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Abstract

:

Due to the scarcity of arable land, semiarid rangelands are often converted to irrigated croplands, which is likely to affect soil organic carbon (SOC) due to changes in C inputs into the soil and environmental factors regulating decomposition. In this study, soil density and particle size fractions as well as their C and N contents, stable isotopic composition, and chemical characterization by mid-infrared spectroscopy were measured in a native shrubland and an adjacent agricultural site under alfalfa cultivation for at least 50 years in western Nevada. Cultivation significantly reduced the amount of C and N in the surface soils and the proportion of C present in the labile fractions. The δ13C and δ15N values of the SOC reflected dominant vegetation types at each site, and suggested most SOC was root-derived. The potential decomposition rate of SOC was higher in the shrubland than in the alfalfa surface soil reflecting the larger amount of labile C present in the shrubland soils. Spectroscopy results suggested that the greater recalcitrance of the alfalfa soils was due to insoluble SOC moieties. Additional analyses of buried, SOC-rich, A horizons at both sites showed that slower decomposition of ‘deep’ SOC was due to lower substrate quality supported by fractionation and spectroscopy data. The results of this study showed that converting a semiarid shrubland into irrigated cropland significantly reduced SOC content but increased overall stability of residual SOC.
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1. Introduction


Soils represent one of the largest pools of carbon (C) on Earth, approximately 67% of which is in the form of organic C [1,2,3,4,5]. This soil organic carbon (SOC) pool contains more C than is stored in the atmosphere and living vegetation combined [2] and has a slow turnover rate, allowing for longer residence times than most other global C pools [2,6,7]. Soil C sequestration is affected by a number of processes, including inputs of C through net primary productivity [8,9], decomposition [3,10], inorganic C dynamics [1,11,12,13], and C uptake by biological soil crusts [14,15,16,17].



Soils in arid and semiarid regions typically have smaller C contents than more mesic regions, yet ~41% of the global area is occupied by drylands [18]. Soils in drylands contain approximately 241 Pg organic C and at least as much inorganic C [19], representing 21% of the global soil C pool (~2300 Pg; [1,3,20]). Although the C content of dryland soils is typically lower than soils in more mesic regions, recent research has shown that dryland ecosystems can have surprisingly high C uptake fluxes, some of which may be attributed to C uptake in soils, suggesting that these ecosystems have the potential to be important sinks for atmospheric CO2 [13,21,22].



Croplands comprise approximately 25% of drylands globally [18,23] with irrigated cropland exceeding 271 million hectares, an amount that is expected to grow due to the ever-increasing global population [24]. Conversion of native rangelands to irrigated agriculture is likely to have a profound effect on SOC due to changes in C inputs into the soil, tillage activities, and climatic variables regulating decomposition [25]. A change in the size of the SOC pool could have large implications on atmospheric CO2 levels [2,6,25,26,27,28,29] because of the vast land area occupied by drylands and the potentially large effects of disturbance due to the low organic matter (OM) contents and poor aggregate stability of these soils [30,31].



Several studies have addressed the effects of land-use change on SOC dynamics in semiarid shrublands [26], forests [25,32,33,34,35], and grasslands [36,37,38,39]. In general, the conversion from native vegetation to cropland results in a reduction of SOC due to a decrease in C inputs into the soil and increased C outputs through crop harvesting, eluviation, erosion, and microbial decomposition [6,7,37,40,41,42,43]. The turnover rate for SOC in undisturbed drylands is typically low due to low annual precipitation that limits decomposition. As a result, partially and/or completely undecomposed particulate organic matter (POM) from litter and roots can accumulate in the surface horizons [7,26,27,36,44,45,46,47]. Previous studies have shown that POM in soils typically easily decomposes due to its accessibility and generally labile chemical composition, making it very sensitive to management practices [46]. Additionally, POM acts as a nucleus in aggregate formation [48,49]. As a result, the impact of land conversion on SOC may be more pronounced in dryland soils than in soils in more mesic regions, particularly for the labile fractions including POM [25,37,46,47]. Indeed, losses of SOC upon conversion of native vegetation to (irrigated) agriculture are typically large. For instance, in southern Ethiopia, conversion of Acacia woodland to farmland resulted in a 10% loss of C contained in the top 10 cm of the soil after 20 years [34]. Additionally, Qiu et al. [37] calculated a 57% decrease in SOC in the top 10 cm of a semiarid grassland soil in the Loess Plateau of China approximately 20 years following conversion to cropland.



The chemical composition of SOC has traditionally been thought to be the main control on microbial decomposition, but recent research suggests that ecosystem properties may be more important for long-term decomposition, while the molecular structure of the SOC initially influences decomposition rates [45]. Microbial activity largely depends on soil temperature and water availability [45,46,50,51]. In drylands, microbial decomposition is water-limited [45,51,52] and microbial activity is typically controlled by periodic episodes of precipitation that result in brief increases in microbial activity [53,54,55]. As a result, irrigation is likely to alleviate moisture limitations for decomposition of SOC, potentially resulting in C losses from soils. Spatial distribution of vegetation represents another important control on microbial activity [56,57,58]. In most dryland ecosystems, bare soil is common since plant cover is typically less than 75% [55], and soil properties such as texture, SOC content, and bulk density can differ considerably between bare soil and soil under vegetation. For example, Schaeffer and Evans [57] observed higher microbial activity following precipitation events under shrub canopies due to the larger amount of SOC present beneath canopies compared with interspace areas in an arid ecosystem in Colorado. Conversion of areas with a discontinuous vegetative cover will likely affect both the quantity and quality of SOC as native vegetation is replaced by annual and/or perennial agricultural crops and effects of conversion may be different for vegetated compared to interspace areas.



In this paper, we quantified differences in soil C fractions between surface soils in shrublands and adjacent areas that have been under irrigated agriculture for at least 50 years near Reno, NV. During soil characterization, we found a buried, organic matter-rich, A horizon at 1 m depth in both the alfalfa and the shrubland sites, providing us with the opportunity to assess effects of management and controls on decomposition of SOC preserved at depth following deposition of alluvial materials. Previous research has studied differences in density fractions in semiarid shrublands between vegetated and bare soils [59,60,61], but few if any studies assessed changes in density fractions in response to land use change. Here we present a detailed examination of differences in density and particle size fractions between shrubland and irrigated croplands in combination with stable isotope analyses, chemical characterization, and measurement of microbial respiration to assess C quality. We expected that differences between the dominant vegetation types would be reflected in the properties of SOC, including relative amounts of labile vs. stable C, C/N ratio, δ13C and δ15N isotopic composition, and other properties of bulk soil and individual fractions. In an eight-week laboratory incubation study, we assessed the decomposability of the SOC present in surface soils and buried A horizons from each site under optimal temperature and moisture conditions.




2. Materials and Methods


2.1. Study Site


The study site is located at the University of Nevada-Reno Agricultural Experiment Station-Main Station Field Laboratory. This property consists of more than 320 hectares located on the eastern boundary of Reno (39°30′36.09″ N 119°43′45.93″ W) at an elevation of 1338 m above sea level. Agricultural fields have been under irrigation for over 50 years with a variety of crops and grazing regimes. Most of the fields on the property are irrigated with treated effluent from a nearby wastewater facility but the amounts of C added to the alfalfa soils through the effluent are negligible. Before conversion to agricultural lands in the 1950s, the area was most likely dominated by shrub-steppe vegetation. Mean annual precipitation is 195 mm. Mean maximum ambient temperature is highest in July, averaging 33 °C; temperature is lowest in January when the mean maximum is −4 °C. An agricultural field and an adjacent unmanaged shrubland on the property were selected as study sites for the project.



The agricultural site is an alfalfa (Medicago sativa L.) monoculture that is sprinkler-irrigated during the growing season and grazed by cattle when not used for alfalfa production. The alfalfa site was grazed by cattle in the winter of 2015 and the fall of 2016. In 2016, the alfalfa crop was harvested three times between May and September. Alfalfa is an herbaceous perennial legume that was historically brought to the USA from Asia as a multi-purpose forage crop [62]. Alfalfa fixes atmospheric N2 and is usually grown in monoculture and remains productive for up to six years. The adjacent unmanaged shrubland is about 800 m south of the alfalfa site and is dominated by rubber rabbitbrush (Ericameria nauseosa (Pall. ex Pursh) G.L. Nesom & Baird) and yellow rabbitbrush (Chrysothamnus viscidiflorus (Hook.) Nutt.) with mixed perennial grasses present in shrub interspace areas. Rabbitbrush is a perennial shrub with a deep taproot that is common in rangelands of the western USA [63,64]. These woody C3 plants typically inhabit elevations ranging from 200 to 3350 m. We recognize that the presence of rabbitbrush may indicate that some disturbance has occurred in the past, but the large size of the rabbitbrush on the site shows that the site has been dominated by shrub vegetation at the very least since the time when parts of the area were converted to irrigated agriculture. Both sites were located on the same floodplain based on a geomorphic assessment that included surveys of topography, elevation, and position relative to the river.



The surface soils (0–10 cm) at the agricultural site have a pH of 7.6 ± 0.2, and a bulk density of 1.21 ± 0.09 g cm−3. The surface soils (0–10 cm) at the shrubland site have a pH of 8.3 ± 0.1 with a bulk density of 0.87 ± 0.10 g cm−3 under shrub canopies, and a pH of 8.6 ± 0.1 with a bulk density of 0.95 ± 0.09 g cm−3 in canopy interspace areas. Soils at both sites belong to the Truckee series (fine-loamy, mixed, superactive, mesic Fluvaquentic Haploxerolls; [65]) formed in alluvium derived from mixed rocks.




2.2. Experimental Design


Five plots were randomly selected at the alfalfa site located at least eight m apart. In the shrubland, five plots were selected under a shrub canopy and five plots in an adjacent canopy interspace area with each pair of canopy-interspace plots being at least 20 m apart. Differences in plot proximity between study sites were due to limited availability of a suitable study area at the alfalfa site that would not interfere with farm operations since each plot contained permanently installed gas wells and soil temperature/moisture sensors as part of other ongoing studies. Each plot had a radius of one m and surface soils (0–10 cm) were sampled on the plot circumference 1 m from plot center at 0°, 120°, and 240°. Samples were bulked by plot and used for laboratory analyses. The buried, OM-rich, A horizon was sampled from a soil pit excavated at each site. In total, we had five sample materials for our study: surface soil from the alfalfa site; surface soil under shrub canopies and in shrub interspaces; buried A horizon from the alfalfa site; and buried A horizon from the shrubland. Soil samples were air dried and sieved with a 2 mm sieve prior to laboratory analyses.




2.3. Particle Size Fractionation


The soils from each plot were fractionated by particle size into sand and POM (50 µm–2 mm); silt (2–50 µm); and clay (<2 µm) fractions using the method by Kettler et al. [66]. Samples were oven-dried at 105°C to constant weight and suspended in a 0.5% mixture of DI water and sodium hexametaphosphate. Soil suspensions were shaken at low speeds for 16 h on a shaker table before being wet-sieved with a 50 µm sieve to separate out the sand and POM fraction from the silt and clay fractions. The sand and POM fraction was oven-dried at 55 °C to constant weight and stored. The leftover silt and clay solution was suspended and was left undisturbed for at least 90 min to allow the silt particles to settle, followed by decanting of the suspended clay solution. Both the clay and silt fractions were oven-dried at 105 °C, weighed, and stored. Each particle size fraction was finely ground using a Sampletek 200 vial rotator (Mavco Instruments, Science Hill, KY, USA) for isotope and chemical analyses. The particle size fractionation of the surface soil was conducted for each plot separately resulting in five replicates for the alfalfa, shrub canopy, and interspace soils but chemical characterization was done on composite samples for each soil. Each chemical analysis was performed in triplicate. For the buried A horizon, only one sample per site was taken but all analyses were conducted in triplicate.




2.4. Density Fractionation


The soils from each plot were also fractionated by density into three fractions: a free-floating light fraction; an occluded (light) fraction; and a heavy fraction using the method outlined by Sollins et al. [67]. The free-floating fraction typically consists of organic debris and is considered to be most labile whereas the occluded and heavy fractions contain more recalcitrant SOC [67]. Sodium polytungstate (NaPT) was added to DI water to adjust the density to 1.70 g cm−3. After vigorously mixing the soil in the NaPT solution, it was left for 48 h at room temperature, after which the suspended light fraction (<1.70 g cm−3) was aspirated. The remaining heavy material was mixed with the NaPT a second time and sonicated in an ice bath for five minutes to disrupt small aggregates. After allowing the suspended materials to settle for another 48 h, this occluded light fraction was aspirated. All fractions were rinsed separately with DI water in a centrifuge repeatedly and oven-dried at 105 °C. Density fractionation of the surface soil from each site was performed once for each plot, resulting in five samples each for the alfalfa, shrub canopy, and shrub interspace surface soils. The density fractionation for the buried layers was performed in triplicate, resulting in three samples each for the alfalfa and the shrubland buried A horizons. Each density fraction sample was finely ground using a Sampletek 200 vial rotator (Mavco Instruments) for isotope and chemical analyses.




2.5. Soil C, N, δ13C and δ15N


Each particle size and density fraction was analyzed for total soil C, N, and δ13C and δ15N isotopic composition. All soils, except for the alfalfa surface soil, showed effervescence after adding hydrochloric acid (HCl) to the soil during field sampling. Prior to isotope analysis, carbonates were removed using the acid-fumigation method [68]. One acid-fumigated and one non-fumigated sample of each fraction was weighed into 5 × 8 mm tin capsules (Costech Analytical Technologies, Inc., Valencia, CA, USA) for total C, total N, δ13C and δ15N isotopic analysis at the Nevada Stable Isotope Laboratory at UNR using a Eurovector elemental analyzer interfaced to a Micromass stable isotope ratio mass spectrometer, similar to the method described by Werner et al. [69]. Except for the alfalfa site buried A horizon sand and silt fractions, isotopic composition of fumigated and non-fumigated surface soil samples were similar, perhaps as a result of carbonate removal during the particle size and density fractionation processes. Consequently, for all fractions from each soil except for the alfalfa site buried A horizon sand and silt samples, we used the data for the non-fumigated samples. We were not able to analyze the amount of C present in the occluded fraction because the samples were too small for a reliable C, N, and isotopic analysis. The amount of C and N contained in the occluded fractions were calculated by subtracting C and N contained in the heavy and free-floating fraction from total soil C and N. The heavy, sand + POM and silt fractions from the alfalfa buried A horizon, and the silt fraction from the shrubland buried A horizon did not contain sufficient N for reliable δ15N analyses.



Above- and belowground vegetation samples were taken from the alfalfa, shrub canopy, and shrub interspace areas to assess the isotopic composition of vegetation. Samples were rinsed and oven-dried at 55 °C until constant weight. After drying, samples were ground using a Qiagen TissueLyser II (Qiagen, Germantown, MD, USA). Ground samples were analyzed for δ13C and δ15N isotopic compositions as described above.




2.6. Mid-Infrared Spectroscopy


The bulk soils and free-floating density fraction samples were dried at 60 °C and ground to a fine powder using an agate mortar and pestle prior to spectroscopic analysis. A Digilab FTS 7000 Fourier transform spectrometer (Varian, Inc., Palo Alto, CA, USA, now Agilent Technologies) was used to scan the samples in the mid infrared range (4000 to 400 cm−1). A Pike AutoDIFF accessory (Pike Technologies, Madison, WI, USA) was used to acquire diffuse reflectance spectra. KBr was used as background, and a deuterated triglycine sulfate detector and KBr beam splitter were used. A total of 64 co-added scans were used for each spectrum, at 4 cm−1 resolution. Spectral data were obtained as pseudo-absorbance, hereafter referred to as absorbance. Two replicate subsamples from each sample were scanned separately and averaged to obtain the spectrum for each sample. Assignments of spectral bands were based on Parikh et al. [70], unless noted otherwise. The average spectra for the different fractionations, soil layers, and land management types were obtained using the averaging feature of GRAMS/AI version 9.3 (Thermo Fisher Scientific Inc., Waltham, MA, USA).




2.7. Microbial Respiration


An eight-week laboratory incubation was performed to assess the susceptibility of SOC to decomposition in alfalfa and shrubland soils. Surface soils and buried A horizons were incubated at 60% water holding capacity at a constant temperature of 25 °C in 250 mL glass jars. Every seven days, the glass jars were opened and replenished with ambient air before closing the jars and taking a baseline CO2 sample from the headspace. Gas samples were taken using a 250 µL glass syringe through a septum installed in the lids of the incubation jars. Twenty-four hours after taking the baseline sample, another headspace sample was taken to quantify the CO2 accumulation over a 24-h period. Headspace samples were injected into a LI-COR LI-8100 Automated Soil CO2 Flux System (LI-COR Biosciences, Lincoln, NB, USA) configured for bench-top measurements. The 24-h respiration value was multiplied by seven to calculate weekly respiration rates allowing for calculation of cumulative CO2 production for the duration of the incubation. For the surface soils, we performed a single incubation for each plot, resulting in five samples each for the alfalfa, shrub canopy, and shrub interspace surface soils while five replicate incubations were performed for the buried A horizons.




2.8. Statistical Analyses


For each particle size and density fraction, we assessed differences in mass, total C and N, δ13C and δ15N isotopic composition among the alfalfa, shrub canopy, and canopy interspace soils using analysis of variance (ANOVA), followed by Tukey’s HSD post-hoc tests. Surface soil particle size and density fractionations were performed for each plot, resulting in five replicates for each surface soil. Particle size and density fractionation were carried out in triplicate for the buried A horizons but because we only sampled one pit per site, we did not include the buried horizons in the statistical analysis.



Differences in cumulative microbial respiration among the alfalfa, shrub canopy, and canopy interspace soils were analyzed using ANOVA, followed by Tukey’s HSD post hoc tests. A single soil incubation from each plot was performed, while bulked soils from the buried A horizons were incubated using five replicates. Again, only one pit was sampled at the alfalfa and shrubland sites so the data for the buried horizon were not included in the statistical analysis.



We recognize that the experimental design may be considered to be pseudo-replicated, in that we did not replicate our study across multiple floodplains with paired cultivated and shrubland sites. Instead, we present a detailed examination of cultivated and reference soils on a single floodplain, with sites within relatively close proximity to ensure maximum uniformity of soils. Soils on floodplains exhibit variation in properties due to differences in sedimentation conditions. Our experimental layout was designed to maximize soil uniformity while replicating across space, allowing us to identify effects of land use on soil properties. All analyses were performed in JMP® 13 (Version 13, SAS Institute Inc., Cary, NC, USA). Probability levels ≤ 0.05 were considered to be statistically significant.





3. Results


3.1. .Particle Size and Density Fraction Mass


The particle size distribution differed between the alfalfa and shrubland soils, with the sand content being more than twice as high in the alfalfa surface soil compared to the shrubland surface soils, whereas the silt, clay, and POM contents were lower in alfalfa than in shrubland surface soils (Figure 1A). Within the shrubland site, surface soil texture was similar between canopy and interspace areas. The patterns of particle size distribution in the buried layer resembled those in surface soils, with the alfalfa soils having higher sand concentration and lower silt and clay concentration than the shrubland soils. The POM concentration was similar in both buried A horizons, but was much lower than in the surface soils.



Density fraction analysis showed that more than 90% of the surface soil material was present as the heavy fraction, and the alfalfa surface soil contained a larger percentage of heavy material than the shrubland surface soils (Figure 1B). Approximately 75% of the light (= free-floating + occluded) fraction in the shrubland surface soils consisted of free-floating material, while less than 50% of the light fraction consisted of the free-floating fraction in the alfalfa surface soil. In the buried A horizons, more than 99% of the soil material was contained in the heavy fraction. The amount of light materials in the buried A horizons was similar between sites.




3.2. Carbon and Nitrogen


Total C and N concentrations were significantly lower in the alfalfa surface and buried horizons than in the shrubland soils (Figure 2). When accounting for differences in bulk density, C stocks were 2.55 ± 0.17, 3.11 ± 0.30, and 3.78 ± 0.33 kg C m−2 for the alfalfa, shrubland canopy, and shrubland interspace surface soils respectively, all of which were significantly different from each other. Total N stocks were 0.10 ± 0.01, 0.11 ± 0.01, and 0.14 ± 0.01 kg N m−2, for the alfalfa, shrubland canopy, and shrubland interspace surface soils respectively, with N content in the interspace soil being significantly higher than both other soils.



The proportion of C and N in the clay fraction was significantly higher in the alfalfa than in the shrubland surface soils, but C and N contained in silt and sand + POM fractions were similar in all soils (Figure 3A). In the buried layers, the proportions of C and N were larger in the clay fraction and smaller in the sand/POM fraction than in the surface soils. Density fractionation data showed that the proportions of C and N in the light (= free-floating + occluded) fraction were smaller in the alfalfa than in the shrubland surface soils, while C and N contained in the heavy fraction was higher in the alfalfa surface soils (Figure 3B). In both shrubland surface soils, almost 40% of the total C was contained in the light fraction even though the mass of the light fraction was only approximately 8%. In both alfalfa and shrubland surface soils, the light fraction contained equal amounts of C (and N) in free-floating and occluded fractions. In the buried horizons, proportionally more C and N was contained in the light fractions in the alfalfa soil compared to the shrubland soil, especially for the occluded fraction. The proportional amounts of C and N in the light fraction of the alfalfa buried A horizons were comparable to the surface soils despite the mass fractions of light material being much lower in the buried A horizons compared to surface soils (Figure 1B and Figure 3B).



The C/N ratios of the sand + POM, clay, and free-floating fractions were significantly lower in the alfalfa than in shrubland surface soils (Table 1). The C/N ratios of all fractions were lower in the buried horizon of the alfalfa compared to the shrubland buried horizon. In general, the C/N ratios of all texture and density fractions were higher in the buried vs. surface horizons except for the sand + POM fraction at the alfalfa site. Generally, the C/N ratios decreased in the following order; POM + sand > silt > clay, and light fraction > heavy fraction. The C/N ratios of above- and belowground vegetation were much higher at the shrubland than at the alfalfa site (Table 1).




3.3. Stable Isotope Composition


The δ13C values for all particle size fractions were statistically similar in the surface soils of both sites (Figure 4A). The δ13C of the free-floating and heavy fractions were isotopically lighter in the alfalfa than the shrubland surface soils. The heavy density fraction of the alfalfa surface soil and shrubland buried layer had similar δ13C values, but these were isotopically lighter than all other soils. The heavy density fraction in the alfalfa buried layer had the heaviest isotopic value of all soils.



The δ15N values were isotopically lighter for the sand + POM fraction in the alfalfa compared to the shrubland canopy surface soils, but δ15N was isotopically heavier in the clay fraction of the alfalfa than both shrubland surface soils (Figure 4B). The δ15N of the silt fraction was similar in both sites. The trends in δ15N values for the free-floating fraction were similar to those of the sand + POM fraction with the alfalfa surface soil having an isotopically lighter value compared to the shrubland canopy surface soil, but we did not observe differences between sites for the heavy density fraction. The %N was too low in the sand + POM and silt fractions to obtain reliable δ15N measurements for the buried A horizons, but the δ15N values for the clay fraction were isotopically heavier in the alfalfa than in the shrubland buried A horizon. The δ15N was similar in the free-floating fraction of the buried A horizon at both sites.



The above- and belowground parts of the rabbitbrush and alfalfa had similar δ13C values, reflecting C3 plants, but the grasses in the interspace areas had much heavier δ13C values consistent with the presence of C4 vegetation (Figure 4A) even though the C/N ratios of canopy and interspace aboveground vegetation were similar (Table 1). The δ15N values for above- and belowground rabbitbrush vegetation were isotopically heavier than alfalfa and the interspace grasses (Figure 4B).




3.4. Mid-Infrared Spectroscopy


The mid-infrared spectra from the bulk soil showed chemical differences in response to management and soil depth (Figure 5A). The surface soil samples, particularly the alfalfa surface soil, had prominent absorbance at the aliphatic CH band at 2930–2850 cm−1. The alfalfa surface soil displayed a shoulder of increased absorbance at 1400–1270 cm−1 (aliphatic C, carboxylate or ester C-O) but this shoulder was not very prominent in the shrubland surface soils. Both shrubland surface soils showed a peak at 1470–1440 cm−1 (amide II, aromatic stretch, C-O, carbonates; [71]) but this peak was absent in the spectrum of the alfalfa surface soil. The two buried horizons had different spectral properties, with the alfalfa buried horizon having higher absorbance at 1120 cm−1 (polysaccharide C-O-C, C-O) and at 1580–1400 cm−1 (aromatic C=C, and CH).



The mid-infrared spectra of the free-floating fractions also indicated chemical differences between the sites and layers (Figure 5B). The surface soil spectra, especially at the alfalfa site, had high absorbance at 1160–1000 cm−1 (polysaccharide C-O-C, C-O) relative to the buried horizons. The polysaccharide band around 1160 cm−1 coincides with the Si-O specular reflection band in bulk soils, but the free-floating fraction should not suffer from this artifact because of a smaller presence of mineral particles. The shoulder at 1735 cm−1 (carboxylic acid/carbonyl C=O) and the peak at 2930–2850 cm−1 (aliphatic CH) were more pronounced in the buried horizon free-floating fraction from the shrub location compared to the surface soils.




3.5. Microbial Respiration


Cumulative microbial CO2 production normalized by organic C content (expressed as mg respired C per g soil C) was lower in the alfalfa than in the shrubland canopy surface soil but similar to the shrub interspace surface soil (Figure 6). Cumulative CO2 production was much lower in the buried horizons than in the surface soils, but similar to the trends observed in the surface soil, cumulative respiration in the buried horizons was lower at the alfalfa than at the shrubland site.





4. Discussion


Our study showed that, over multi-decadal timescales, conversion of a semiarid shrubland to irrigated agriculture could result in an overall loss of soil C and N due to a combination of harvesting aboveground biomass and removal of water stress allowing for greater rates of SOC decomposition. Furthermore, proportions of C and N contained in the light fraction (= free-floating + occluded fractions) were lower in agricultural relative to shrubland surface soils. Changes in OM quality were reflected by reductions in decomposition rates under optimal conditions in managed vs. unmanaged surface soils. At both sites, SOC appeared to be mostly root-derived, and alfalfa contributed to SOC formation in the agricultural soil since conversion, based on isotopic data. Furthermore, SOC in the clay and heavy fractions appeared to be more highly decomposed in the alfalfa soil relative to the shrubland soil, suggesting increased stability of residual SOC in the alfalfa soils. Finally, data from buried A horizons showed that decomposability of ‘preserved’ C was limited by substrate quality more so than environmental conditions.



The eight-week laboratory incubation showed that microbial respiration (expressed per gram of soil C) was lower in the alfalfa than in shrub canopy surface soils (Figure 6), indicating the presence of less labile C in the alfalfa compared to shrubland surface soils. The density and particle size fractionation data showed that the alfalfa surface soils contained smaller proportions of C and N in the light density fraction and larger proportions in the clay and heavy fractions than both shrubland surface soils (Figure 3). The free-floating SOC fraction is thought to contain relatively undecomposed plant residues, has a shorter turnover time than the other density fractions [72], and thus represents the most labile soil C. Despite the relative SOC recalcitrance observed in the alfalfa surface soils during the incubation, the mid-infrared spectroscopy data showed that the free-floating fraction of the alfalfa surface soils had chemical properties that indicate that this fraction is relatively labile. The high absorbance at 1160–1000 cm−1, attributed to non-structural carbohydrates, would be consistent with higher decomposability (Figure 5B; [73]). The polar oxygen-containing groups such as C-O and C-O-C are considered to be labile [74]. In addition, the C/N ratio of the alfalfa free-floating fraction was lower than both the shrub canopy and interspace free-floating fractions (Table 1) suggesting higher decomposability [45]. The reduced C mineralization in the alfalfa surface soil most likely reflects an overall smaller proportion of light materials, possibly in combination with increased stability of the heavier soil fractions relative to the shrubland soils. Thus, decomposition was more limited by the quantity of labile OM rather than by its quality.



The mid-infrared spectra from the bulk soils confirmed differences in organic matter composition and indicated that bulk SOC was more resistant to decomposition under irrigated agriculture. The spectra show that the alfalfa surface soil has higher absorbance between 1270–1400 cm−1 than the shrubland soils (Figure 5A). This broad peak between 1270–1460 cm−1 is partially attributed to alkyl CH2 spectra common for agricultural soils [75]. Absorbance at ~1300 cm−1 has also been attributed to non-hydrolyzable, structurally disordered C networks present in humic substances [76]. Aliphatic CH absorbance at 2930–2850 cm−1 in our soils increased with total soil C agreeing with previous work in different soils (Figure 5A; [77]). Aliphatic CH absorbance in soils has also been related to hydrophobicity in soils [78]. We hypothesize that the greater recalcitrance of the alfalfa relative to the shrubland surface soils is due in part to the accumulation of insoluble long-chain hydrocarbons (such as waxes, suberins). Periodic irrigation could have resulted in the selective mineralization of more soluble or labile moieties, leaving behind the insoluble material.



The differences in organic matter quality are reflective of land use. The larger proportion of C and N contained in the light density fraction in the shrubland soils (Figure 3B) was most likely due to limited decomposition of labile OM in the shrubland in response to lower moisture conditions [79]. Irrigation most likely lifted the water stress from the alfalfa soil, encouraging decomposition of labile C [26,51,52,80]. Faster decomposition rates cause the breakdown of OM into smaller particles that allow for easier adsorption to mineral surfaces [81], and this sorption may explain why the alfalfa surface soil had a higher proportion of total C and N in the clay fraction than shrubland soils despite alfalfa soils having a lower clay content. Our results are consistent with other studies conducted in drylands that found a decrease in SOC in irrigated agricultural fields compared to native areas [5,7,25,26,82,83]. In most studies, decreases in SOC were due to preferential consumption of POM. In contrast, Fallahzade and Hajabbasi [84] observed a large increase in SOC upon conversion of native arid desert to alfalfa cultivation. However, annual precipitation was much lower in their study (60 mm) than in ours (195 mm), so native vegetation productivity was likely much more water-limited than ours relative to irrigated conditions. Differences in findings between their and our study suggest that effects of management on SOC is mediated by ambient moisture conditions. In addition, in our study, we found that the proportion of C in the POM fraction was not affected by land use but the proportion of C in the light fraction was lower in the alfalfa than shrubland soils suggesting that the density fractionation was a more robust method for identifying changes in SOC quality.



Differences in the C/N ratio, δ13C, and δ15N of the SOC—particularly in the free-floating fraction—are reflective of differences in vegetation type and are thus indicative of the origins of OM inputs at the alfalfa and shrubland sites (Table 1; Figure 4). The C/N ratios for alfalfa above- and belowground vegetation and free-floating fraction were significantly lower than shrubland canopy and interspace vegetation and surface soils, consistent with alfalfa being an N2-fixing species as opposed to rabbitbrush (Table 1). The lighter δ13C value of the free-floating and heavy fractions in the alfalfa surface soils appears to reflect the lighter δ13C value of the alfalfa roots compared to the rabbitbrush roots indicating that a large proportion of the SOC was root-derived at both sites (Figure 4A). The δ13C value of the rabbitbrush aboveground vegetation was significantly lighter than the δ13C values of the shrub soil fractions, further indicating that roots predominantly contributed to SOC formation. In addition, C4 grasses from shrub interspaces may have contributed to the shrub canopy SOC as C4 plants have a heavier δ13C value than C3 plants (Figure 4A). However, the significantly heavier δ13C values of the vegetation due to the presence of C4 grasses in the canopy interspaces were not reflected by δ13C values for the free-floating and POM fractions of the shrub interspace soil, suggesting that rabbitbrush-derived OM was likely the dominant contributor to shrub interspace SOC. Consequently, the presence of grasses appeared to have had a limited impact on shrubland SOC formation at our study site. The lighter δ15N value for the alfalfa sand + POM and free-floating fraction may reflect atmospheric N2 (δ15N = 0‰) being the N source for this N-fixing species [85,86]. Conversely, the δ15N composition of SOC in the shrubland may reflect the δ15N of available mineral forms of N in the soil [85,86]. The δ13C value of the heavy density fraction was isotopically lighter in the alfalfa than in the canopy and/or interspace surface soil reflecting differences in δ13C values between alfalfa and rabbitbrush roots. These differences suggest that the slower cycling of recalcitrant SOC contained in the heavy density fraction in the alfalfa soils contains a significant amount of C derived from the alfalfa.



Both texture and density fractionation data showed that the difference in δ15N between labile (sand + POC and free-floating) and more recalcitrant (clay and heavy) fractions was larger in the alfalfa than in the shrubland surface soils (Figure 4B). The δ15N of organic matter has been shown to increase with increasing degree of decomposition [87,88,89] so our data suggest that organic matter in alfalfa soils is more highly processed than in shrubland soils. In contrast, δ13C values were similar across all fractions for each soil (Figure 4A), potentially because δ13C values tend to be relatively insensitive to degree of decomposition [89]. In addition, the OM present in the heavy density and clay fractions may contain more 13C-depleted plant-derived materials such as lignin rather than 13C-enriched materials such as cellulose and sugars [90]. Although the δ13C values were generally similar between fractions, the C/N ratios were much lower for the clay compared to silt and sand+POM fractions and the heavy fractions (compared to the light fractions), indicating progressive decomposition and thus increased SOC stability in the clay and heavy fractions.



We did not find large differences in total C and N or distribution of C and N across particle size and density fractions between canopy and interspace soils (Figure 2 and Figure 3) in contrast to other studies that have observed higher SOC content in the light density fraction of shrub canopy soils than in shrub interspace soils [59,60,61]. Potentially, shrub density at our site was higher than in other studies and, as a result, shrubs may have affected interspace areas more directly than in other studies, which is supported by the δ13C and δ15N data (Figure 4).



Our study showed that the alfalfa surface soils contained more sand and less clay and silt than shrubland soils (Figure 1A), but it is unclear if this difference can be fully ascribed to management activities or may also be influenced by differences in sedimentation conditions of the parent material given that both soils developed in alluvial deposits. Finding shrublands and agricultural sites with (initially) similar soils can be extremely challenging in this region, because most land that can be used for agriculture has long since been converted due to the scarcity of arable land. During our site selection, we ensured that both sites were on the same landform in the same soil type, and that both sites were in close proximity, to satisfy the assumption that the soils were similar prior to the start of cultivation. The lower silt and clay content in the alfalfa surface soil could have been due to long-term cultivation changing the particle size distribution of the soil by erosion or eluviation of finer particles out of the surface soil. For instance, Kozlovskii et al. [91] showed that tillage can cause clay eluviation rates of up to 0.9% of the initial amount per year, equivalent to a decrease in clay content by 45% over a 50 year period. Still, we cannot discount the possibility that differences in texture between sites reflect differences in initial soil conditions given spatial heterogeneity in alluvial settings. Despite uncertainties in the cause of particle size differences, the alfalfa soils contained larger amounts of total C and N in more stable clay fractions (Figure 3A) despite the clay content being lower (Figure 1A), suggesting that increased recalcitrance of SOC may have been caused by conversion of undisturbed shrublands into irrigated agriculture.



The presence of the buried A horizon at our study sites allowed us to test the hypothesis that organic matter present deeper in the soil may be stabilized due to unfavorable environmental conditions for decomposition rather than low substrate quality [45]. Our respiration data indicated that substrate limitations had a large impact on decomposition, potentially larger than environmental conditions. Microbial respiration rates expressed per g of soil C were much lower for the buried A horizon compared to the surface soil when soils were exposed to optimal temperature and moisture conditions (Figure 6). The lower microbial respiration rates most likely reflected the smaller proportions of POM and light materials in the buried compared to surface horizons (Figure 1). The mid-infrared spectra of the buried horizons showed absorbance patterns consistent with their increased aliphatic CH and carbonyl bands relative to the surface soils. The increased aliphatic CH in the buried horizons may indicate the presence of relatively high amounts of insoluble SOC that is not readily available for microbial processing (Figure 5). Surprisingly, more C appeared to be allocated to the light density fraction in the alfalfa than in the shrubland buried A horizon, while the opposite was true for the surface horizons (Figure 3B). Still, amounts of C and N contained in the sand + POM fraction was similar between sites and lower than in the surface horizons (Figure 3A). The δ15N value of most fractions of the buried layer in the shrubland was isotopically lighter than in the shrubland surface soils while C/N ratios were higher (Figure 4B; Table 1). These patterns are consistent with the observation by Amundson et al. [85] showing that δ15N values are inversely related to C/N ratios. However, the higher C/N ratio and lighter δ15N of the SOC in the buried A horizons compared to the surface horizons suggest that the SOC in the buried A horizon was less processed, while the respiration and spectroscopy data indicated the opposite. Potentially, the vegetation present during the development of this buried A horizon was different than the current vegetation.




5. Conclusions


Our study showed that the quantity and quality of the soil organic C differed between the native shrubland and areas subjected to irrigated agriculture for five decades. The particle size and C distribution in the surface soils was also different, with fewer fine particles being present in the cropland soil compared to the shrubland soil. Differences in texture between sites were likely related to tillage and irrigation resulting in loss of fine materials via erosion or eluviation at the managed site, but we cannot eliminate the possibility that these differences in texture may have been inherent given that soils developed in alluvial deposits. The alfalfa soils had lower SOC decomposition rates under optimal conditions and less C and N present in the bulk soil compared to the native shrubland soils. The shrubland soil contained more C in labile fractions that, when exposed to optimal environmental conditions, had higher decomposition rates than alfalfa soils. Those characteristics appeared to outweigh the presence of materials with lower C/N ratios in the alfalfa soils. The smaller amount of total and labile organic C in the alfalfa soils indicates that more decomposition had occurred in these soils in general since they are not water limited like the unmanaged shrubland. In addition, these differences in decomposition rates, as well as the degree of processing of SOC indicated by the isotopic results, are also reflected in the differences in C chemistry shown by the mid-infrared spectroscopy data. Our isotope data suggested that most of the SOC was root-derived, both in the alfalfa and shrubland soils. Furthermore, alfalfa contributed substantial amounts of OM to the formation of SOC, including C in the heavy fraction, over the ~50 year period since agricultural conversion. The proportion of C in the heavy fraction of the alfalfa soil was higher and appeared to be more microbially-processed than that of the shrubland soils, suggesting increased heavy-fraction SOC stability under alfalfa cultivation. Lastly, our study showed that decomposition of ‘deep’ organic matter appeared to be limited by substrate quality more so than environmental conditions. Overall, conversion of native rangelands to irrigated agriculture could result in a large release of C to the atmosphere as native organic matter decomposes, though the length of this pulse is uncertain. Over the long-term, our study also indicates that residual organic matter becomes more stable in alfalfa agricultural soils, thereby increasing turnover times and potentially making organic matter more resistant against future perturbations.
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Figure 1. Distribution of particle size fractions (A) and density fractions (B) in surface and buried soil horizons in alfalfa and shrubland sites. Note that the scale for the density fraction graph starts at 90%. The error bars represent the standard deviations from the mean. Different lowercase letters represent significant differences between soils (p ≤ 0.05). Only one replicate was used for the buried soil layers, so no standard deviation was calculated. 
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Figure 2. Total organic C (black bars) and N (grey bars) in surface and buried soil horizons in alfalfa and shrubland sites. Error bars represent the standard deviations of the mean. Lowercase letters represent significant differences in C or N between soils (p ≤ 0.05). Only one replicate was used for the buried soil layers, so no standard deviation was calculated. 
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[image: Soilsystems 02 00038 g002]







[image: Soilsystems 02 00038 g003 550] 





Figure 3. The proportions of C (left bars) and N (right bars) in particle size (A) and density fractions (B) in surface and buried soil horizons in alfalfa and shrubland sites. Error bars represent the standard deviations from the mean and different lowercase letters represent significant differences in %C or %N between soils (p ≤ 0.05). Only one replicate was used for the buried soil layers so no standard deviation was calculated. 
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Figure 4. The δ13C (A) and δ15N (B) isotopic composition for each particle size and density fraction in surface and buried horizons as well as above- and belowground vegetation (‘Above’ and ‘Below’ respectively) in alfalfa and shrubland sites. Error bars represent the standard deviations from the mean. Different lowercase letters indicate significant differences within each fraction between soils (p ≤ 0.05). The δ15N values for some fractions of the buried layers were missing due to insufficient N concentrations to allow for reliable 15N analysis. Only one replicate was used for the buried soil layers so no standard deviation was calculated. 
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Figure 5. Average mid-infrared diffuse reflectance spectra of the bulk soils (A) and free-floating density fractions (B) from the surface soils and buried A horizons at the alfalfa and shrubland sites. 
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Figure 6. Cumulative microbial respiration for the eight-week laboratory incubation in surface and buried soil horizons in alfalfa and shrubland sites. Error bars represent the standard deviation from the mean for each soil’s total CO2 production and different lowercase letters represent significant differences between soils (p ≤ 0.05). Only one replicate soil was used for the buried soil layers, so no standard deviation was calculated. 
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Table 1. The C/N ratio (by mass) for particle size and density fractions for surface and buried soils and above- and belowground vegetation from the alfalfa and shrubland site. The standard deviation is given in brackets. Different lowercase letters indicate significant (p ≤ 0.05) differences for specific fractions between soils.
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Surface

	
Buried




	

	
Alfalfa

	
Shrub Canopy

	
Shrub Interspace

	
Alfalfa

	
Shrub






	
Sand + POM

	
11.8 (0.2) a

	
14.6 (0.3) b

	
14.8 (0.3) b

	
10.3 (0.9)

	
17.5 (0.7)




	
Silt

	
9.4 (0.1) a

	
11.4 (0.2) a

	
11.3 (0.1) a

	
14.9 (2.6)

	
15.5 (1.1)




	
Clay

	
8.4 (0.2) a

	
10.9 (0.7) b

	
11.0 (0.4) b

	
13.0 (0.1)

	
14.8 (0.3)




	
Free floating

	
14.0 (0.3) a

	
16.9 (0.9) b

	
16.2 (0.3) ab

	
19.9 (0.9)

	
26.7 (2.2)




	
Heavy

	
9.8 (0.2) a

	
11.1 (0.4) a

	
11.1 (0.5) a

	
12.9 (1.8)

	
13.5 (0.2)




	
Aboveground

	
8.7 (0.5) a

	
65.5 (1.7) b

	
69.4 (3.4) b

	

	




	
Belowground

	
13.4 (0.3) a

	
41.7 (1.1) b

	
47.7 (1.9) c
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