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Abstract

:

Soil organic carbon (SOC) is strongly influenced by climate change, and it is believed that increased temperatures might enhance the release of CO2 with higher emission into the atmosphere. Appropriate models may be used to predict the changes of SOC stock under projected future scenarios of climate change. In this investigation, the RothC model was run for a period of 36 years under climate scenarios namely: P (no climate change) as well as CCH1 and CCH2 (climate change scenarios) in the arid rangelands of Ghir–O-Karzin’s BandBast in southern Iran. Model results have shown that after 11 years (2014–25), SOC stock decreased by 3.05% under the CCH1 scenario (with a projected annual precipitation decrease by 6.69% and mean annual temperature increase by 9.96%) and by 0.23% under the P scenario. In CCH2, with further decreases in rainfall (10.93%) and increase in temperature (12.53%) compared to CCH1, the model predicted that the SOC stock during the 25 years (2025–50) was reduced by 2.36% and 3.53% under the CCH1 and CCH2 scenario respectively. According to model predictions, with future climatic conditions (higher temperatures and lower rainfall) the decomposition rate may increase resulting in higher losses of soil organic carbon from the soil matrix. The result from this investigation may also be used for developing management techniques to be practiced in the other arid rangelands of Iran with similar conditions.
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1. Introduction


Carbon stored in soils is the largest carbon pool in terrestrial ecosystems, this is twice the amount of carbon in the atmosphere and three times the amount of carbon in the biotic world [1]. Therefore, soils have a great role in maintaining the balance of the global carbon cycle [1]. In general, carbon sequestration depends on carbon equilibrium and is affected by abiotic factors and management practices [2]. As reported by the authors of Reference [3], any small changes in the soil organic carbon (SOC) will have a major impact on the concentration of CO2 in the atmosphere, hence affecting the climate parameters.



Based on the mean annual rainfall, regions receiving 200–500 mm of winter rainfall are defined arid [1]. The soils in the arid regions have a low carbon content and considering the extent of these areas [4] they may have a special place in carbon sequestration [2]. The rangelands in the arid regions, which cover about 40% of Earth’s surface area can sequester high amount of CO2 in the soil due to their prevalence around the globe [5]. However, in these ecosystems the poor vegetation cover, the low concentration of litter, the sparse vegetation, and the low biodiversity of plants species, lead to low SOC content [2,6].



Climate factors such as precipitation and temperature have a significant effect on SOC contents which is the basic component of the global carbon cycle, particularly in the context of climate change [7,8,9,10,11]. Most researchers [10,12,13,14] have reported losses from the soil organic carbon under the climate change conditions. In Reference [15], the authors stated that increasing temperature lead to positive feedback between climate change and carbon cycle and more losses SOC to the atmosphere in form of CO2 and accelerated global warming. Some other studies [16] have reported reduction in soil organic decomposition under conditions of future climate change and global warming scenarios. However, the impacts of projected future scenarios of climate change on SOC and its dynamics are still largely uncertain [17]. It is therefore crucial evaluating the impact on SOC stocks and their dynamics under projected future scenarios of climate change.



Because of complexity of the soil-plant-atmosphere system, simulation models can be useful for studying this relationship within the aforementioned systems and also predicting the changes of SOC stock under projected future scenarios of climate change [12]. Many models, such as RothC, Daisy, DNDC and Century have been developed for this purpose. Specifically, RothC is one of the models [18] widely used to assess the effects of future climate change on the SOC dynamics [9,12,13,19].



Researchers in Reference [20], using RothC reported that soil organic carbon stocks decreased, due to increased decomposition rates as a result of higher temperatures under climate change conditions in Ukraine and Russia. The authors of Reference [13], using the RothC model, assessed the effects of climate scenarios on soil carbon changes in a rangeland ecosystem of southern Ireland. Wan et al. [12] using the RothC model have predicted that SOC stock will decrease under climate change scenarios in China. Reference [21] investigated the effects of climate change on soil carbon changes in a Mediterranean ecosystem using the RothC model. Authors of Reference [22] stated that the trend of SOC loss in form of CO2 under climate change is increasing in dryland ecosystems of Australia.



About 70% of Iran’s rangelands are located in the arid and semi-arid regions of the country. Rangelands of Iran cover 85 million ha of Iran’s lands and about 51% of country’s area. Ghir–O-Karzin’s BandBast is one of the most important arid regions of southwest Iran, where rising temperature and shifting precipitation patterns are predicted to yield the highest decrease in rainfall during hot summers and even cold winters [23]. On the other hand, the climate factors are expected to have a major impact on SOC stocks in the aforementioned areas [9,10]. The effect of climate change on SOC dynamics in arid rangelands of Iran has not been adequately quantified, though rangelands occupy a vast land area of the country and might play a main role in climate change mitigation through carbon sequestration in soils. On the other hand, previous studies showed positive [16] or negative effects of climate change [12,20] on SOC stocks, but the results of these studies cannot be generalized to other regions, especially arid rangelands. Besides forage production, the arid rangelands of Iran provide many important ecosystem services including climate and water regulation, and opportunities for SOC sequestration because of their low carbon content. So far, no studies have examined SOC stock dynamics with simulation models in arid rangelands of Iran, and the present study is the first attempt to understand the effects of climate change on SOC stock. The main purposes of this study were to: (1) validate the RothC model simulations with the measured SOC stocks and (2) to determine the effects of different scenarios of climate change on SOC dynamics in the arid rangelands of Ghir–O-Karzin’s BandBast in southwest of Iran. In this regard our research is expected to provide the first predictions of SOC stock under different climate change scenarios in the south of Iran.




2. Materials and Methods


2.1. Study Area


The BandBast rangeland in the south Iran includes about 2380 hectares and is located about 200 km southeast of Shiraz (29′36″ N, 52′32″ E) in southern Iran (Figure 1). Based on the 32-year (1983 to 2014) average data obtained from the meteorological station in Ghir–O-Karzin, total annual precipitation is 275.36 mm, mean annual temperature is 23.94 °C, and total annual open-pan evaporation rate is 2910.98 mm (Figure 2). Generally, the local climate is warm to very hot during summers and relatively humid during the winters. The BandBast rangelands have Alluvio-Colluvial soil properties and lie within a relatively flat basin physiography where mean elevation is 700 meters above sea level (m.a.s.l). Soils are mainly Entisols based on soil taxonomy [24] with silty textures. The average of soil organic carbon (%), electrical conductivity (ds m−1), and total nitrogen (%) in the top soil (20 cm) are 0.62, 0.66 and 0.06, respectively. The natural vegetation includes annual and perennial grasses of C3 type as potential native vegetation, with low percent of cover and low biomass production. Agropyron sp., Dactylis sp., Bromus sp., Hordeum sp., Carex sp. and Seidlitzia sp. have been observed predominantly within this region. Historically the BandBast rangelands are managed with light grazing in the spring and no management practices such as fertilization are adopted.




2.2. Sample Collection and Field and Laboratorial Measurements


Collection of soil samples from BandBast rangelands was carried out randomly in order to avoid bias, during four successive months (April to July of 2014) of sampling. Due to the homogeneity of the region in terms of topography and geology, soil samples were collected based on a simple random sampling design and sampling points were irregularly distributed. Soil sampling was done for four successive months and after removing the litter layer, 20 samples were taken each month (for a total of 80 samples) within the 0–20 cm depth of the soil. To determine the soil bulk density, two soil core samples (in addition to routine soil samples) were collected in each sampling point. The soil samples were air dried, visible plant material were removed from the samples, and sieved through a 2-mm sieve for further analysis. The soil texture and soil organic carbon (%), were measured by Hydrometry method [25] and Walkley and Black method [26] respectively. Using the Core method [27] the soil bulk density was measured in the laboratory. Finally, the SOC stock was calculated for the 0–20cm soil layers using the following equation [28]:


   SOC   Stock  =  SOC   content     ( % )  ×  Layer   thickness     (  cm  )  ×  bulk   density     (     g   cm    − 3    )   



(1)








2.3. RothC Model


The RothC model has four active SOC pools [18,29] namely; decomposable plant material (DPM), resistant plant material (RPM), microbial biomass (BIO), and the humified organic matter (HUM). The RothC model also includes an inert organic matter (IOM) pool which is resistant to decay. The IOM however has, a nominal radiocarbon age of 50,000 years which does not take part in C turnover. The RothC model partitions incoming plant residues into resistant plant material (RPM) and decomposable plant material (DPM), depending on the DPM:RPM ratio of the particular plant material. The plant material decomposes to form CO2, biomass (BIO) and humified organic matter (HUM). All active pools undergo decomposition by first-order kinetics, each with a characteristic rate of decomposition. This rate is modified according to soil moisture, temperature and the soil surface vegetation cover according to the conditions of a particular month of the year. Soil clay content also affects the partition between CO2 evolved and BIO + HUM formed. In the present study, the RothC model version 26.3 [18] was used to simulate SOC dynamics. The input data to run RothC model are included in two files (weather and land management), each containing a set of variables. The model is designed to run in two modes: “forward” using known carbon inputs to calculate the changes in soil organic carbon and “inverse”, when carbon inputs are calculated at equilibrium state from known soil organic carbon contents.




2.4. Inputs Data and Model Calibration


Inputs data to run RothC model include data on climate (average monthly precipitation, monthly air temperature and monthly open-pan evaporation), soils (soil organic carbon content, clay content, soil depth, soil bulk density) and vegetation data (land use type, DPM:RPM ratio, the amount of carbon returned into the soil from the plant litter and soil surface cover during the year). Climate data were obtained from the 32-year of the meteorological at the Ghir–O-Karzin station in southern Iran. Soil data were determined using field and laboratory measurements (Table 1). DPM/RPM ratio or litter quality factor in rangeland ecosystems of the Ghir–O-Karzin (0.67) was set to the default values for grasslands [18] (Table 1). The RothC model was run at equilibrium (inverse mode) to calculate the amount of carbon returned to the soil from the annual plant residue, based on the known total soil carbon content, clay content, the inert organic matter (IOM), climatic conditions as well as the soil surface cover (Table 2). The model derives IOM for the 0–20 cm of the soil layer (Table 1) by using the following equation [30]:


IOM = 0.049 (total SOC) (1.139)











Model calibration was done based on a procedure adopted in previous studies [11,21], i.e., calibrating RothC at equilibrium state under the potential native vegetation by running the model in inverse mode. The model was run with climate, vegetation and soil conditions in rangelands of Ghir–O-Karzin’s BandBast at equilibrium state for 10,000 years ending in January 2002. The equilibrium condition represents the baseline for the evaluation of the management and climate change effects on soil organic carbon in the ecosystem. The calibration process run the model and automatically adjusted plant carbon inputs until simulated SOC stock were equal to the measured SOC stock (Table 2) in January 2002 [11,18,19,21,31]. Table 1 lists some of the parameters used in the model based on measured SOC stock in January 2002 that was derived from the study of Reference [32].




2.5. Validation of RothC Model


The RothC model was validated in the “forward mode” using the SOC stock data obtained from this study. Specifically, we compared the model output to a set of data independent from the calibration stage, i.e., the 4 monthly data from April to June 2014. Some statistical comparisons between the simulated and measured data based on determination factor (R2), root mean square error (RMSE) and performance efficiency (PE) were used for model validation (Equations (2) and (3)). The smallest value for RMSE is zero, indicating that there is no difference between measured and simulated values. The PE (Modeling Efficiency) has values ranging from −∞ to 1. The model’s best performance is at PE = 1. RMSE and PE were defined as:


  RMSE =       ∑   i = 1  n     (   O i  −  P i   )   2   n     



(2)






  PE = 1 −       ∑   i = 1  n     (   P i  −  O i   )   2      ∑   i = 1  n     (  O − Ō  )   2     



(3)




where Oi and Pi are observed data and the predicted SOC, Ō are the mean values from the observed data, and n is the number of the paired values.




2.6. Scenarios of Climate Change


According to the forecasts, Ghir–O-Karzin is expected to experience an increase in temperature and a decrease in rainfall amounts under predicted climate change conditions [23]. Using a General Circulation Model (UKMO), Koocheki et al. [23] have projected a mean yearly increase in temperature by 9.96% and 12.53% and an annual reduction in rainfall by 6.69% and 10.93% for the years 2025 and 2050 respectively. Climate scenarios used in this study were: P scenario (‘no climate change’ conditions or present climate condition based on the average monthly rainfall and mean monthly temperature during the period 1983–2014), CCH1 scenario (climate change conditions with a projected annual rainfall decrease by 6.69% and a mean annual temperature increase by 9.96%) and CCH2 scenario (climate change conditions with a further decrease by 10.93% in rainfall and increase by 12.53% in temperature compared to the scenario CCH1) (Table 3). The P scenario is classified into three sub-scenarios of P14–25, P14–50 and P25–50 whose respective climate conditions refer to the periods 2014–25, 2014–50 and 2025–50. The CCH1 scenario on the other hand refers to the climate change conditions for 2025, and the CCH125–50 scenarios was considered to provide climate condition for years of 2025–50. The CCH2 scenarios provide condition of climate change from 2025 to 2050, but with further decreases in rainfall and increase in temperature compared to the scenario CCH1. The values listed in Table 3 are used as input to the RothC model for the 2025 and 2050 period. It should be noted that due to the structure of the RothC model, the meteorological data (including climate change scenarios for future) is static for each period (for example at 2025 to 2050). That means that the value of each meteorological parameter (rainfall, temperature, and evaporation) for a given month will enter into the RothC model in the long-term simulation. The total monthly open-pan evaporation was calculated using Penman method for the year 2025 and 2050. Finally, the SOC stock change was simulated under one baseline scenario (P) and two climate change scenarios (CCH1 and CCH2). Statistical analysis was done with the least significant difference (LSD) test.





3. Results


3.1. Calibration of the RothC Model


The RothC model was calibrated at equilibrium state based on a procedure adopted in previous studies [13,24] and 40 soil samples collected in January 2002 were available from a previous study [32]. These 40 samples represented the original levels of SOC stock in these rangelands to be used in the RothC model. In this research when the RothC model was calibrated at equilibrium state, the simulated value was equal to the measured value of 16.68 Mg C ha−1 in January 2002. Based on inverse mode simulation, a carbon input to the soil of 0.9561 Mg C ha−1 (Table 2) was required to achieve the SOC stock of 16.68 Mg C ha−1 to a depth of 20 cm measured in January 2002. Having set the equilibrium conditions in this way for the native vegetation (arid rangeland), the model was run for future periods in the forward mode (1983–2014) and the outputs of these simulations will be used for model validation.




3.2. Validation of the RothC Model


The SOC stock data obtained from this study (April to July 2014) were used for model validation. A significant linear relationship (R2 = 0.76) was found between the measured total SOC stock and the simulated values (Figure 3). The root mean square error, indicating the total difference between the measured and simulated values was RMSE = 0.014, and performance efficiency was PE = 0.69 (Figure 3). This confirms that the RothC model accurately simulates the dynamics of SOC stock in the BandBast rangelands in southern Iran. The RothC performed well in predicting SOC of the rangelands of Ghir–O-Karzin’s BandBast (Figure 3), and the measured and simulated SOC stock values were closely distributed near the 1:1 line.




3.3. Simulation of the SOC Stock under Different Climate Change Scenarios


In the BandBast rangelands, the projected annual precipitation and the mean yearly temperature for 2014–25 (CCH1 scenario) and 2025–50 (CCH2 scenario) periods decreased by 6.69 and 10.93% and increased by 9.96 and 12.53% compared with the long-term values (mean annual precipitation 275.36 mm and mean monthly temperature of 23.94 °C) respectively (Figure 2). The actual SOC stock in December 2014 was 16.68 Mg C ha−1 and the value simulated by the model showed that after 11 years (2014–25) the SOC stock had decreased by 3.05% (16.17 Mg C ha−1) under the CCH1 scenario and by 0.23% (16.72 Mg C ha−1) under the P scenario (Figure 4 and Table 4). Additionally, there was a significant difference between the P and CCH1 scenarios during 2014 until 2025 (p < 0.01) (Figure 5).



With the highest increase in temperature and the highest decrease of rainfall, from CCH1 to CCH2 (for 2025–50 period) (Figure 2), SOC stock decreased from 16.17 to 15.60 Mg C ha−1 under CCH2 scenario during 2025 until 2050 (Figure 4). Long-term changes of SOC stocks in response to climate change from 2025 until 2050 showed significant differences (p < 0.01) (Figure 5), and the minimum (0.05%) and maximum (3.53%) losses of SOC stock were observed in the P and CCH2 scenarios (Table 4). Additionally, with continued climatic condition of CCH1 scenario from 2025 until 2050, SOC stock decreased by 2.36% (Table 4). The trend of soil organic carbon stock during the 25 years (2025–50) was decreasing under the CCH1 and CCH2 scenario (Figure 4). Generally, at higher temperature and also lower precipitation, SOC stocks decreased significantly in the two scenarios of CCH1 and CCH2 in comparison with the no climate change (P scenario) scenarios (Figure 4 and Figure 5).



With continued climatic conditions of CCH1 from 2014 until 2050 the SOC stock decreased by 0.24% and 5.36% under the P and CCH1 scenario, respectively (Table 4) and a significant difference (p < 0.01) was observed between them (Figure 5). Conversely to the considerable reduction of SOC stocks under the CCH1 and CCH2 scenarios, the trend of SOC stocks under P scenario during 36 years (2014–50) was in a steady-state indicating these rangelands are in equilibrium state (Figure 4).





4. Discussion


Measured SOC stocks were well correlated with predicted values obtained from the RothC simulation using the current scenario (P scenarios), with PE values of 0.69 (Figure 3). The results of the model validation indicated that the RothC model has been able to simulate the changes of soil organic carbon (Figure 3). Therefore, the RothC model can be applied for simulating the dynamics of SOC stock in the arid rangelands of BandBast region. Several previous studies [11,21,31] on the performance of the RothC model for the simulation of the soil organic carbon stock have also been consistent with the result of this study.



Our study also showed that the SOC stock during the 36 years of evaluation decreased by 0.23% under the P scenario (Table 4) however the change in comparison with the baseline year (2014) was not significant (Figure 5). We can therefore state that in general terms the BandBast rangelands are in equilibrium conditions [31]. Modeling soil organic carbon stock in the same rangelands, authors of Reference [33] stated that the SOC of rangelands was in equilibrium during the simulation period. In natural conditions, the input of carbon in the form of litter is equal to the output of carbon in the form of CO2 and rangelands are in a state of equilibrium as reported by Reference [34]. Several modeling studies [34] also have shown that the soil carbon content ranges are very close to the amount of carbon that had been measured and recorded in the previous years, when there were no specific management practices implemented.



The climatic scenario CCH1 had a significant impact on SOC stock dynamic when compared to no climate change scenario (P scenario) (Figure 4 and Figure 5). There was an overall decreasing trend of SOC stocks in the CCH1 scenario (Figure 4 and Figure 5), and in the arid rangelands of BandBast, SOC stock would decrease by 3.05% in 2025 and up to 2.36% in 2050 under CCH1 scenarios (Table 4). As stated by Reference [35], any climate change with decreasing annual precipitation and more intensive rainfall events are likely to change soil structure and soil quality, particularly within the top soil, which may significantly affect SOC stock.



With temperature increases and decreasing rainfall in the BandBast rangelands, from 2014 onwards, SOC stock reduced significantly with the CCH1 scenarios in comparison with the no climate change scenario (P) (Figure 4 and Figure 5). Other researchers [13,31] have indicated that increased temperatures might enhance the release of CO2 to the atmosphere from SOC. Temperature increases will accelerate decomposition, and consequently increase the loss of SOC stock in the upper layer of the soil [12]. As reported by Reference [13] using the RothC model, results indicated that SOC stock will decrease by 2–6% during 40 years, under the climate change scenarios in rangeland’s of southern Ireland. Using the CarboSOIL model, Muñoz Rojas et al. [10] also have shown that climate change had a negative impact on SOC contents in the upper layers of the soil section in Andalusia. They stated that land uses with little or no vegetation cover would be severely affected by climate change and provided evidence for large decreases of SOC stocks in the studied area [10]. The authors of Reference [16] also stated that future climatic scenarios can decrease SOC stocks in the upper sections of the soil profile when rainfall decreases as compared to increases in deeper layers. Jebari et al. [8] also using the RothC model, predicted that SOC content will decrease in the different climate change scenarios in comparison with no climate change scenario for future decades overall Spain. In our study, simulations of the SOC in the rangeland of BandBast area in Ghir–O-Karzin are in agreement with the aforementioned research results since SOC decreases under climate change conditions were predicted by the model.



In addition, the RothC model predicted that more SOC will be lost due to climate change under CCH2 scenario from 2025 until 2050 (Figure 4). Under dry climate conditions, processes of soil degradation are accelerated, so that less rainfall provides lower soil moisture that results in a reduced growth and survival of vegetation and a lower storage of soil organic matter [36]. In this study, model simulation predicted that the SOC stock under the CCH1 and CCH2 scenarios showed a more declining trend than the P scenario (Figure 4). Based on these results, we could expect that the climate change may accelerates the decomposition of the SOC which is in accordance with previous studies [9,10,12,37]. Additionally, with climatic conditions from 2014 until 2050 the SOC stock will decrease by 0.24% and 5.36% under the P and CCH1 scenario, respectively (Table 4) and a significant difference (p < 0.01) was observed between them (Figure 5). Muñoz Rojas et al. [10] have also stated that, the absolute values cannot be directly compared among the studies due to the differences in the soil sections, therefore they compared their results with other researches based on percentage change. According to our findings however, the result of our simulations procedures (Table 4) were consistent with study of Reference [13], which projected SOC losses by 2–6% during the 40 years under the climate change scenarios in rangelands of southern Ireland.



In addition, simulations predicted the lowest SOC stock in CCH2 scenario (Figure 4 and Figure 5) compared to the CCH1 scenario (Table 4). Furthermore, SOC stock seems to be decreasing more slowly under CCH1 than CCH2 climate change scenario (Figure 4). As a consequence, losses of SOC under CCH2 and CCH1 were 3.53% (0.57 Mg C ha−1) and 2.36% (0.38 Mg C ha−1) respectively (Table 4) and there was a significant difference (p < 0.01) between them (Figure 5).



In this study, however, the plant inputs were set at the same value in the current and future climate scenario since there are contradictory viewpoints about the effects of increase in temperature on the plant carbon inputs to soil [38,39]. Recently, Mishra et al. [40] stated that changing carbon inputs under climate change is not supported by specific scientific findings. In spite of the fact that some researchers [19] indicated that the negative effects of climate change on soil organic carbon was not significant, our study on the other hand showed that in arid rangelands BandBast climate change had a significant reduction effect on carbon storage with both scenarios (CCH1 and CCH2).




5. Conclusions


The RothC model estimated the SOC stock with an acceptable accuracy and therefore was used for evaluating the effect of climate change scenarios on SOC stock in the arid rangelands of Ghir–O-Karzin’s BandBast. Additionally, RothC model can be used as a tool for environmental assessments related to the climatic change. The comparison of results indicates that both the two climate change scenarios (CCH1 and CCH2) significantly affected the average annual SOC stock. The study showed however, that the SOC stock trends in the CCH1 and CCH2 scenarios are more declining compared with the P scenario. The RothC simulations with the high increases in temperature and decreases of rainfall that may occur in the rangelands of BandBast predicted very high SOC stock decreases. Results of predictions obtained in this study can be used for decision-making and for the adoption of proper management practices in other arid rangelands of Iran.







Author Contributions


Conceptualization, B.A., S.F.A., and R.F.; Methodology, B.A., and R.F.; Software, B.A., and R.F.; Validation, B.A., and R.F.; Formal analysis, B.A., and R.F.; investigation, B.A., S.F.A., M.H.G., and R.F.; Writing—original draft preparation, B.A., and M.H.G.; Writing—review and editing, B.A., and R.F.; Project administration, B.A., S.F.A.; Funding acquisition, M.H.G.




Funding


This research was supported by the Shiraz University through a grant provided by the Department of Natural Resource and Environmental Engineering.




Acknowledgments


The authors gratefully acknowledge the Iranian University of Shiraz for the financial supports. We are highly grateful to Kevin Coleman (UK), who provided us with the RothC Model software. Additionally, authors are most grateful to M. Yazdanifar, H. Ebrahimi, A. Saeed-Mucheshi, F. Moradi, M. Romyani, Sh. Rahimi, B. Solaymani and G. Azizi for field sampling. We thank the anonymous reviewers for their comments and suggestions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lal, R. Sequestering carbon in soils of arid ecosystems. Land Degrad. Dev. 2009, 20, 441–454. [Google Scholar] [CrossRef]

	



Khalil, M.I.; Francaviglia, R.; Henry, B.; Klumpp, K.; Koncz, P.; Llorente, M.; Madari, B.E.; Muñoz-Rojas, M.; Nerger, R. Strategic Management of Grazing Grassland Systems to Maintain and Increase Organic Carbon in Soils. In CO2 Sequestration; Frazão, L.A., Olaya, A.M.S., Cota, J., Eds.; IntechOpen: London, UK, 2019. [Google Scholar]

	



Smith, P.; Fang, C.; Dawson, J.J.; Moncrieff, J.B. Impact of Global Warming on Soil Organic Carbon. Adv. Agron. 2008, 97, 1–43. [Google Scholar]

	



Easdale, M.; Bruzzone, O. Anchored in ’average thinking’ in studies of arid rangeland dynamics—The need for a step forward from traditional measures of variability. J. Arid. Environ. 2015, 116, 77–81. [Google Scholar] [CrossRef]

	



Larreguy, C.; Carrera, A.; Bertiller, M. Reductions of plant cover induced by sheep grazing change the above-belowground partition and chemistry of organic C stocks in arid rangelands of Patagonian Monte, Argentina. J. Environ. Manag. 2017, 199, 139–147. [Google Scholar] [CrossRef] [PubMed]

	



Montané, F.; Romanyà, J.; Rovira, P.; Casals, P. Aboveground litter quality changes may drive soil organic carbon increase after shrub encroachment into mountain grasslands. Plant Soil 2010, 337, 151–165. [Google Scholar] [CrossRef]

	



Azad, B.; Afzali, S.F.; Ghanbarian, G.A. Modeling the effect of vegetation conversion and climate change on soil organic carbon stock dynamics in a complex ecosystem. J. Soil Manag. Sustain. 2019, 9, 83–99. [Google Scholar]

	



Jebari, A.; Del Prado, A.; Pardo, G.; Martín, J.A.R.; Álvaro-Fuentes, J. Modeling Regional Effects of Climate Change on Soil Organic Carbon in Spain. J. Environ. Qual. 2018, 47, 644–653. [Google Scholar] [CrossRef] [PubMed]

	



Mondini, C.; Coleman, K.; Whitmore, A.; Whitmore, A. Spatially explicit modelling of changes in soil organic C in agricultural soils in Italy, 2001–2100: Potential for compost amendment. Agric. Ecosyst. Environ. 2012, 153, 24–32. [Google Scholar] [CrossRef]

	



Muñoz-Rojas, M.; Jordan, A.; Zavala, L.M.; González-Peñaloza, F.A.; De La Rosa, D.; Anaya-Romero, M. Modelling soil organic carbon stocks in global change scenarios: A CarboSOIL application. Biogeosci. Discuss. 2013, 10, 10997–11035. [Google Scholar] [CrossRef]

	



Soleimani, A.; Hosseini, S.M.; Bavani, A.R.M.; Jafari, M.; Francaviglia, R. Simulating soil organic carbon stock as affected by land cover change and climate change, Hyrcanian forests (northern Iran). Sci. Total Environ. 2017, 599, 1646–1657. [Google Scholar] [CrossRef]

	



Wan, Y.; Lin, E.; Xiong, W.; Li, Y.; Guo, L. Modeling the impact of climate change on soil organic carbon stock in upland soils in the 21st century in China. Agric. Ecosyst. Environ. 2011, 141, 23–31. [Google Scholar] [CrossRef]

	



Xu, X.; Liu, W.; Kiely, G. Modeling the change in soil organic carbon of grassland in response to climate change: Effects of measured versus modelled carbon pools for initializing the Rothamsted Carbon model. Agric. Ecosyst. Environ. 2011, 140, 372–381. [Google Scholar] [CrossRef]

	



Muñoz-Rojas, M.; Doro, L.; Ledda, L.; Francaviglia, R. Application of CarboSOIL model to predict the effects of climate change on soil organic carbon stocks in agro-silvo-pastoral Mediterranean management systems. Agric. Ecosyst. Environ. 2015, 202, 8–16. [Google Scholar] [CrossRef]

	



Carvalho, G.L.D.; Maria, C.I.; Equardo de sa, M. Trees modify the dynamics of soil CO2 efflux in coffee agroforestry systems. Agric. For. Meteorol. 2016, 224, 30–39. [Google Scholar]

	



Álvaro-Fuentes, J.; Easter, M.; Paustian, K. Climate change effects on organic carbon storage in agricultural soils of northeastern Spain. Agric. Ecosyst. Environ. 2012, 155, 87–94. [Google Scholar] [CrossRef]

	



Chenu, C.; Angers, D.A.; Barré, P.; Derrien, D.; Arrouays, D.; Balesdent, J. Increasing organic stocks in agricultural soils: Knowledge gaps and potential innovations. Soil Tillage Res. 2019, 188, 41–52. [Google Scholar] [CrossRef]

	



Coleman, K.; Jenkinson, D. RothC-26.3-A Model for the turnover of carbon in soil. Evaluation of soil organic matter models. In Evaluation of Soil Organic Matter Models Using Existing Long-Term Datasets; Powlson, D.S., Smith, P., Smith, J.U., Eds.; Springer: Berlin/Heidelberg, Germany, 1996; pp. 237–246. [Google Scholar]

	



Gottschalk, P.; Smith, J.U.; Wattenbach, M.; Bellarby, J.; Stehfest, E.; Arnell, N.; Osborn, T.J.; Smith, P. How will organic carbon stocks in mineral soils evolve under future climate? Global projections using RothC for a range of climate change scenarios. Biogeosci. Discuss. 2012, 9, 411–451. [Google Scholar] [CrossRef]

	



Smith, P.; Smith, J.U.; Franko, U.; Kuka, K.; Romanenkov, V.A.; Shevtsova, L.K.; Wattenbach, M.; Gottschalk, P.; Sirotenko, O.D.; Rukhovich, D.I.; et al. Changes in mineral soil organic carbon stocks in the croplands of European Russia and the Ukrain, 1990–2070; Comparision of three models and implications for climate mitigation. Reg. Environ. Chang. 2007, 7, 105–119. [Google Scholar] [CrossRef]

	



Francaviglia, R.; Coleman, K.; Whitmore, A.P.; Doro, L.; Urracci, G.; Rubino, M.; Ledda, L. Changes in soil organic carbon and climate change—Application of the RothC model in agro-silvo-pastoral Mediterranean systems. Agric. Syst. 2012, 112, 48–54. [Google Scholar] [CrossRef]

	



Martins, C.S.; Macdonald, C.A.; Anderson, I.C.; Singh, B.K. Feedback responses of soil greenhouse gas emissions to climate change are modulated by soil characteristics in dryland ecosystems. Soil Boil. Biochem. 2016, 100, 21–32. [Google Scholar] [CrossRef]

	



Koocheki, A.; Nassiri, M.; Kamali, G.A. Climate indices of Iran under climate change. J. Iran. Field Crop Res. 2007, 5, 133–143. [Google Scholar]

	



IUSS Working Group (WRB). World Reference Base for Soil Resources 2014, Update 2015; International Soil Classification System for Naming Soils and Creating Legends for Soil Maps; World Soil Resources Reports No. 106; FAO: Rome, Italy, 2015; pp. 347–356. [Google Scholar]

	



Bouyoucos, G.J. Hydrometer Method Improved for Making Particle Size Analyses of Soils. Agron. J. 1962, 54, 464. [Google Scholar] [CrossRef]

	



Walkley, A.; Black, I.A. An examination of the degtjareff method for determining soil organic matter, and a proposed modification of the chromic acid titration method. Soil Sci. 1934, 37, 29–38. [Google Scholar] [CrossRef]

	



Blake, G.R.; Hartge, K.H. Bulk density. In Methods of Soil Analysis. Part 1. Physical and Mineralogical Methods; Soil Science Society of America, American Society of Agronomy: Madison, WI, USA, 1986; pp. 363–376. [Google Scholar]

	



Ellert, B.H.; Bettany, J.R. Calculation of organic matter and nutrients stored in soils under contrasting management regimes. Can. J. Soil Sci. 1995, 75, 529–538. [Google Scholar] [CrossRef]

	



Azad, B.; Afzali, S.F. Investigating the structural and practical of the Rothamsted model in assessing the effect of climate change on soil carbon sources. J. Environ. Water Eng. 2019, 5, 83–90. [Google Scholar]

	



Falloon, P.; Smith, P.; Coleman, K.; Marshall, S.; Falloon, P. Estimating the size of the inert organic matter pool from total soil organic carbon content for use in the Rothamsted carbon model. Soil Boil. Biochem. 1998, 30, 1207–1211. [Google Scholar] [CrossRef]

	



Azad, B.; Afzali, S.F. Modelling the impacts of climate change on the soil CO2 emissions in arid rangelands (Southern Iran). Desert Ecosyst. Eng. J. 2018, 7, 71–87. [Google Scholar]

	



Zareeian, G.R.; Sayed-jalali, S.A. Reload Semi-Detailed Soil Studies and Land Suitability Studies for Major Agricultural Products in Plain Ghir-o-Karzin-Fars Province; Ministry of Agriculture, Agricultural Education and Research Organization: Tehran, Iran, 2002; p. 80. [Google Scholar]

	



Azad, B.; Afzali, S.F.; Ghanbarian, G.A. Simulation of soil organic carbon stock in rangeland ecosystems of Ghir VA Karzin’s BandBast using the RothC model. In New Findings in Environmental and Agricultural Ecosystems; Renewable Energy and Environment Research Center: Tehran, Iran, 2014; pp. 1–14. [Google Scholar]

	



Tornquist, C.G.; Mielniczuk, J.; Cerri, C.E.P. Modeling soil organic carbon dynamics in Oxisols of Ibirubá (Brazil) with the Century Model. Soil Tillage Res. 2009, 105, 33–43. [Google Scholar] [CrossRef]

	



Cerdà, A. Relationships between climate and soil hydrological and erosional characteristics along climatic gradients in Mediterranean limestone areas. Geomorphology 1998, 25, 123–134. [Google Scholar] [CrossRef]

	



Novosádová, I.; Záhora, J.; Ruiz-Sinoga, J.D. The Availability of Mineral Nitrogen in Mediterranean Open Steppe Dominated by Stipa Tenacissima L.; Acta Universitatis Agriculturae et Silviculturae Mendelianae: Brunensis, Czech Republic, 2014; pp. 187–192. [Google Scholar]

	



Balkovic, J.; Schmid, E.; Skalský, R.; Novakova, M. Modelling soil organic carbon changes on arable land under climate change—A case study analysis of the Kočín farm in Slovakia. Soil Water Res. 2011, 6, 30–42. [Google Scholar] [CrossRef]

	



Ludwig, B.; Hu, K.; Niu, L.; Liu, X. Modelling the dynamics of organic carbon in fertilization and tillage experiments in the North China Plain using the Rothamsted Carbon Model—Initialization and calculation of C inputs. Plant Soil 2010, 332, 193–206. [Google Scholar] [CrossRef]

	



Ludwig, B.; Schulz, E.; Rethemeyer, J.; Merbach, I.; Flessa, H. Predictive modelling of C dynamics in the long-term fertilization experiment at Bad Lauchstädt with the Rothamsted Carbon Model. Eur. J. Soil Sci. 2007, 58, 1155–1163. [Google Scholar] [CrossRef]

	



Mishra, G.; Giri, K.; Jangir, A.; Francaviglia, R. Projected trends of soil organic carbon stocks in Meghalaya state of Northeast Himalayas, India. Implications for a policy perspective. Sci. Total Environ. 2020, 698, 134266. [Google Scholar] [CrossRef] [PubMed]








[image: Water 11 02107 g001 550] 





Figure 1. Location map of the BandBast rangelands in the south Iran. 
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Figure 2. Change in monthly precipitation (P), and monthly air temperature (T) under three climate scenarios, P, CCH1 and CCH2. 
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Figure 3. Measured and simulated SOC Stock in BandBast rangelands compared with 1:1 line. 
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Figure 4. Simulated yearly SOC dynamics under three climate scenarios (P, CCH1 and CCH2). 
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Figure 5. SOC stock for three periods 2014–25, 2025–50 and 2014–50 under different climate scenarios. Different superscript letters represent statistically significant differences between climate scenarios at p < 0.01 according to the least significant difference (LSD) tests. 
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Table 1. Soil and vegetation characteristics and climatic parameters in BandBast rangelands.
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	Parameter
	Value





	Location
	52°59′ N, 29°28′ E



	Total precipitation (mm)
	275.36



	Mean temperature (°C)
	23.94



	Total open-pan evaporation (mm)
	2910.98



	Texture (sand, silt, clay)
	36%; 51%; 13%



	Bulk density (gr/cm3)
	1.34



	pH
	8



	Initial total soil organic carbon (Mg C ha−1)
	16.68



	Soil depth (cm)
	20



	Soil type
	Entisols



	Farmyard manure C inputs (FYM) (Mg C ha−1)
	0



	Historical land use/native vegetation
	Rangeland
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Table 2. Input data, measured and modeled SOC stock in 2002 (mean values of the samplings in January 2002) in the native vegetation.
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	Vegetation Cover
	Clay (%)
	Inert Organic Matter (IOM ) (Mg ha−1)
	Modeled Soil C Inputs (Mg C ha−1)
	DPM/RPM a
	Measured SOC Stock (Mg C ha−1)
	Modeled SOC Stock (Mg C ha−1)
	Deviation (%) b





	Rangeland
	13
	1.2086
	0.9561
	0.67
	16.68
	16.68 c
	0.00







a Decomposable Plant Material/Resistant Plant Material; b Deviation (%) calculated as [100 × (modeled-m