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Organic Carbon Storage and Dynamics as Affected by the Adoption of Irrigation in a Cultivated Calcareous Mediterranean Soil
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Irrigation is in the spotlight of land-use planning in semi-arid and sub-humid regions. It can be a promising practice to promote soil organic C storage (SOC), although it may also involve an increase in soil GHG emissions. Assessing the impact of its adoption on SOC storage is crucial to better understand its potential role in terms of agricultural sustainability and climate policies. In this study, we measured and modeled the changes in soil organic C storage and dynamics in the tilled soil layer (0–30 cm) of an experimental field on a calcareous soil with two different crops (maize, a C4 plant, and wheat, a C3 plant), cultivated with and without irrigation for 7 years. We hypothesized that changes in SOC storage occur when introducing irrigation and/or different crops in an agrosystem, and that they would be related to changes in the incorporation of crop residues, their partitioning between the labile and the stable fraction, and C losses by mineralization. Our results validated theses hypotheses only partially. Over the 7-year study period, irrigation significantly increased total (TOC) and sand-size (50–2,000 μm) particulate organic C (POC50−2,000) stocks in the tilled layer (0–30 cm): +7.1% TOC and +12.1% POC50−2,000 for maize, and +7.0 and +12.3% for wheat. A parallel two-pool SOC model based on TOC and POC50−2,000 fractions and the C3-C4 plant shift allowed understanding that the observed changes in SOC storage were most likely related to an increase in C inputs from crop residues, and to a more efficient incorporation of these residues with irrigation. The mean residence time of SOC in the two modeled pools did not allow to support our hypothesis of changes in SOC mineralization with irrigation. The limitations of SOC fractionation, which implied that some labile fractions might have been lost from POC50−2,000 and recovered in the fraction identified as slow-turning, together with the interaction of the carbonate-rich mineral phase of this soil can explain at least partially this observation. We conclude that irrigation can contribute to effectively increase SOC storage in the mid-term, but its effect might be dependent upon the type of crops and soil.
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INTRODUCTION

Irrigation is a traditional strategy to expand and sustain agriculture in semi-arid and sub-humid regions (1). It allows to increase yields and provides farmers with wider crop farming options and more flexible planting dates (2). It can also be seen as a tool for adapting to climate variability (3, 4), although its sustainability in some regions has been questioned (5, 6).

Assessing the impact of the adoption of irrigation on soil quality and functioning, and in particular on organic matter storage, seems necessary to better understand its benefits and drawbacks in terms of agricultural sustainability and climate policies. In terms of soil organic C (SOC) storage, irrigation may have positive effects in arid and semi-arid areas (7, 8). It is, for instance, one of the measures considered within those proposed in the “4 per 1,000” initiative framework (9), which aims to address the global challenge of securing food for a growing population, while ensuring climate change adaptation and mitigation (10, 11). However, it is also known that irrigation can also increase GHG emissions compared to rainfed management, especially of those GHG associated with soil (12, 13). For Virto et al. (14), the net effect on C balance may be modulated not only by soil characteristics but also by soil management, since different agricultural strategies on irrigated systems can had different potential to sequester SOC and/or reduce GHG emissions.

In this context, assessing the net effect of change from rainfed to irrigated agriculture on SOC is crucial. This effect has indeed not been clearly demonstrated. For example, only 8 out of 14 long-term field experiments reviewed by Trost et al. (15) across different climate zones showed higher SOC contents in irrigated plots compared with rainfed plots. These eight experiments were all located in arid or desert regions, in contrast with the other six experiments from wetter regions, which displayed no significant differences. As SOC content depends mostly on C input from plants and decomposition processes, these results were explained by a greater irrigated-induced increase in primary productivity in dry areas compared with wetter regions, while SOC decomposition rates were assumed to be similar at all sites (10). Nevertheless, an increase in decomposition rates may be associated with changes in the water regime of the soil, which can favor the soil microbial activity (16). Accordingly, Aguilera et al. (17) showed that in the Mediterranean region, both soil C inputs and SOC decomposition rates increased with irrigation, obtaining inconsistent results in terms of the net effects on SOC storage. Similar results were observed by Zhou et al. (18) in a global meta-analysis.

In summary, the variations induced by irrigation in the soil C cycle can be expected to be different depending on the effects of the new water and soil management practices on soil C inputs, and C stabilization mechanisms (15, 18, 19). The role of these aspects as drivers of SOC dynamics is widely accepted (20, 21), as well as the critical interaction of the soil physical-chemical characteristics and the nature of the mineral phase of the soil with them (22, 23). In this sense, the protective nature of carbonate-rich soil matrixes could play a significant role in irrigated calcareous soils. In addition to the well-known higher stability of organic forms in Ca-rich soils compared to other soils in similar conditions (24, 25), carbonates can be sensitive to both moisture changes and acidification by increased roots respiration (26, 27), which should be accounted for when assessing the environmental and agronomic impacts of irrigation adoption in calcareous soils (28). A need for site-specific research to correctly assess this effect in the long term is therefore needed (13, 17, 29, 30).

Despite this evidence, there is still little information available at the regional scale to conduct a detailed analysis of the effect of irrigation adoption on SOC dynamics (10), notably because of the lack of paired irrigated and non-irrigated trials (31). The assessment of SOC changes associated with a land-use change such as a change in crop and/or irrigation regime in a given area requires some considerations. An important one is whether the change of use is likely to imply a transition period in which SOC stocks are not at steady state. For example, in a regional study conducted in Navarre (NE Spain), a positive effect of irrigation in terms of SOC storage was observed (32), but with variable annual rates depending on crops, climate and/or soil type (33). Understanding the mechanisms of SOC dynamics during this transition period remains a major research question (10).

Different approaches have been developed to assess the potential changes in SOC storage and dynamics in agricultural soils. Isotopic studies combined with the monitoring of field-scale parameters represent a powerful method for this purpose, and are frequently used in SOC modeling (34–36). In particular, the 13C natural abundance approach represents a widespread option for temporal and spatial modeling of SOC, with great applicability to evaluate SOC turnover (37–40).

This approach, when used in chronological studies, allows for testing models aiming to estimate the turnover, or the mean residence time (MRT) of SOC, by simulating the processes driving SOC dynamics, the balance between the soil C inputs and outputs, and the influence of land use and management on SOC dynamics (10, 41, 42). They can have a variable degree of complexity (43). In this sense, the decomposition of C inputs in the soil and their progressive incorporation into the soil organic matter pool represent an extremely complex process (21), to which, at least, two-pools models may give a closer representation over the first few years, offering good fits to this decay process (44). In these two-pools models, a fast- and a slow-cycling pool are considered, according to their biological stability toward decomposition (45, 46) and, therefore, representing SOC pools with contrasting turnover rates. For example, Derrien and Amelung (39) studied how different structures of simple models of SOC dynamics, representing different types of SOC incorporation and stabilization dynamics, could affect the MRT of SOC. They concluded that identifying the best choice of model structure is essential to get as close to the natural system evaluated with a minimal error as possible. These authors studied different mechanistic processes controlling SOC stabilization, from the simplest one with one single SOC pool, to different combinations of two successive or two parallel SOC pools.

In this context, when different pools are considered in the model, a well-defined SOC fractionation protocol is required to separate and analyze fractions corresponding to these modeled pools (47). Indeed, in many cases, the convergence of the conceptual pools defined in models with their corresponding fractions of SOC can be considered the real challenge in their parametrization (48–50). As such, Six et al. (51) already observed that the isolation of functional pools of soil organic matter sensitive to land use changes can be elusive.

Poeplau et al. (52), in a study comparing fractionation methods to recover fractions with varying turnover rates, concluded that none of the 20 methods tested was able to properly isolate the most labile fractions representing the fast-cycling labile C pools described in biogeochemical models. In their study, the fraction most enriched in labile C recently arrived into the soil, was the coarse (sand size) light organic fraction or particulate organic matter. In fact, the organic C in the size fraction 50–2,000 μm has been often considered as functionally representing the fast cycling /labile organic C pool (53–55). The isolation of such fraction can however be elusive, and its effectiveness depends upon soil characteristics (56).

Carbon inputs from crop residues are also a critical parameter in these models (39), as observed by Keel et al. (57), who reported large uncertainties in the simulated changes of SOC by applying different approaches to estimate C inputs with the same decomposition model. In addition, it is known that the proportion of these residues which actually enters the soil at a given depth may depend on the physical distribution and fate of crop residues between harvesting and incorporation with tillage (58), and that changes in moisture conditions in the soil can affect the proportion of C actually incorporated per unit C in crop residues (59).

In this study, we aimed to investigate the changes in SOC storage and dynamics in a sub-humid calcareous Mediterranean soil 7 years after the introduction of sprinkler irrigation. For this purpose, a C3-to-C4 plant-shift experiment was set up in Enériz (Navarra, Spain) with two of the most widespread crops in the region, wheat and maize, taking advantage of the introduction of irrigation in an area where both crops can complete their growing season with and without irrigation.

We hypothesized that (i) irrigation and the crop conversion from wheat (a C3 plant) to maize (a C4 plant, with higher biomass production than wheat) would lead to changes in SOC storage, and (ii) that these changes would be related to changes in the incorporation of crop residues, their partitioning between the labile and the stable fraction, and C losses by mineralization.

The objectives of this work were (i) to study the relationship between the introduction of irrigation and its consequences in terms of C storage in both crops, and (ii) to model the process of SOC stabilization in these agroclimatic conditions, in order to (ii.1) define a basic mechanistic model that can explain the changes associated to the implementation of irrigation, and (ii.2) to understand how the introduction of irrigation can induce changes in this process.



MATERIALS AND METHODS


Site, Soil, and Crops Sampling

The study field is located in Navarre, NE Spain (42°40′18.74″N; 1° 45′ 4.65″W) within a sub-humid temperate Mediterranean climate area. The mean annual temperature is 13.4°C, and mean annual rainfall and potential evapotranspiration (PET) are 565 and 722 mm, respectively. The average monthly distributions of PET and rainfall are shown in Figure 1. In this field, rainfed maize is in its geographical limit for profitable standard production, but can still be grown.


[image: Figure 1]
FIGURE 1. Monthly average rainfall (bars) and potential evapotranspiration (PET, solid line) data at the experimental site. Source data series: 1925–2018 (60).


The soil is a Calcic Haploxerept (61) or Calcic Cambisol (62), developed on carbonate-rich siltstones and sandstones. It is a fine-loamy deep soil, with 38% carbonates by mass (pH = 8.2), and average clay content of 29% in the upper horizon (0–30 cm).

This field was managed for at least five decades as a traditional rainfed dryland field under conventionally tilled (chisel plow) and cultivated with C3 crops [mostly wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.)] before the area was converted to irrigated farmland. At that moment, in 2010, and taking advantage of the introduction of irrigation, a C3-to-C4 plant shift experiment was set up with the aim of long-term monitoring the effect of climate manipulation with irrigation under different crop systems. Winter wheat (T. aestivum L.) and maize (Zea mays L.), a C3 and C4 plant, respectively, corresponding to the two most widespread extensive crops in the region, and differing in their primary productivity, were selected for the experiment, and grown for 7 years with and without irrigation. This allows for long-term monitoring of different crop and soil parameters in both crops, while keeping a C3 control under irrigation for modeling purposes.

The experimental design was conceived to monitor four combinations of crops and irrigation regime: rainfed wheat (W-rf), irrigated wheat (W-irr), rainfed maize (M-rf), and irrigated maize (M-irr).

To that end, the field was split into two large areas of 2,600 m2, one with irrigation and the other without, given the impossibility of varying the level of irrigation and of controlling belowground water transfers on a small scale, and the differences in irrigation regime in both crops,. For these same reason, each area was then divided into two large subareas devoted to winter wheat and maize, respectively, and separated by a buffer due to the different irrigation and management schedules of wheat and maize. This design ensured an adequate distribution of irrigation in time and space for both crops. Winter wheat and maize were grown for the 7 years of the experiment.

Within each sub-area, a grid of 6 plots (6 × 10 m) separated by 4 m wide corridors was stablished for soil sampling. This allowed for a systematic sampling to ensure complete coverage of the field for good representativeness, and to avoid contour effects of small sampling plots, in each subarea with W-rf, W-irr, M-rf, and M-irr. This sampling strategy was used first for verification of the homogeneity of soil properties known to affect crop yields and SOC stabilization among the four subareas [namely texture (58), carbonates content and available water-holding capacity, AWHC, Supplementary Tables 1, 2]. Then, the soil in each of the 6 plots in the grid per crop-irrigation combination subarea was sampled every year except for year 5, after the incorporation of the crop residues biomass into the soil through tillage (in early fall for wheat and early spring for maize). Each year the sampling date was precisely determined by computing thermal integrals for each crop, so that the number of degree-days accumulated between residues incorporation and sampling was equivalent for both crops (data not shown).

In all cases, undisturbed (100 cm3 soil cores for bulk density) and disturbed composite samples were collected at 0–30 cm. For disturbed samples, five sub-samples were collected at random per plot, avoiding the perimeter first meter, and gently pooled to obtain one composite sample, and air-dried.

Sprinkler irrigation was used in this field for W-irr and M-irr. Because of the local distribution of rainfall (Figure 1), and the cycle and water demands of both crops, the irrigation schedule and amounts was different for W-irr and M-irr. Irrigation in W-irr was used in March, April, May and June, and it was continuous from June to September in M-irr. The average water supply by rainfall within the growing season each year, for the seven years of the experiment in wheat was of 182 ± 70 L m−2, and the average total water supply in the growing season per year, complemented by irrigation, in W-irr was of 281 ± 66 L m−2. For maize, the average water supply by rainfall within the growing season for the years of the experiment was of 143 ± 73 L m−2, and it was complemented with irrigation in M-irr to get an average amount of 709 ± 99 L m−2 in the growing season (63).

Crops and soils management were conducted following the local conventional practices for both crops (Table 1). Crop residues incorporation was done in early fall for wheat, and early spring for maize, through inversion tillage (0–30 cm). For both crops, the average dose of fertilizers and herbicides used in the area was applied (Table 1).


Table 1. Soil and crops management.

[image: Table 1]

Crop yields were controlled during the seven growing seasons of the study by harvesting each individual plot with a Haldrup C-85 mechanical harvester (Haldrup, Denmark). Before harvesting, aboveground plant biomass (AGB) was quantified by counting the number of plants in 2 linear meters and collecting and dry-weighing 5 of these plants for maize. For wheat controls, before harvesting, plants were collected and dry-weighed within a sampling frame of 0.3 m2 in each plot (6 plots per subarea). From these plants, the harvest index (HI) was determined as the ratio of grain yield and total AGB. The total amount of aboveground crop residues potentially incorporated into the soil was then determined for each plot using HI and the measured grain yield at harvest. Belowground biomass was estimated using empirical allometric relations given by IPCC (64), as a percentage of AGB (24% in wheat, 22% in maize). The C concentration in each crop was analyzed (see following section), and used to convert AGB and belowground biomass into organic C data, as an expression of crop residues-C potentially incorporated into the soil. Accumulated crop residues-C within the 7 years of the study where accounted from annual crop residues-C estimations.



Analytical Methods and SOC Storage Determination

Prior to analyses, air-dried disturbed soil samples were sieved at 2 mm in a device allowing for complete disaggregation of large clods and fragments of organic debris, to ensure the highest possible recovery of aggregates and particles <2 mm, and thoroughly homogenized. Part of the fresh maize and wheat samples (leaves, stalks and cobs in maize) collected were dried at 105°C, finely ground and homogenized.

At year 0, standard methods were used to determine the soil particle-size distribution (65). Carbonates were analyzed using a calcimeter after complete reaction of a finely ground sample with HCl 1M (66). Also, AWHC was determined as the difference in water retained at−33 and −1,500 KPa in a pressure plate extractor (67) from disturbed and undisturbed samples, respectively.

Every sampling year, total organic C (TOC) was determined in soil samples by wet oxidation (Walkley-Black method) following the protocol given in Tiessen and Noir (68) due to the elevated carbonate content (69). The organic C in the particulate size fraction 50–2,000 μm (POC50−2,000) was isolated by the method described in Virto et al. (70) where 10 g of air-dry soil (<2 mm) were dispersed by shaking overnight in 150 mL of a 5% (NaPO3)6 solution (pH = 6.13), and sieved to collect the fraction > 50 μm (71). This fraction was chosen with the aim of keeping the soil organic matter model simple (two pools), considering it as functionally representing the fast cycling/labile organic C pool (53–55). Although mechanical dispersion methods such as shaking with glass beads have been reported to be more adequate for the isolation of this fraction, they seem not to be adequate in clay and carbonate-rich soils (56). The use of a (NaPO3)6 solution of pH 6.13 was therefore preferred, and the risk of organic C loss from this fraction by dissolution was minimized by reducing rinsing as much as possible. Organic C concentration in this fraction was measured by wet oxidation after drying and grinding the fraction to a powdery consistency (68).

TOC and POC50−2,000 stocks in the tilled layer were calculated for W-rf, W-irr, M-rf and M-irr using concentrations, and bulk density data for an equivalent dry soil mass (72) of 4,771 kg m−2, corresponding to the soil mass of the lowest recorded average bulk density in the tilled depth (0–30 cm) across plots and years, which was recorded in M-rf at year 7, to avoid corrections based in unknown bulk density and SOC concentrations beyond this depth (73, 74).

Three plots out of 6 were randomly chosen to analyze the natural abundance of 13C in TOC and POC50−2,000 samples, as well as in maize and wheat vegetal tissues. These analysis were performed on a CN elemental analyzer (NC 2500, Carlo Erba, Milano, Italy) coupled to a mass spectrometer (Thermo Quest-Finningan Delta Plus, Bremen, Germany). Acid fumigation (75), which was reported by previous studies to not affect the organic C concentration or isotopic signature (24), was used before analysis to remove soil carbonates.

For modeling purposes, the proportion of maize-C at time t in the chronological study (F(t)) in both TOC and POC50−2,000 was quantified in M-rf and M-irr samples considering that the isotope composition of SOC after the introduction of maize (δsample) can be expressed as (35):
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where Cold and Cnew are the soil C contents from the old and the new crops (former C3 vegetation and maize, respectively), δsample is the δ13C of the soil studied sample, δold is the δ13C of the original SOC (t = 0) and δnew is the average δ13C of new maize plant material (−12.7 ± 0.1 ‰ in M-irr, and −13.5 ± 0.2‰ in M-rf).

F(t), the proportion of C derived from the new C4 crop is calculated as:

[image: image]

Values of F(t) were calculated for each plot independently, for TOC and POC50−2,000, in relation to the average value of δ13C in the W-rf plots (δold = −26.6 ± 1.2‰) which is considered to be representative of previous soil condition (76). For verification, δ13C from TOC and POC50−2,000 in W-rf and W-irr samples was measured at years 0, 2 and 7, and no significant differences were observed (data not shown). The amount of C4-C stored in any fraction and moment in time (C4-C stock) can be calculated as the product of C in that fraction and F(t). Thus, this amount for TOC (C4-TOC) and POC50−2,000 (C4-POC50−2,000) was calculated for the 7 years of study, except for year 5, in the M-rf and M-irr.



Statistical Analysis of SOC and POC Storage

The changes in TOC and POC50−2,000 over time were analyzed, using the nlme package of R (77). Given that we were dealing with a longitudinal study design, the assumption of independence of TOC and POC50−2,000 data from the same plot in time typically does not hold. In addition, considering the characteristics of the experimental design, data of TOC and POC50−2,000 were considered embedded in a hierarchical structure, so that different plots are nested within each subarea, while the observations over time constitute a cross effect. This structure creates additional dependences for data from the same subarea, and for data from the same year. In order to take these dependences into account when analyzing crop, irrigation and year effects, different linear mixed models (LMMs) with fixed and random effects were considered. These included a mean structure based on crop, irrigation and year effects, and their (potential) interactions to analyze year-specific or non-specific crop and irrigation effects. The LMM incorporated the possibility of a subarea-specific, plot-specific, and year-specific intercepts, which allows the LMM to explain the existing correlation in the measurements. The sources of dependence generated by the hierarchical structure were incorporated into the LMM through a random effect that explains the dependence of the measurements of the same subarea, and another random effect nested in the previous one, that explains the dependence of the measurements of the same plot over the years.

The residual errors of the model conditionally maintained the classical assumption of independence (78), an assumption that was checked with a subsequent analysis (see below). We also analyzed the residual error variances, confirming the existence of statistically significant heteroscedasticity as a year-specific variance. Thus, the LMM equation for TOC measurements was the following:
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Where TOCijt is the value of TOC measured for unit(plot) i (i = 1,…,24), which belongs to subarea j (j = 1,…,4), at year t (t = 1, 2, 3, 4, 6, and 7) with β0 denoting the intercept, β1 the year continuous effect, β2t the year-specific crop effect and β3 the constant irrigation effect. The random part of the model included two random effects: δSj, the specific subarea random intercept, and the specific plot random intercept (δPi) nested in the previous one. Finally, εit denotes the residual random error.

The random intercepts δSj and δPi are distributed independently with mean 0 and constant variances, [image: image], respectivelly, and the conditional distributions of the residuals, εit|δ, are distributed with mean 0, (E(εit|δ) = 0) and year-specific variance (Var(εit|δ) = σ2t) and independent of all random intercepts δSj and δPi.

The estimated standard deviation of the random base effects of zero mean for each subarea (δSj) and plot (δPi), as well as the conditional standard deviation of the random residue (εit) for each year t, are shown in Supplementary Table 3. The assumption of independence of the residual errors of the model was checked by studying the distribution of Pearson residuals against the fitted values of the model for each subarea (Supplementary Figure 1). No correlation among them related to the subareas was observed, which supports the assumption of independence between subareas. Finally, the normality of errors was tested by studying their deviation from a linear trend in a Q-Q plot (Supplementary Figure 2). Only small deviations were observed, supporting the hypothesis of normality.

The same approach and model were also applied for POC50−2,000 stocks data analysis.

Finally, considering the experimental design, accumulated C in crop residues was assessed by comparing the intervals of values observed in each subarea. Differences between subareas were only considered as significant when these intervals did not overlap.



Modeling of SOC Dynamics

Soil organic carbon dynamics in M-irr and M-rf were simulated with a two-pool modeling approach, with both pools submitted to exponential decomposition kinetics. Pool 1 (P1) consists of rapidly-decomposable organic matter with a fast decay rate (k1) and, consequently, a short MRT1 (MRT1 = 1/k1). Pool 2 (P2) represents a pool with a slower decay rate (k2) and a longer MRT2 (MRT2 = 1/k2).

There are different options for coupling the two pools. We tested a two sequential-pools model (sequential) and a two parallel-pools model (parallel) (Figure 2), as those described by Derrien and Amelung (39), adding a new parameter (Incorporated fraction, IF) to account for the increasingly acknowledged possibility that only a proportion of crop residues would be effectively incorporated as C inputs into the soil (79). In the sequential option, C inputs are first directed into P1. When C leaves P1, a proportion (tr) is transferred to P2 and the rest is lost as CO2. The C eventually leaving P2 is fully lost as CO2. In the parallel option, it is assumed that C inputs are directed into both pools P1 and P2. A proportion (s) is allocated to the pool P1, and the remainder (1 – s) enters the pool P2. There is no C exchange between the two pools. Carbon leaving P1 and P2 is lost as CO2.


[image: Figure 2]
FIGURE 2. Flow chart of the two two-pools models considered in this study for soil organic C dynamics, two sequential pools model (A) and two-parallel pools model (B), where Pool 1 cycles more rapidly than Pool 2.


At steady state, the SOC stocks in the two pools, Css_P1 and Css_P2, can be calculated as follows (39), for the sequential model:
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and for the parallel model:
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where I is the average amount of C inputs, and k1 and k2 are the decay rates of P1 and P2, respectively (Figure 2). The calculation of the mean or equivalent residence time in the whole system (MRTeq) is also possible from MRT1 and MRT2, plus tr or s data (see Supplementary Material).



Model Calibration

Model parameters were estimated by calibrating the model with the 7-year dataset from the three plots monitored for their isotopic composition in M-rf and M-irr, and assuming that the POC50−2,000 fraction represented the fast-cycling pool P1. A General Likelihood Uncertainty Estimation (GLUE) (80, 81) calibration procedure was applied. This approach enables to simultaneously (i) optimize the model parameters in order to obtain the best fit between the modeled and empirical datasets and (ii) quantify the uncertainties associated with parameter estimates. This Monte Carlo type of approach is based upon making a large number of runs of a given model with different sets parameter values, chosen randomly from specified parameter distributions. On a basis of comparing predicted and observed responses, each set of parameter values is assigned a likelihood of being a simulator of the system (80).

The amounts of simulated total SOC (P1 + P2) and C in the labile fraction (P1) were initialized using the average measured values of TOC and POC50−2,000 before the onset of the experiment (year 0), respectively. For each of the model parameters to optimize (IF, MRT1, MRT2, tr, or s), an initial interval of possible values was defined: (0–1) for the proportions IF, tr and s, (0–50 years) for MRT1, and (50–200 years) for MRT2. Each model parameter was assigned a random value within its interval. The model was then run and the performance of the model run was determined using the Root Mean Square Error (RMSE):

[image: image]

where n is the number of observation dates, and Oi and Pi are the observed and predicted proportions of C for each observation date i, respectively (39).

This process was repeated 6,000 times. Within these 6,000 combinations of model parameters, all parameter combinations leading to a calculated new steady-state total carbon pool (TOCss) >2.5-fold the initial carbon pool were rejected, on the basis of a regional-scale study conducted in the same area by Antón et al. (33). In this study, it was observed that SOC stocks in agricultural fields converted to irrigation were up to 1.8 times greater than those in similar soils under rainfed cropping conditions after 20 years.

Finally, the 50 combinations of parameters that resulted in the lowest values of total RMSE (Equation 8), were used to define a new interval of possible values for each parameter for the next cycle. The modeled parameter intervals obtained after 5 cycles were used to estimate the range of optimal model parameters and quantify their associated uncertainty. The number of cycles and the random parameter combinations were defined in order to ensure the repeatability of the GLUE-optimization procedure.

As for carbon input data, differences in mean residence time (MRT1 and MRT2), incorporated fraction of crop residues (IF) and in the proportion of C input allocated to the pool P1 (s) between M-irr and M-rf were assessed by comparing the intervals of possible model parameters values obtained through the GLUE procedure. Differences were only considered as significant when these intervals did not overlap.




RESULTS


Crop-Residues C, TOC, and POC50−2,000

Accumulated C in crop residues after 7 years were significantly higher (no overlapping of the intervals), in the irrigated than in the rainfed subareas where maize was cultivated (M-irr vs. M-rf), while no differences were observed between the wheat subareas (W-irr vs. W-rf, Figure 3).


[image: Figure 3]
FIGURE 3. Accumulated C in crops residues (Mg ha−1) in the 7 years of study per crop-irrigation combination. M-irr: maize, irrigated; M-rf: maize, rainfed; W-irr: wheat, irrigated; W-rf: wheat, rainfed. The box plots represent the median (n = 6), 25th and 75th percentiles. *Represents significant differences (no overlapping of the intervals).


The changes in TOC and POC50−2,000 for each of the 6 plots in each subarea, as well as the average evolution the subareas (W-rf, W-irr, M-rf, and M-irr) are shown in Figures 4, 5. The TOC and POC50−2,000 stocks at year 0 showed no significant differences between these four subareas (Year 0 in Figures 4, 5). The correlation observed in TOC and POC50−2,000 measurements in adjacent years for all W-rf, W-irr, M-rf and M-irr, supported the use of a LMM model (Equation 3). The average effects of the studied factors (crops and irrigation) on TOC and POC50−2,000, as observed with the LMM model are shown in Table 2.


[image: Figure 4]
FIGURE 4. Total organic C (TOC) stocks (Mg ha−1) in the six plots per crop-irrigation combination, and average values over time (dashed line). M-irr, maize, irrigated (A); M-rf, maize, rainfed (B); W-irr, wheat, irrigated (C); W-rf, wheat, rainfed (D).



[image: Figure 5]
FIGURE 5. Particulate organic C (POC) stocks (Mg ha−1) in the six plots per crop-irrigation combination, and average values over time (dashed line). M-irr, maize, irrigated (A); M-rf, maize, rainfed (B); W-irr, wheat, irrigated (C); W-rf, wheat, rainfed (D).



Table 2. Estimations from the linear mixed-effects model (LMM) for the changes in time of TOC and POC50−2,000.

[image: Table 2]

A significant trend of TOC (and POC50−2,000) to increase was observed over the years in the four subareas, confirming the increasing trends observed in Figures 4, 5. This observation implies that none of the subzones could be considered to be at steady-state in terms of C storage after 7 years of experimentation.

A significant mean effect associated with irrigation was detected. The LMM results explained this difference as an increase of 3.44 Mg C ha−1 in the mean value of SOC, and of 1.06 Mg ha−1 in the case of POC50−2,000 (Table 2). The LMM also showed an annual variation of SOC and POC50−2,000 associated with the different crops, which was of 1.02 Mg SOC ha−1 year−1 and of 0.49 Mg POC50−2,000 ha−1 year−1 in the case of maize, and of 0.51 Mg SOC ha−1 year−1 and of 0.03 Mg POC50−2,000 ha−1 year−1 for wheat (Table 2).

According to these trends observed in the LMM model, the overall effect of irrigation on TOC stocks in year 7 would be of +7.1% between M-irr and M-rf, and of +7.0% between W-irr and W-rf. In the case of POC50−2,000, the differences in year 7 between M-irr and M-rf would be of +13.7%, and of +13.9% between W-irr and W-rf.

Overall, the greatest observed difference between POC50−2,000 and TOC data was that the changes in POC50−2,000 were faster than those of TOC in all subareas (W-rf, W-irr, M-rf, and M-irr), with an average annual increase estimated for POC50−2,000 of +7.7% compared with +2.1% for TOC (Table 2).



Modeling Results
 
Two-Pool Models Testing

The sequential model, built on the assumption that POC50−2,000 corresponds to the fast-cycling pool P1, was not able to satisfactory reproduce SOC dynamics in the maize plots (Figure 6—parameter values given Supplementary Tables 4, 5). It correctly reproduced the change in stocks in TOC and POC50−2,000, but it could not reproduce the C4-C incorporation patterns. Whatever the time after conversion, observations indicated larger C4-TOC stocks than C4-POC50−2,000 stocks, which is contradictory to simulations with a sequential model of SOC dynamics. In a sequential model, during the first years after the crop conversion, the new C4 carbon is almost completely in P1, and there is no or negligible amounts of C4-C in P2, as shown by the superposition of the simulated curves for C4-C in P1 and C4-C in (P1+P2) in Figure 6.


[image: Figure 6]
FIGURE 6. Simulations of organic C and C4-C stocks dynamics in P1 (gray dashed lines) and (P1+P2) (dark lines) with the sequential model. The 50 best fits are represented. Total organic C (TOC, gray dots) and particulate organic C (POC, dark dots) observed data are also displayed (n = 3). Organic C (A), C4-C stocks (B), in M-rf (maize, rainfed) on top panels and organic C (C), and C4-C stocks (D) in M-irr (maize, irrigated) on bottom panels.


Unlike the sequential model, the parallel model successfully reproduced the dynamics observed for TOC and POC50−2,000 in the maize plots (both total stocks and kinetics of new C4-C incorporation, Figure 7). The 50 best combinations of parameters provided by the GLUE approach for this model are given in Supplementary Tables 6, 7. They were used to gain quantitative insights into the effect of irrigation on SOC dynamics, and are explained in the following section for M-rf and M-irr plots.


[image: Figure 7]
FIGURE 7. Simulations of C and C4 stocks dynamics in P1 (gray dashed lines) and (P1+P2) (dark lines) with the parallel model. The 50 best fits are represented. TOC (gray dots) and POC (dark dots) observed data are also displayed (n = 3). Organic C (A), C4-C stocks (B), in M-rf (maize, rainfed) on top panels and organic C (C), and C4-C stocks (D) in M-irr (maize, irrigated) on bottom panels.




Soil Organic Carbon Dynamics in Maize Plots

The intervals of possible model parameters generated by the GLUE optimization procedure for the irrigated and rainfed plots for MRT2, the split s parameter, and the incorporation factor of crop residues, IF (Figure 8) did not overlap. The proportion of C from crop residues incorporated into the soil (IF) was ~19% higher in the irrigated plots, from 0.36 (M-rf) to 0.43 (M-irr). MRT2 was also significantly higher in the irrigated plots (67.2 ± 3.6 years in M-rf against 86.3 ± 1.1 years in M-irr). The split of plant input (s) between P1 and P2 was slightly but significantly higher for the irrigated plots, favoring the incorporation into P1 by 8% in average over the whole set of parameters (0.39 ± 0.00 for M-rf against 0.42 ± 0.00 for M-irr).


[image: Figure 8]
FIGURE 8. Fifty best sets of parameters obtained for the parallel model with the GLUE procedure. Values of MRT1 (A), MRT2 (B), the split s parameter (C), and the proportion from crop residues incorporated into the soil (IF) (D) in the parallel model for rainfed maize (M-rf) and irrigated maize (M-irr). The boxplots represent the median (n = 50), 25th and 75th percentiles with the whiskers extending to the most extreme data points within the 1.5× of values generated by the model for each parameter. *Represents significant differences (no overlapping of the intervals of possible model parameters).


No effect was however observed for MRT1 (mean MRT1 obtained for the 50 best sets of parameters in M-rf was 49.8 ± 0.05 years against 49.3 ± 0.31 years for M-irr).





DISCUSSION


Observed Changes in TOC and POC50–2, 000

The first observation in the assessment of TOC and POC50−2,000 storage was that none of the four subareas (W-rf, W-irr, M-rf, and M-irr) was at steady state: all showed increments of both TOC and POC50−2,000 stocks in the 7 years of the study. In our hypothesis, this behavior was however only expected for the subareas including a change (irrigation and/or the introduction of maize, as in W-irr, M-rf and M-irr) from the original situation (rainfed C3 plants cropping, as in W-rf). An explanation for this can be the fact that cropping conditions were standardized when the experiment was designed, and carefully applied during the 7 years. In contrast, in the previous situation, the most extended rainfed agricultural practices in the area included low fertilization and frequent crop residues removal from the field (Apesteguía, personal comm.). In terms of the general assessment of organic C stabilization, this would imply that an improvement in fertilization routines and the restitution of crop residues can effectively increase SOC stocks in this region. Other studies have shown that adequate fertilization, especially with N, can result in improved SOC storage (19, 82). This observation was beyond the goals of this study, but seems relevant in the framework of present policies encouraging SOC storage in agricultural soils in the European Union (83).

Second, a relevant observation in relation to the objective of this study was that, unlike other studies reporting losses of SOC upon the adoption of irrigation (84–86), the TOC and POC50−2,000 stocks in the irrigated subareas were higher than in the rainfed subareas.

Thirdly, the fixed crop effect observed from the LMM (Table 2), implies a cumulative effect associated to wheat (wheat vs. maize year interaction in Table 2). From this, it is reasonable to suppose that the effect observed with irrigation could also respond to an annual cumulative evolution, but this could not be verified in this work due to the relatively short period of time since the trial set up.

From these last observations, it can be deduced that both the type of crop and the presence or not of irrigation had a role in the net final evolution of TOC and POC50−2,000 stocks in the four subareas. This implies that, under the conditions of the experimental field studied here, it is reasonable to consider that the introduction of irrigation, which results in higher C inputs to the soil, was a driver for the changes observed in SOC storage, as stated by the main hypothesis of this work.

Understanding the consequences of these changes in SOC cycling is therefore needed for a complete assessment of the final consequences of this land-use change.

In this sense, it was first observed that the change over time of POC50−2,000 was greater than that of TOC (Figures 4, 5; Table 2). This confirmed POC50−2,000, as isolated here, as a fraction behaving as an early indicator of SOC changes in the conditions of this study (87, 88), and which can be considered as a fast cycling pool in the mechanistic two-pools modeling approach used, in agreement with results from Poeplau et al. (52). These authors concluded that the separation of particles >50 and <50 μm, recovered after chemical dispersion as described in Sanderman et al. (89), yielded the strongest contrasts in terms of turnover rates. Cotrufo et al. (90) also described this fraction as useful to inform on organic C storage at different levels of protection, and as predominantly of plant origin and persisting in soil through physical protection in aggregates and/or microbial inhibition.



Modeling SOC Dynamics

The fact that the parallel model (Figure 7) was a closer approximation to actual SOC dynamics in the studied soil than the sequential model option (Figure 6) suggested that, in the soil and cropping conditions of this experiment, the protection of organic C from crop residues can be direct, once they are incorporated into the soil. This can however also been partially explained if a small fraction of the labile fraction POC50−2,000 was transferred to the non-labile fraction in the fractionation process, as suggested by one recent re-assessment of different methodologies to isolate slow and fast cycling SOC fractions (56) We reduced rinsing, and used a non-alkaline solution, to minimize this aspect, but it is still possible that part of the most labile fraction was indeed accounted for in the non-labile fraction in our case.

Despite of this possible fractionation bias, there is consensus on the fact that the interaction of the organic and mineral components of the soil represents a major factor controlling SOC stabilization (20). The nature and proportion of the mineral compounds largely determine their functioning as stabilizers of SOC (91–93). In calcareous soils like the one studied here alkaline carbonates can be an important factor of aggregation (24, 94), which can result in longer-term organic matter protection in comparison to carbonates-free soils (95–97). In fact, it is a long known observation (98) that in calcareous soils SOC contents are usually higher than in soils without carbonates under equal conditions, especially in agricultural soils with low SOC levels (99, 100). The soil of this study had a carbonates content of 37% by mass in the upper layer (0–30 cm, Supplementary Table 2). Carbonates can promote the fast incorporation of crop residues into stable aggregates with slow cycling in comparison with non-calcareous soils, as observed by Fernández-Ugalde et al. (24), very likely as a result of carbonate dissolution and re-precipitation cycles. As explained by Rowley et al. (25), in such situations, part of the residues incorporated would be directly protected within aggregates of different sizes stabilized by carbonates. The elevated content of alkaline carbonates of the studied soil (38% carbonates by mass at 0–30 cm, Supplementary Table 2), could therefore at least partially explain this observation, as well as the relatively long MRTs of the fraction POC50−2,000.

Indeed, MRT1 values found in our calcareous soil were close to 40 years, which seems relatively long if we consider that the pool P1 conceptually represents a labile fraction of rapid renewal.

Other studies based on the natural abundance of 13C in soil samples and conducted on C3-C4 plant-shift experiments in other soil types and climate conditions, have found MRTs in the same order of magnitude, but smaller than our data, associated with the fraction 50–2,000 μm and with ρ > 1 g cm−3 recovered after chemical dispersion. These ranged from 13.8 to 28 years calculated from Derrien et al. (38) and Balesdent (101) on silty soils in humid temperate France, or 20.6 years from Dalal et al. (102) in warmer and more arid conditions in Queensland (Australia). Haile-Mariam et al. (53) reported between 5.6 and 12.8 years in three studies with 30 years of maize cultivation on three soils (Typic Fragiudalf, Mollic Ochracqualf, and Typic Haplustoll) in the MidWest of the US, and of 11.4 years in a Typic Hapludalf after 8 years of maize cultivation for this fraction. Paul (55), combining incubations and field samples data, described MRT values between 12 and 7.8 years in two Mollisols in Canada and Ohio. None of these soils was calcareous.

Therefore, although our results confirm the traditional vision of POC50−2,000 as a fraction with a faster turnover than bulk soil cycling (55, 90, 103, 104), they also open questions on the concept of precocity when referring to POC50−2,000, and on the interaction of soil and climate factors in this sense. It has to be also considered that the fractionation methodological approach followed in this study may also partially explain this observation.

Another relevant result from the modeling approach was that, in all cases, the optimized fitting of the observed TOC and POC50−2,000 data indicated that a large proportion of crop residues was not actually incorporated into the soil (parameter IF <50%).

Different reasons can explain this observation. First, a loss of crop residues left on the ground is possible before they are actually incorporated into SOC, as part of these residues (aerial crop parts) remained on the surface of the soil after harvest for a period of 4–5 months before incorporation by tillage. It has indeed been reported by local extension agents that wind and intense meteorological events, as well as the activity of wild fauna, can exert a significant reduction in the amount of biomass during this time (Apesteguía, personal comm.). Second, direct mineralization of aerial crop residues compared with belowground residues has been frequently reported as the cause of belowground crop biomass contributing more to SOC than aboveground biomass. Jackson et al. (79) analyzed 6 maize field experiments with a duration ranging between 2 and 15 years, and observed that, on average, 47 ± 20% of belowground C inputs were stabilized as SOC compared with 11 ± 4% of aboveground C inputs, showing great variability depending on different agroclimatic conditions or management. These authors emphasized that, although many models for C balances generally assume a direct relationship between crops biomass production, crop residues inputs, and SOC accumulation, there is yet little direct evidence for such a relationship.



Irrigation and SOC Dynamics

Our investigation showed that the input of plant material into the soil was higher in the irrigated subarea with maize (M-irr) than in the rainfed subarea (M-rf), which can be explained by both the higher amount of C accumulated in crop residues potentially incorporated into the soil in this area (Figure 3), as well as by a higher incorporation of crop residues into the studied layer (0–30 cm) (IF data, Figure 8).

One explanation for this increased effective incorporation of crop residues could be that irrigation could induce a difference in the root distribution with depth resulting in a higher proportion of roots concentrated in the studied 0–30 cm soil layer compared with rainfed management. In rainfed systems within areas where water availability is limited, the soil exploration for available water results in crop root systems tending to expand, usually in depth (105), notably in the case of maize (106), while irrigation tends to increase maize root density in the topsoil (107). It is also possible that the granted moisture conditions during the growing season of maize in the irrigated subarea (Figure 1) would provide better conditions for an effective incorporation of crop residues (which were incorporated with tillage shortly before seeding) into the soil matrix by earthworms and other soil fauna. Irrigation can also enhance the leaching of water-soluble materials from crop residues, which should incorporate quickly to organo-mineral complexes (fraction <50 μm), particularly in Ca-rich soils (108). Also, the higher water availability in the soil can accelerate the transfer of organic matter from POM to the <50 μm fraction.

According to the modeling results, MRT1 was not significantly different in M-irr than in M-rf, and contrary to our expectation, MRT2 was higher in M-irr than M-rf. In relation to our hypothesis of irrigation affecting SOC mineralization due to a possible enhancement of microbial activity, and therefore resulting in shorter MRTs of SOC than rainfed cropping, these results do not allow to support it.

Finally, in relation to the effect of irrigation on the partitioning of crop residues C between the labile and the stable SOC fractions, the results of the parallel model showed a slight increase in s in M-irr compared to M-rf (Figure 8). This suggests that slightly less crop residues would be protected in the slow-cycling pool P2 with irrigation, but their protection would occur over a longer time because MRT2 increased with respect to M-rf.

The calculation of the mean residence time in the whole system (MRTeq, Equation 10 included in Supplementary Table 6) and the stock of SOC at the new steady state projected with the parallel model (Equations 4–7) enabled to balance the apparent diverging effects of irrigation on mineralization and stabilization processes. The MRTeq of M-irr was of 70.8 ± 0.5 years vs. 60.4 ± 2.2 years for M-rf (+17% with irrigation, see Supplementary Tables 6, 7), which indicates that an enhanced stabilization of SOC could be an effective consequence of the introduction of irrigation. This dominance of stabilization over mineralization was related to the observed difference in MRT2 between the irrigated and rainfed maize subareas (+28% in M-irr than in M-rf, Figure 8). In terms of projected SOC stocks in the new steady state equilibrium (TOCss), the projection was 2.50 times the initial value of TOC in M-irr, and 1.23 times in M-rf (Supplementary Tables 6, 7; Supplementary Figure 3), in line with the trend observed in TOC data in the first 7 years of this study, and within the range of field observations in a previous study in the region on calcareous soils (32, 33). The possible limitations of the fractionation procedure, together with the relatively short duration of the study, hinder however, to draw clear conclusions from these observations (58).

In summary, and as a general response to our working hypotheses, the modeling results indicated that the greatest difference between irrigated and rainfed maize subareas in SOC storage seemed related to crop residues incorporation, and not to SOC mineralization rates. Carbon inputs would therefore be here the major driver responsible for the observed and projected increase in SOC storage in the irrigated subarea, as increasingly claimed (10, 109, 110). A careful determination of the actual amount of crop residues entering the soil is then of the uttermost importance to accurately predict changes in SOC stocks and dynamics (111). This seems of especial relevance considering our results, where it was observed that introducing a system (irrigation) that multiplied the C accumulated in C residues by ~70% (M-irr vs. M-rf in Figure 3), did not automatically imply multiplying SOC stocks by the same proportion (Figure 4) in the period studied. New tools for monitoring root systems and in situ organic C incorporation from crops in the field are needed, and these must be integrated into simulation models (79, 112). Adequate allometric functions for estimating C inputs seem in this sense critical to select the appropriate modeling approach (113).




CONCLUSIONS

Changes in SOC and POC50−2,000 stocks over the 7-year study period where observed in the soil of the experimental field used in this study, with overall greater increments in the sprinkler-irrigated areas at 0–30 cm. This means that the hypothesis that irrigation can result in SOC gains when it results in higher C inputs to the soil and implemented in calcareous soils like the one used in this study, can be accepted.

The modeling approach based on the C3-C4 natural isotopic labeling study showed that the parallel two-pool model option seemed to be a closer representation of the agrosystem evaluated. The interaction of the mineral phase of this soil, with 38% carbonates in the studied depth, could explain at least partially this observation, because carbonates are known to directly promote the protection of fresh organic matter in the soil. This can also be partially explained if the SOC fractionation approach would result in a transfer of SOC from the labile to non-labile fractions. This highlights the relevant need for site-specific investigation to properly understand the response of soil and SOC to major management changes, and the need for adequate and case-specific fractionation approaches.

This two-pool model allowed understanding that the changes in SOC dynamic were most likely due not only to an increase in C inputs from crop residues associated to irrigation, but also because of a more efficient incorporation of these residues into SOC, in the studied topsoil layer. No relevant differences were observed in the model parameters explaining SOC portioning or mineralization.

This study represents therefore a contribution to deepen our understanding of SOC dynamics associated with changes in land use, and in particular, the introduction of irrigation in a field on a calcareous soil. It provides relevant information in assessing the impact of the introduction of irrigation on the net soil C balance, and on the C footprint of agrosystems, which are needed to better understand its significance in terms of agricultural sustainability and climate policies. Crop types, annual contributions of crop biomass incorporated into the soil, and agricultural management were observed as the most important drivers of this process in the soil and climate conditions of the studied field. The use of SOC cycling modeling showed to be a useful approach in this assessment.

The challenges associated to the expansion of irrigation remain significant and need to be carefully considered when such a strategy is considered at a regional or national scale. Our observations support the idea that this expansion can increase biomass productivity and favor SOC storage, but this should be considered in the context with other environmental and socioeconomic issues such as the competition for water use, greenhouse gasses emissions and/or food sovereignty.
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