] in the case of miscanthus. However, conversion of WSG to CCSW can reduce biomass inputs and lead to increased turnover rate and thereby contribute to ongoing reduction of SOC sequestration and result in previous SOC level as observed under CCSW rotation.



Switchgrass biomass production was positively correlated with SOC stocks for both RCP 4.5 and 8.5, whereas miscanthus biomass was correlated only for the RCP 4.5 scenario (Table 5). Miscanthus biomass in RCP 8.5 over the last four decades of the 21st century tended to be lower than at RCP 4.5 (Figure 3).



For switchgrass, there were no significant differences between RCP 4.5 and 8.5 in sum of below and above ground biomass production, with exception of 2051–2060 when more biomass was produced by RCP 8.5. This period corresponds when there was more precipitation on RCP 8.5 than on RCP 4.5 (Table 1). Similar to predictions for switchgrass, miscanthus did not show differences in biomass production between RCP 4.5 and 8.5 with the exception of 2081–2090, when more biomass was predicted on RCP 4.5 than on RCP 8.5 (Figure 3). It can be attributed to an increase in air temperature and associated with its higher response to water. However, in the next decade (2091–2100) this was not predicted to occur (Figure 1 and Figure 3).



After switching from a CCSW rotation to WSGs, DayCent predicted a rapid increase in SOC until the mid of 21st century (Figure 4a,b). In the second half of the 21st century, SOC stocks were predicted to remain at the same level for RCP 4.5 for both grasses (Figure 3a). However, for RCP 8.5, the model predicted decreases in SOC stocks for miscanthus during the 2nd half of the 21st century (Figure 4a,b).



Examination of SOC sequestration rates over subsequent decades showed that the highest sequestration rates were in the first 20 years after the introduction of WSGs at 2.13 and 0.61 Mg C ha−1 yr−1 for miscanthus and switchgrass, respectively (Figure 4). Over time when SOC stocks tended to stabilize, SOC sequestration rates from decade to decade were reduced to zero for switchgrass and to 0.23 Mg C ha−1 yr−1 for miscanthus in the decade of 2080–2090 (Figure 4a). The decline in SOC stocks in a RCP 8.5 scenario in the second half of the 21st century was mainly due to the absence or negative SOC sequestration rate over last three decades (Figure 4b). However, the average SOC sequestration rate over the entire period of the simulation (2009–2100) with RCP 4.5 scenario remained at 0.26 and 0.94 Mg C ha−1 yr−1, for switchgrass and miscanthus, respectively (Figure 5). With a RCP 8.5 scenario, SOC sequestration rates were predicted to be lower at 0.23 and 0.64 Mg C ha−1 yr−1 for switchgrass and miscanthus, respectively (Figure 5). Such sequestration rates exceed or approach the threshold of minimum mitigation requirement (MMR, 0.25 Mg C ha−1 yr−1) (Figure 5).



Decadal SOC stock changes over the 21st century were fitted to non-linear regression lines (Figure 6). For a RCP 4.5 scenario, the best fit for switchgrass and miscanthus was described as nonlinear regression and an exponential rise to maximum values (Figure 6a,b). For an RCP 8.5 scenario, the best fit for switchgrass was also nonlinear regression, exponential rise to maximum (Figure 6a). With RCP 8.5 for miscanthus, a nonlinear regression was fitted to a hyperbolic line (Figure 6b), which was because of a prediction that SOC carbon stocks would decline during the second half of 21st century (Figure 2, Figure 4 and Figure 6).




4. Discussion


Biomass growers in Ontario, Canada have a shared goal in developing beneficial management strategies to further enhance the profitability and environmental sustainability of their industry. Thus, they are keen to understand the impacts of land-use change from low-productive conventional agriculture to WSGs (switchgrass and miscanthus) and from WSGs to conventional agriculture on soil organic carbon (SOC) sequestration. Focusing on this need, our study was designed to analyze the SOC dynamics as influenced by land-use changes using the DayCent model. Biomass yields and SOC data were used from a single long-term biomass experimental site situated in Elora, ON, Canada.



Presented research revealed the potential of WSGs to sequester SOC in the 21st century time frame under a moderate warming scenario (RCP 4.5). The nonlinear regression suggests that the SOC sequestration will extend beyond the 21st century. Such results were expected as per short-term published experimental data [51,52]. These data confirmed the high SOC sequestration in WSG resulting from large above and below ground biomass under 8–10-year cycle in undisturbed soil. The simulation results in this study also confirmed our assumption that field crop rotation (CCSW) would maintain a steady level of SOC over the 21st century. However, the lack of knowledge on the time that will take to deplete the gained SOC under WSGs to pre-WSG establishment level when WSGs stands are converted back to field crop rotation is now addressed by this study. Our modelling study has estimated that this process would take 40–50 years. Under high warming scenario (RCP 8.5) WSG biomass production and SOC are supposed to be decreased due to high air temperature with average amount of precipitation. Our results over the 21st century did not confirm this supposition. However, nonlinear regression in our study suggests that with higher temperatures in RCP 8.5, such impact can be possible in the longer time frame (>100 years). Negative physiological processes such as stomatal resistance under elevated temperature conditions may cause lower photosynthesis in WSG. This in turn may result in low biomass production and residue inputs to the soil contributing to low SOC accumulation (Figure 6).



DayCent predicted 41% reduction in SOC stock over 85 years after conversion of the native forest to agricultural row crop cultivation. Based on experimental data obtained from the Great Plains, [53] reported a 41% reduction in upper layer SOC stocks after 40 years of annual grain cropping. Compared to pre-cultivation and annual cropping, computer models estimated a 35% reduction in SOC stocks for Canadian prairie soils [54].



DayCent prediction of high WSGs biomass productivity supports Kludze [2] findings in which stated that Ontario has an adequate land base for production of switchgrass or miscanthus. Using model predictions, Barney and DiTomaso [55] and Hager et al. [56] investigated the habitat suitability for switchgrass and miscanthus with various climate change scenarios and showed that WSGs are suitable to grow in a wide range of habitats throughout the Northern Hemisphere. With a moderate climate warming (RCP 4.5), predicted SOC equilibrium under WSGs is expected after 40–50 years, whereas under high climate warming (RCP 8.5) it is expected after 30–40 years. At this time, there are no comparable data to evaluate the declining of SOC when WSGs are converted to annual crops. However, our study shows that after 40 years of growing WSGs, if the WSG lands are converted to annual crops, the SOC sequestered under WSG production will be lost in 40–50 years.



Generally, predicted WSGs biomass was correlated with SOC stocks with the exception for miscanthus at RCP 8.5, which can be attributed to minor variations in SOC stock in relation to large fluctuation in miscanthus biomass yields.



4.1. SOC Sequestration Rate


In our study the predicted SOC sequestration rate over the end of the 21st century was higher under miscanthus than under switchgrass (0.94 vs. 0.26 Mg C ha−1 yr−1 in RCP 4.5, respectively) due to larger above and below miscanthus biomass production (Figure 3a,b). Agostini et al. [13] compared SOC sequestration rates from 12 miscanthus and 9 switchgrass experiments and reported mean values 1.21 and 1.59 Mg C ha−1 yr−1 for miscanthus and switchgrass, respectively. However, a high SOC sequestration rate of 1.98 Mg C ha−1 yr−1 was reported for miscanthus by Nakajima et al. [57]. The SOC sequestration rate can be altered by several factors including duration of the trial, soil texture and initial SOC stock. Higher SOC sequestration rates can be observed in sandy soils compared to clay soils. When converted to WGS, compared to perennial grasslands, arable soils show higher SOC sequestration rates due to their lower initial SOC stocks [13]




4.2. Climate Scenarios


Hager et al. [56] pointed out that future predictions should be made using a high emission scenario, where a reduction in crop yields and a decline in SOC can be expected. Robertson et al. [24] reported a decline in DayCent simulated crop yields under a RCP 8.5 scenario after 2050 over the 21st century. However, the increase in SOC stocks for perennial grassland treatments was noticed through 2100, even under RCP 8.5, with an exception under RCP 4.5 scenario, where SOC stocks were consistently higher than RCP 8.5 though the differences were small [24]. In our study, under switchgrass for both RCP 4,5 and 8.5, the SOC stocks increased until 2060 and then plateaued until 2100. Nevertheless, under miscanthus the increase in SOC stocks was predicted only under RCP 4.5. Robertson et al. [24] hypothesized that as temperature increased, crop yields would decline, SOC decomposition would increase, and reduce SOC sequestration at the end of 21st century. The nonlinear regression for both grasses, at RCP 4.5 and for switchgrass at RCP 8.5, shows that SOC stocks will stay at the same level after reaching equilibrium, whereas for miscanthus at RCP 8.5 SOC stocks will decline over time.




4.3. Potential Shortcoming in this Study


The model simulation results presented in this study accounted for field conditions in Southern Ontario; however, it is a challenge to capture all the complex biophysical interactions that are in operation in WGS ecosystems. Del Grosso et al. [58] reported that most of the errors in DayCent model outputs are associated with imperfections in model algorithms and parameters, as opposed to uncertainty in model drivers. Therefore, efforts to improve the model should concentrate on comparing model outputs using numerous observations for various C and N components from field experiments to identify weaknesses and thereby rectify model shortcomings. In this context, the present study used data from one single research site due to lack of long-term data for warm season biomass grass and agricultural crops from different fields in Ontario, Canada. Further testing and improvement of model algorithms and parameters is therefore expected to increase accuracy and reliability of model outputs at various scales as reported by Del Grosso et al. [58].



In addition, difficulties in obtaining reliable data have been a major challenge in model parametrization. Typically, models are parameterized using the data from literature review [51] or farmers’ field documentation and sampling [52]. In our model parameterization, we used crop, soil and weather data derived from long term field experiments, which is the most desirable type of data to reduce the uncertainty associated with model parameterization. However, as indicated above, a wide range of field data are required to further fine-tune model predictions in relation to SOC sequestration.



Based on the literature, we assumed that introducing WSG would lead to increase in SOC sequestration in comparison with annual crop rotation. The most uncertain is vegetation of WSG and field crops in RCP 8.5 scenario. There was expected strong decline in biomass production and SOC content, but only some tendency was observed over 21st century. Authors recognize that under RCP 8.5 scenario, biomass production from WSG or field crops is highly uncertain; however, the RCP 8.5 scenario was used in the model simulation to comply with policy formation requirement and IPCC guidelines.





5. Conclusions


Based on DayCent predictions, a CCSW rotation avoided further SOC depletion, and a potential to sequester SOC under WSGs production. Predicted above and below ground biomass was higher for miscanthus than for switchgrass and this resulted in higher SOC sequestration rates under miscanthus. The high rate of SOC sequestration was predicted to occur during the first 20–30 years of planting WSGs. SOC levels tended to stabilize by 50–60 years of converting to WSGs. However, SOC stocks under a moderate warming RCP 4.5 scenario were characterized by a nonlinear regression exponential rise to maximum values. Under a high warming scenario, RCP 8.5 DayCent predicted that SOC stocks would decline in a miscanthus stand after 50 years. Nevertheless, the rate of SOC sequestration at the end of 21st century at RCP 4.5 was 0.94 and 0.26 Mg C ha−1 yr−1 for miscanthus and switchgrass, respectively, which exceeded the minimum mitigation rate for energy crops (0.25 Mg C ha−1 yr−1). Sequestered SOC can be readily lost when WSG stands are converted back to row crop cultivation. In such case, the SOC sequestered over 40–50 years with WSGs production would decline with annual cropping within 50 years back to levels prior to the introduction of switchgrass and miscanthus. DayCent simulations predict that under a high warming RCP 8.5 scenario in the second half of the 21st century and in the future, we can expect reductions in SOC stocks especially under miscanthus stands.
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Figure 1. Predicted total annual precipitation (mm) and average annual temperature (°C) for two representative concentration pathways: RCP 4.5 and 8.5 during 1971–2100. 
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Figure 2. Soil organic carbon (SOC) dynamics over 1913–2100 in corn-corn -soybean-winter wheat (a), switchgrass (b) and miscanthus (c) cropping systems, predicted by DayCent in 20 cm soil layer for two representative concentration pathways: RCP 4.5 and 8.5. CCSW = corn–corn–soybean–winter wheat; SG = switchgrass; MIS = miscanthus. 
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Figure 3. Average decadal switchgrass and miscanthus below and aboveground biomass production predicted by DayCent over the 21st century at two representative concentration pathways: (a) RCP 4.5 and (b) RCP 8.5. Error bars represent confidence level for sum above and below ground biomass at p = 0.05. 
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Figure 4. Average decadal SOC stocks and SOC sequestration rates for 20 cm soil layer from DayCent prediction for two representative concentration pathways: (a) RCP 4.5 and (b) RCP 8.5. MIS = miscanthus; SG = switchgrass; MIS = miscanthus sequestration = SOC sequestration under miscanthus, SG sequestration = SOC sequestration under switchgrass; Zero sequestration = no sequestration over the recent decade; Error bars represent confidence level at p = 0.05. 
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Figure 5. DayCent predicted average SOC sequestration rate over the entire simulation period (2009-2100). SG 4.5 = switchgrass at RCP 4.5; SG 8.5 = switchgrass at RCP 8.5; MIS 4.5 = miscanthus at RCP 4.5; MIS 8.5 = miscanthus at RCP 8.5. 
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Figure 6. Soil organic carbon stocks. Nonlinear regressions for switchgrass (a) and miscanthus (b) based on DayCent prediction over investigated period. 
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Table 1. Predicted air temperatures (°C), precipitation (mm) and air CO2 concentrations (up to 2100) for two representative concentration pathways (RCP 4.5 and 8.5) for Elora, ON, Canada. [34,39]. (t max = temperature maximum, t min = temperature minimum, prec = precipitation).






Table 1. Predicted air temperatures (°C), precipitation (mm) and air CO2 concentrations (up to 2100) for two representative concentration pathways (RCP 4.5 and 8.5) for Elora, ON, Canada. [34,39]. (t max = temperature maximum, t min = temperature minimum, prec = precipitation).





	
Climate Scenario

	
RCP 4.5

	
RCP 8.5




	
t max

	
t min

	
prec

	
CO2

	
t max

	
t min

	
prec

	
CO2






	
Decade

	
(°C)

	
(mm)

	
(mg m−3)

	
(°C)

	
(mm)

	
(mg m−3)




	
2011–2020

	
11.9

	
2.9

	
912

	
382

	
12.0

	
2.8

	
908

	
382




	
2021–2030

	
12.5

	
3.4

	
965

	
409

	
12.9

	
3.7

	
1030

	
437




	
2031–2040

	
13.0

	
3.8

	
1065

	
427

	
13.1

	
4.1

	
969

	
504




	
2041–2050

	
13.1

	
3.9

	
1030

	
444

	
13.9

	
4.7

	
1042

	
571




	
2051–2060

	
13.3

	
4.3

	
987

	
461

	
14.3

	
5.3

	
1106

	
637




	
2061–2070

	
13.6

	
4.7

	
995

	
478

	
15.1

	
5.9

	
1049

	
704




	
2071–2080

	
14.2

	
5.2

	
1039

	
496

	
15.8

	
6.7

	
1085

	
771




	
2081–2090

	
14.4

	
5.3

	
1058

	
513

	
16.3

	
7.4

	
1045

	
838




	
2091–2100

	
14.7

	
5.5

	
1012

	
530

	
17.7

	
8.5

	
1016

	
905
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Table 2. Land use history data for Elora, ON. Canada, applied in DayCent simulations.
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	Forest and Cropping System
	Years





	Temperate_Mixed_Forest
	0–1910



	Deforestation
	1911



	Corn-Barley
	1912–1958



	Continuous corn
	1959–1980



	Corn–corn–soybean–winter wheat
	1981–2008



	Corn–corn–soybean–winter wheat
	2009–2100



	Switchgrass
	2009–2100



	Miscanthus
	2009–2100
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Table 3. Observed and predicted crop yields and crop yield validation.
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Crop

	
n

	
Yield

	
CL #

p = 0.05

	
St Dev

	
St Error

	
RMSE $

	
MAPE &




	
-----------------------(kg ha−1)-------------------------

	
(%)






	
Corn Grain

	
observed

	
35

	
8770

	
613

	
1786

	
302

	
1936

	
18.6




	
predicted

	
35

	
8600

	
632

	
1842

	
311




	
Soybean Grain

	
observed

	
17

	
2874

	
277

	
539

	
131

	
872

	
24.7




	
predicted

	
17

	
2511

	
369

	
719

	
174




	
Winter Wheat Grain

	
observed

	
18

	
5101

	
379

	
763

	
180

	
1547

	
23.9




	
predicted

	
18

	
4885

	
594

	
1176

	
277




	
Switchgrass Biomass

	
observed

	
2

	
9420

	
1500

	
167

	
118

	
278

	
2.9




	
predicted

	
2

	
9446

	
209

	
23

	
16




	
Miscanthus Biomass

	
observed

	
2

	
20940

	
2893

	
322

	
228

	
661

	
2.7




	
predicted

	
2

	
20376

	
1178

	
132

	
93








# CL = confidence level at p = 0.05; $ RMSE = root mean square error; & MAPE = mean absolute percentage error.
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Table 4. Soil organic carbon (SOC) stock (Mg ha−1) over 21st century under corn–corn–soybean–winter wheat #(CCSW), switchgrass and miscanthus.
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Scenario

	
Year

	
CCSW

	
Switchgrass

	
Miscanthus






	
RCP 4.5

	
1913

	
94.9 (100)




	
2008

	
56.2 (59)




	
2060

	
57.0 (60)

	
78.9 (83)

	
133.7 (140)




	
2100

	
56.2 (59)

	
79.5 (84)

	
63.5 (67) &

	
144.0 (151)

	
79.6 (84) &




	
RCP 8.5

	
2060

	
55.0 (58)

	
77.8 (82)

	
126.58 (133)




	
2100

	
55.0 (58)

	
76.9 (81)

	
60.6 (64) &

	
124.9 (132)

	
73.7 (78) &








Numbers in parentheses express the SOC as a percentage of original SOC stock at the deforestation; # CCSW; & Final SOC stock after switching back grasses to annual crop cultivation in 2061.
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Table 5. Pearson correlation coefficients between above and below biomass and SOC stocks (ns = non-significance).






Table 5. Pearson correlation coefficients between above and below biomass and SOC stocks (ns = non-significance).





	
Biomass

	
Switchgrass

	
Miscanthus




	
SOC at RCP 4.5

	
SOC at RCP 8.5

	
SOC at RCP 4.5

	
SOC at RCP 8.5






	
Aboveground

	
0.70 *

	
0.87 **

	
0.61 *

	
Ns




	
Belowground

	
0.72 *

	
0.87 **

	
0.63 *

	
Ns




	
Above + Belowground

	
0.71 *

	
0.87 **

	
0.64 *

	
Ns








* indicates significant relationship at p = 0.05; ** indicates significant relationship at p = 0.01.
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