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Incorporating perennial crops into agroecosystems has been shown to mitigate soil degradation and improve soil health by enhancing soil aggregation and soil organic carbon (SOC) accrual. However, our understanding of the ability and timeframe for perennial crop systems to build soil health within the context of conversion from abandoned crop land remains limited. Here, we examined changes in soil health in the first year following the conversion of an abandoned crop field into an agroecosystem planted with various treatments, including: novel perennial grain (intermediate wheatgrass, IWG; Thinopyrum intermedium), IWG/ alfalfa biculture, forage grass, tallgrass prairie, or annual wheat. We analyzed factors considered central to the concept of mitigating soil degradation to improve soil health (soil aggregation, aggregate organic carbon (OC), bulk SOC) and their soil biological and physicochemical correlates throughout the first growing season. Comparisons between treatments showed that both annual and perennial treatments rapidly and significantly improved soil health metrics including aggregation, aggregate stability, and OC levels compared to pre-conversion conditions. Such increases were positively correlated with the abundance of arbuscular mycorrhizal fungi (AMF hyphae, root colonization), labile SOC and microbial activity. Notably, IWG/ alfalfa biculture resulted in significantly higher levels of macroaggregate OC in comparison to other treatments, including tallgrass prairie, supporting the potential of perennial grasses to contribute to soil carbon gains. Overall, the conversion of this abandoned land to an agroecosystem produced rapid and substantial increases in soil health in the first year after planting.
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Introduction

Agricultural practices have contributed to widespread soil degradation by contributing to nutrient loss, erosion, salinity, and compaction and by reducing carbon storage (Lal, 2015). In response, there has been a push to adopt management practices that minimize soil physical disturbances (e.g., no-till), maximize surface coverage (e.g., cover crops), stimulate biological activity (e.g., organic amendments), and use polycultures or perennial crops to regenerate ecosystem services (Sprunger and Robertson, 2018). Of these, planting perennial crops or polycultures is expected to produce soil health benefits comparable to native ecosystems such as enhanced soil stability and increased water and nutrient cycling (Glover et al., 2010; Syswerda et al., 2012; Pugliese et al., 2019; Ledo et al., 2020), but this is not always the case (Johnson et al., 2021). These benefits are largely driven by soil organic carbon (SOC), a factor considered central to the concept of soil health (Bünemann et al., 2018). Establishing perennial crops on agricultural lands can rebuild SOC stocks by 19–39%, especially in the upper soil layers (Post and Kwon, 2010; Ledo et al., 2020), and on short time-scales (within two years; Sprunger and Robertson, 2018; Peixoto et al., 2020). The deep, extensive root systems of perennial species may also create significant subsoil C pools (>2 m depth). Peixoto et al. (2020) reported that perennial crops allocated substantial amounts of fresh root residues and exudates to subsoils (3.6 m deep). In turn, the substrates were metabolized by soil microbial communities and transformed into microbial necromass, a contributor to C stabilization.

Besides C inputs, soil aggregate dynamics influence SOC accrual and thus soil health (Totsche et al., 2018). For example, macroaggregates (>250 μm diameter) are formed as transient organic binding agents (e.g., fine roots, microbial mucilage, arbuscular mycorrhizal fungal (AMF) hyphae) enmesh and bind soil particles and organic matter (Jastrow et al., 2007). Over time, the plant and microbial residues within macroaggregates become encrusted onto mineral surfaces, humify, and condense to form stable organic C (OC)-rich microaggregates (20–250 μm diameter) that contribute to decadal—to century—scale SOC sequestration (Jastrow et al., 2007). Perennialization is thus expected to increase the abundance of macroaggregates and macroaggregate OC in the short-term (Chivenge et al., 2011), and microaggregate OC and SOC pools in the longer term (Virto et al., 2012; Novelli et al., 2017).

At the same time, there is increasing recognition that above- and below-ground components of ecosystems are closely linked (Kardol and Wardle, 2010). For example, plant species may differentially influence soil physicochemical properties including pH, organic matter content, soil structure and microclimate as well as the quality and quantity of root litter and the supply of C to root symbioses (e.g., mycorrhizas, and root exudates that support rhizosphere microbes) (De Deyn et al., 2008). In addition, root growth differs among species (Bergmann et al., 2016) and may physically alter the soil structure to create various physical and metabolic microhabitats (Freschet et al., 2021). Plant species identity may thus be an important consideration in regenerating soil health.

Perennial grasses show promise in land regeneration efforts. One emerging perennial grass species, Thinopyrum intermedium (Host) Barkworth and D.R. Dewey [intermediate wheatgrass (IWG), Kernza®], has the potential to rapidly enhance soil health. In crop fields, studies have reported that IWG may rapidly improve soil quality (Culman et al., 2010, 2013), SOC gain (Sprunger et al., 2017, 2019; Sprunger and Robertson, 2018), and water quality (Culman et al., 2013) in comparison to annual wheat (Triticum aestivum L.), but not always (Syswerda et al., 2011; Sprunger et al., 2018). IWG may have a similarly large potential for regenerating abandoned and/or degraded lands. However, the relative importance of IWG and its interaction with factors at local scales is poorly understood, thereby limiting quantitative predictions of how perennial crops could reverse land degradation.

To address this knowledge gap, we converted an abandoned old field to replicated plots containing IWG (monoculture or biculture with alfalfa—Medicago sativa L.), annual wheat, forage grasses, and tallgrass prairie. Over the first growing season, we measured the abundance of water-stable aggregates (WSA), aggregate and bulk SOC content, and soil biological and physicochemical variables that are expected to contribute to variations in WSA and SOC. Our goals were to: (1) investigate the role of crop type in soil aggregate stability and OC accrual in a newly-established agroecosystem on abandoned land, (2) identify the abiotic or biotic factors that enhanced the formation of water-stable (macro) aggregates, and (3) use these data to test the hypothesis that planting IWG in abandoned fields produces (a) increases in soil health factors that are comparable to those of a perennial tallgrass prairie restoration and (b) more rapid and substantial increases in soil health than those produced by annual crops (wheat, forage grasses).



Materials and methods


Study site and experimental design

The study was conducted in Mettawa, IL (42°14' N, 87°55' W; 191 m a.s.l.) in a field that had last been used for agriculture and pasture ~30 years ago and then abandoned (W. Kurtis; personal correspondence). Since then, the site was mowed several times each year and occasionally used to park cars. The area has a temperate, humid mid-continental climate with average annual minimum and maximum daily temperatures of 4.61°C and 15°C respectively (1991–2020, NOAA), and average annual precipitation is 1003.55 mm, the majority of which is deposited throughout the growing season (April–October). The soils belong to the Nappanee and Montgomery series and are described as deep, somewhat poorly drained silty clay loams with moderate shrink-swell potential (USDA-NRCS, 2019). Prior to conversion, the plant community comprised a mix of native and non-native grasses and forbs, including some aggressive weeds (Supplementary Table S1).

In 2018, the field was treated with two applications of herbicide (Roundup®, active ingredient glyphosate, C3H6NO5P−2). The first application (July) cleared the field of existing plants, while the second (August) reduced emergent weeds from the seedbank. Both applications were applied at a rate of 0.95 liter per acre. During the first week of September prior to planting, the field was rototilled to bare soil to a depth of ~30 cm. The experimental area is ~100 × 30 m and is oriented North-South (Supplementary Figure S1). The relief of the field varies slightly (4 m) and is higher in the south than the north. We initially established 30 plots, each 9 × 9 m, with a 1 m buffer strip around each plot. However, six plots within the northern section of the experimental area were regularly inundated by flooding and therefore removed from the experiment.

We used a randomized block design to account for stochastic effects of slope and spatial heterogeneity across the site (Supplementary Figure S1). We created four blocks, each comprising six plots, that were assigned to one of the following treatments: Thinopyrum intermedium (IWG-TLI 801) provided by The Land Institute, IWG- alfalfa biculture (cv “Kansas Common”; The Land Institute), wheat (Organic Soft Red Winter, LCS 3334; Albert Lea Seed, Albert Lea MN), forage grass (Organic Hay Mix; Albert Lea Seed, MN), or tallgrass prairie (detention basin seed mix; Prairie Moon Nursery, Winona MN). Species' lists for the forage grass and tallgrass prairie treatments are listed in Supplementary Table S2. One plot in each block was left as fallow (5 treatments + 1 fallow = 6 plots per block). For IWG and alfalfa, seeding rates followed The Land Institute's recommendations. For forage grass, annual wheat, and the prairie mix, seeding rates followed the suppliers' recommendations. The seeding rates were 16.82 kg/ha for IWG and alfalfa; 28 kg/ha for the forage grass; 22.40 kg/ha annual wheat; and 10.52 kg/ha for the prairie mix.

Seeding of row-crop treatments (IWG, IWG biculture, annual wheat) was initiated in September 2018 using an EarthWay Precision Garden Seeder (EarthWay Products, Bristol IN) at 1.5–2 cm depth. Each plot contained 29 rows with 30-cm of inter-row spacing; rows were oriented North-South. Plots containing non-row-crop treatments (forage, prairie) were hand-broadcast atop snow in November 2018. Grass seed (“Sunny Mix”; Main St. Seed and Supply, Bay City MI) was sown within buffer strips in April 2019 to limit weed emergence. Weeds were managed periodically in row-crop plots using a wheel-hoe and hand weeding, buffer strips were mowed as needed, and none of the plots received supplemental watering, fertilization, or pesticides from the time of seed sowing until harvest.



Soil sampling

In our site, sampling with a soil corer resulted in compressed soil plugs, and the destructive removal of plugs from the corer altered aggregate abundances. To avoid these problems, samples were collected using a modification of the spade method (Fernández-Ugalde et al., 2020). A V-shaped hole was dug to a depth of 15 cm using a clean trowel and a slice of soil (~3-cm thick) was taken parallel to one of the sides of the hole with the trowel. Samples were collected to 15 cm depth to detect the most rapid transitions in soil aggregation and SOC accrual (Matamala et al., 2008).

Pre-treatment soil samples were collected in Spring 2018 from 20 points distributed across the experimental area; these points roughly corresponded to all blocks and most treatment plots. At each point, three soil samples separated by at least 50 cm were collected, pooled and gently mixed in a 4.5-liter Ziploc™ bag to create one composite bulk sample per point.

In the 2019 growing season, samples were collected three times to coincide with the early plant growth (June), vegetative growth (July), and seed-set in IWG (August). Within each plot, we marked out a central 5 × 5 m area for sampling to reduce edge effects. We collected eight soil samples across two transects within the marked-out area, i.e., one sample every 1.2 m. The eight samples were then pooled in a 4.5-liter Ziploc™ bag to create one composite sample per plot. After collection, the samples were stored in coolers and transported back to the laboratory. Each soil sample was passed through an 8-mm sieve to remove coarse debris and gently homogenized. A sub-sample of fresh soil was removed from each bag for analysis of labile SOC and microbial activity (see Soil analyses) and gravimetric soil moisture, expressed as percent difference in weight between field moist and oven dried soils (90°C, 48 h). The remaining soil was air-dried and stored at room temperature (23°C) before analysis for soil physical properties (texture, WSA), SOC, pH, nutrient levels (inorganic N, P), and AMF hyphal length and AMF colonized of fine roots.



Soil analyses

Soil texture was determined using the micropipette method (Miller and Miller, 1987). Overall, soils across the experimental site comprised 25% sand, 62% silt, 13% clay, which is texturally-classed as a silt loam (USDA-NRCS, 2019). Soil aggregates were extracted from each sample using slaking and wet sieving on a set of nested sieves: 2000 μm (large macroaggregates; >2000 μm diameter), 250 μm (small macroaggregates; 250–2000 μm), and 53 μm (microaggregates, 53–250 μm; Tisdall and Oades, 1982). Aggregate fractions on each sieve were dried (80°C) for 48 h and weighed, and aggregate stability calculated as the mean weight diameter (MWD; Kemper and Rosenau, 1986).

Inorganic N and P were extracted in deionized water (1: 10 w/v, soil: water; pH 6.8) by vigorous shaking for 30 min. Extracts were filtered and analyzed colorimetrically on a microplate spectrophotometer (Biotek Epoch, Winooski, VT) using the vanadium reduction method for NO3 (Doane and Horwáth, 2003), phenol-hypochlorite method for NH4 (Weatherburn, 1967), and the malachite green method for PO4 (Baykov et al., 1988). Soil pH was measured in 1:5 soil: water (v/v) using a pH probe (Fisher Scientific). SOC was measured on finely ground bulk soil samples and aggregate fractions by combustion using a Leco TruSpec™ CN Elemental Analyzer (Leco Corp., St. Joseph, MI). Bulk SOC values are expressed as % soil dry weight. Aggregate fractional OC was corrected for sand content and expressed a grams OC per kg soil.

Two methods were used to quantify AMF abundance. First, AMF external hyphae were extracted in 5% (w/v) sodium hexametaphosphate and filtered onto gridded membrane (Jakobsen et al., 1992), and viewed and scored using a Leica DMLB LB30T microscope (400 × mag). Glomeromycotan hyphae were quantified over 50 fields of view for each sample, and AMF hyphal length was calculated using the method of Newman (1966). We defined AMF hyphae as non-septate or irregularly septate hyphae with characteristic unilateral elbow-like projections; all other hyphae were categorized as non-AMF hyphae. Second, we quantified AMF colonization in fine roots. Fine roots were manually picked from each soil sample, washed to remove adhering soil and then stained using methods described by Koske and Gemma (1989). Stained root samples were mounted in polyvinyl alcohol-lactic acid-glycerol (PVLG), and viewed and scored on a Leica DMLB LB30T florescence microscope (400 × magnification) for AMF root colonization using the line intersect method (Tennant, 1975). Fifty fields of view were examined in each sample for the presence or absence of fungal structures unique to Glomeromycota (hyphae, vesicles, arbuscules, and coils) as well as saprophytic fungi. Counts were converted to percentage of root length colonized by AMF structures.

Microbial activity was determined from the flush of CO2 following the addition of labile C source (sucrose) to field moist soils (i.e., substrate induced respiration, SIR; Degens and Harris, 1997) and analyzed by the NaOH trap-titration method (Franzluebbers, 2016). Readily soluble (labile) SOC pools were extracted from moist field soils with 0.5 M K2SO4 by shaking for 30 min. Filtered extracts were analyzed using the phenol-sulfuric method in microplate format (Masuko et al., 2005). Soil MBC was measured using the fumigation–extraction method and calculated as the difference between fumigated and non-fumigated samples divided by kc, the extraction efficiency coefficient (kc = 0.45; Vance et al., 1987).



Plant analyses

Plant tissue was analyzed at two time points: pre-treatment (oldfield) and July 2019, during crop vegetative growth. For the oldfield samples, leaves were clipped from plants adjacent to the soil sampling point. In July 2019, we collected and pooled the four uppermost leaves from >20 individual plants in each pasture grass, IWG, IWG biculture, and annual wheat plot. Leaf samples were dried (60°C, 72 h), finely ground, and analyzed by combustion for C and N content as described for soil and aggregate samples.



Statistical analyses

All statistical analyses were performed using R version 4.1.3 (R Core Team, 2017) assuming an alpha = 0.05 level of statistical significance. Assumptions of normality were assessed via Shapiro-Wilks normality test and residual diagnostic plots; no data transformations were required prior to statistical analysis. First, we used repeated-measures analysis of variance (ANOVA; lme4 package) to compare aggregate abundance, aggregate OC levels, and abiotic and biotic soil factors between pre-conversion (2018) and first year (2019) samplings.

Next, we used a mixed effect model to test the effect of individual treatments and sampling date (June–August) on the abundance of each aggregate size fraction, bulk SOC, aggregate OC levels, and abiotic and biotic soil factors (2019). Treatment type and sampling date were treated as fixed effects and block was a random effect. We also analyzed the data set by comparing the effects of mono- vs. polyculture crops, and perennial (IWG, IWG biculture, prairie) vs. annual (wheat) or mixed crops (forage) on soil properties. For analyses with significant outcomes, Tukey's Honestly Significant Differences (HSD) for multiple comparisons test was used to determine differences among crop treatments or sampling times (Hmisc package).

Finally, we identified the soil abiotic and biotic correlates of aggregate abundance and OC levels in 2019, especially those that had positive effects. Preliminary analyses showed that soil moisture was significantly correlated (Spearman rank, rs) with many factors including aggregate abundance, AMF hyphal length, and SIR (Supplementary Table S3). As a result, we used a mixed effect model with soil moisture and sampling date as random effects and individual soil factors as fixed effects. A marginal r2 value was calculated for individual soil factors as a way to quantify their effect(s) on aggregation and aggregate OC that were not explained by soil moisture (MuMIN package, rsquared.glmm function).

To summarize and visualize the overall effect of crop treatment or sampling time on soil properties, we analyzed data using non-metric multidimensional scaling (NMDS) on a Bray-Curtis dissimilarity matrix and used k-means clustering to assign samples to clusters. Permutational multivariate analysis of variance (PERMANOVA, 999 permutations) was used to determine significance differences between clusters, while pairwise differences between clusters were tested using pairwise PERMANOVA (RVAideMemoire package). Results were visualized using corrplot, ggpubr, and ggplot2 packages.




Results


Effects of land conversion on soil properties

Site conversion resulted in significant shifts in most soil properties (Figure 1; Supplementary Table S4), including WSA (p < 0.001), aggregate OC (p < 0.003), microbial factors (p < 0.03, except AMF root vesicles), and soil nutrient levels (p < 0.001). We found large and significant increases in the abundance and OC content in each aggregate fraction (p < 0.001; Figures 1A,B), as well as microbial activity including AMF hyphal length (p < 0.001), microbial biomass (MBC; p = 0.03) and respiration (SIR; p < 0.001; Figure 1C). Conversely, crop establishment resulted in significant reductions in soil moisture (39 ± 3–18 ± 0.4%, mean ± se; p < 0.001; Supplementary Table S4) and plant-available N and P (p < 0.001; Figure 1D), consistent with the uptake of soil resources necessary for plant productivity. Bulk SOC declined significantly following conversion (p < 0.001) whereas bulk %N increased significantly (p < 0.001; Figure 1E). There were also significant shifts in bulk soil and aggregate C:N (p < 0.001; Figure 1F). Pre-treatment bulk soil and aggregate C:N levels were within the range of oldfield leaf C:N levels (mean 19, range 14–41). Crop establishment resulted in a decline in both bulk soil and aggregate C:N (C:N 4–7), especially in comparison to leaf C:N in IWG, wheat, and pasture grass leaves (C:N 17.9 ± 1.4) and alfalfa (C:N 12 ± 0.5).
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FIGURE 1
 Levels of (A) WSA, (B) aggregate OC, (C) microbial factors, (D) plant-available N and P, (E) bulk soil C and N, and (F) bulk soil and aggregate C:N before and after site conversion. Horizontal line in (F) denotes plant C:N. Vertical bars indicate the standard error of the mean. For each soil property, means denoted * differ significantly before and after conversion at p < 0.05.




Effects of crop systems on soil properties

While land conversion significantly affected soil properties across the site, the only soil health properties that were shown to be significantly affected by cropping systems were small macroaggregate OC content (Figure 2) and AMF root colonization (Supplementary Table S5). Small macroaggregate OC levels were higher under biculture plots than other crop systems in July and August (p < 0.05), including the prairie treatment. These increases were significantly and positively correlated with soil pH and AMF root colonization (p < 0.05; Figure 3). AMF root colonization was highest in IWG (93.6 ± 2% root colonized) and forage plots (93.2 ± 2%) and lowest in the prairie plots (49.8 ± 2%; p < 0.002). There was no significant difference in other soil factors by cropping system alone (Supplementary Table S5) or cropping system over time (p > 0.05). The NMDS analyses also supported similar levels of soil health under the different crop systems (PERMANOVA, p = 0.897). All crop treatments were distributed across NMDS space and detected in every cluster (Figure 4A). This pattern persisted even when crops were classed and analyzed as mono- vs. polycultures, or annual vs. perennial crops (Supplementary Figure S2; Supplementary Table S5).


[image: Figure 2]
FIGURE 2
 Temporal variation in small macroaggregate OC under IWG (Kernza), IWG biculture, annual wheat or forage mix in the first year after site conversion. Horizontal line in denotes prairie plot small macroaggregate OC. Vertical bars indicate the standard error of the mean. For each month, ns, means do not differ significantly (p > 0.05), * means differ at p < 0.05. Within each month, crops with same letter do not differ significantly at p < 0.05.
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FIGURE 3
 Summary of Spearman rank (rs) correlation analyses between WSA and aggregate OC and significant edaphic correlates (p > 0.05). Values within each square denote the value of rs with positive correlations in green and negative correlations in purple. Color intensity is proportional to the correlation coefficient. Non-significant correlations are left blank. LMacro, large macroaggregate abundance; LMacroC, large macroaggregate OC; AMF.hyphae, AMF hyphal length; SIR, substrate-induced respiration; MBC, microbial biomass C; MicroC, microaggregate OC; Micro, microaggregate abundance; Smacro, small macroaggregate abundance; SMacroC, small macroaggregate abundance; AMFcol, AMF root length colonized.
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FIGURE 4
 Non-metric Multidimensional Scaling (NMDS) ordination of soil properties with fitted k-means cluster ellipses to illustrate relationships between (A) crop treatment, and (B) sampling month. p-value by PERMANOVA.




Temporal patterns of WSA abundance and OC

Temporal patterns in the abundance and OC level differed by aggregate size (Figures 5A,B; Supplementary Table S6). Site conversion initially promoted the development of macroaggregates, with the highest abundance of large macroaggregates in June (p < 0.001; Figure 5A). In turn, the increased mass of soil within this fraction drove a significant increase in MWD from 0.46 ± 0.08 mm (Pre-conversion) to 2.34 ± 0.19 mm, indicating a substantial gain in soil stability (p < 0.001; Supplementary Tables S4, S6). However, these increases were short-lived. In July and August, large macroaggregate abundance declined significantly whereas the abundances of small macro- and microaggregates increased significantly (p < 0.001; Figure 5A). The mass loss from the large macroaggregates was equivalent to the mass gain in the smaller aggregates (Supplementary Table S6), meaning that large macroaggregates were disrupted into their constituent small macro- and micro-aggregates.


[image: Figure 5]
FIGURE 5
 Temporal variation in (A) WSA abundance, (B) aggregate OC, (C) aggregate C:N; (D) AMF hyphal length and SIR, (E) pH and labile SOC levels; and (F) moisture and AMF root colonization after site conversion. Vertical bars indicate the standard error of the mean. For each soil factor, points with the same letter do not differ significantly at p < 0.05.


Similar patterns were detected in aggregate OC levels. Although site conversion resulted in significant increases in aggregate OC across all WSA fractions (Figure 5B), the largest increase was detected within the large macroaggregate fraction in June (p < 0.001). Disruption of large macroaggregates in July resulted in the release of OC-rich small macro- and micro-aggregates and depletion of the large macroaggregate OC pool. Even so, the gain in OC in the small macro- and micro-aggregate fractions (~10 g C kg−1 soil) more than compensated for the OC loss in the large macroaggregate fraction (6 g C kg−1 soil). However, there was no change in aggregate C:N (Figure 5C).

NMDS analyses confirmed the significant effect of sampling time (PERMANOVA, p = 0.008; Figure 4B) and separated the sampling times into two groups: July and August were clustered together (pairwise PERMANOVA, p = 0.057), and significantly different from June (pairwise PERMANOVA, p = 0.001). These groups were separated along NMDS1, which corresponds to a gradient of increasing soil physical stabilization and protection of organic matter, i.e., increasing large macroaggregate abundance and OC, MWD, AMF hyphal length, and labile C. NMDS2 corresponds to a gradient of increasing macroaggregate abundance within each month.



Covariates of WSA abundance and OC

Most soil factors were significantly positively or negatively correlated with soil moisture (Figure 3), including large macroaggregate abundance and OC (positive) and small macro- and micro-aggregate abundance and OC (negative; Supplementary Table S7). After accounting for the effects of soil moisture, mixed models showed that large macroaggregate abundance and OC level were significantly and positively correlated with AMF hyphal length, SIR and labile SOC, with the largest effect size ([image: image]) associated with AMF hyphal length (Table 1; Figure 3; Supplementary Figure S3). These properties were also strongly inter-correlated among themselves (Figure 3) and with MWD (e.g., AMF hyphal length).


TABLE 1 Significant correlates of aggregate abundance and aggregate OC level expressed as marginal [image: image] and slope of the line.

[image: Table 1]

Small macro- and micro-aggregate abundance and OC levels were also significantly correlated with AMF hyphal length, labile SOC, and SIR (p < 0.03; Table 1; see also Figures 5D,E) but the direction of response was opposite to large macroaggregates (i.e., negative) since small macro- and micro-aggregates were the result of large macroaggregate disruption. Instead, small macroaggregate abundance and OC levels were positively correlated with AMF root colonization and soil pH (Table 1; Figures 3, 5F; Supplementary Figure S3). However, soil pH was negatively correlated with AMF hyphal length and SIR (Figure 3). WSA abundances and OC levels were not related to soil sand, clay or silt content, plant-available N and P levels, or bulk SOC and %N (Supplementary Table S7).




Discussion

In the context of calls to transition annual grain agriculture to perennial grain agriculture (Crews et al., 2018), we initially hypothesized that converting an old field to perennial IWG would produce increases in soil health comparable to prairie habitat and greater than annual crops (wheat, forage grasses). In support of this hypothesis, we found a large positive effect of IWG biculture and, to a lesser extent IWG alone, on small macroaggregate OC levels. Recent studies have also found promising soil health effects of IWG compared with annuals (e.g., Audu et al., 2022; Martin and Sprunger, 2022). However, our findings must be tempered by the observation that both annual and perennial crops encouraged other early improvements in soil health. Both annual and perennial systems resulted in rapid and substantial increases in macro- and micro-aggregate abundance, stability (MWD) and OC relative to pre-conversion levels and belowground allocation that replenished AMF abundance and microbial activity.

Establishment of both annual and perennial systems resulted in soils dominated by large (>2 mm), relatively unstable macroaggregates. The underlying factor(s) responsible for large macroaggregates were likely AMF hyphal abundance and labile SOC, factors that have been extensively discussed as key drivers of aggregation (Rillig et al., 2015). For example, AMF hyphae physically enmesh soil particles to promote macroaggregate formation (Six et al., 2006). Labile SOC, which includes water-soluble polysaccharides exuded by roots or released by microbial decomposition of green residues, provides the glue or binding agents that stabilize macroaggregates and induces fungal growth (Baumert et al., 2018). Nevertheless, these are transient binding agents and prone to degradation by environmental conditions (Cambardella and Elliot, 1993).

Indeed, the initial increase in large macroaggregate abundance was followed by disruption as evidenced by the loss in large macroaggregate abundance, reduced MWD, and a concomitant increase in the abundance of smaller aggregate subunits. Larger aggregates are generally considered more susceptible to disruption than smaller aggregate fractions (Tisdall and Oades, 1982; Cambardella and Elliot, 1993). In our study, large macroaggregate abundance was strongly and positively correlated with soil moisture. One possibility is that macroaggregate failure may have occurred naturally upon soil drying or with wet-dry cycles (Amézketa, 1999; Denef et al., 2001). The large biomass of the new crops may have intensified wetting-drying cycles owing to water uptake by roots (Amézketa, 1999) or amplified mechanical stresses via root penetration of micro-scale structures (Angers and Caron, 1998). Soil moisture may also control aggregation via its influence on biotic mechanisms, including the microbial decomposition of plant residues (Baumert et al., 2018) and/or production of polysaccharides required for aggregate stabilization (Regelink et al., 2015); the correlations between soil moisture and microbial factors in our study support this possibility. However, further experiments are needed to partition the relative contributions of plant roots, local soil hydrologic functions, and microbes in WSA stability.

Small macroaggregate abundance and OC were positively correlated with soil pH, independent of any pH effects on large macroaggregates. In part, this result suggests a direct and abiotic cause for the formation of smaller macroaggregates, possibly through chemical or electrostatic interactions (Denef et al., 2002). Another possibility is that interactions between soil pH and microbial properties (AMF, SIR) influenced aggregate OC pools indirectly by altering the contribution of microbial necromass in aggregates (Yang et al., 2022) or pH-induced changes in microbial community composition (Bååth and Anderson, 2003).

Even allowing for large macroaggregate disruption, land use change achieved substantial increases in aggregate OC, implying a positive scenario for soil health restoration as noted by Sprunger and Robertson (2018). We detected two AMF factors that explained the increases in large and small macroaggregate OC. Large macroaggregate OC was best correlated with AMF hyphal abundance. AMF hyphae play substantial roles in SOC sequestration by forming a surface for mineral and SOM adsorption (Totsche et al., 2018) and the transfer of plant root-derived OC into aggregates (Frey et al., 2003; Kallenbach et al., 2016). In addition, AMF-colonized fine roots were the main mechanism for improving small macroaggregate OC levels. Fine roots can physically entangle soil particles meaning that sloughed cell walls, root hairs, mucilages, and cell debris, including AMF structures, may have been incorporated into aggregates (von Lützow et al., 2006). In our study, the contribution of AMF root fragments to aggregate OC likely reflects the greater root biomass and associated increases in AMF biomass and activity following site conversion. Other microbial factors were also important.

Materials of microbial origin, including polysaccharides, may have contributed to aggregate OC levels. These inputs can be deduced from WSA C:N levels, all of which appear to be close to the C:N stoichiometry of the soil microbial biomass. In pre-conversion soils, WSA C:N (C:N 16) largely mirrored the old-field plant community indicating plant debris to be the major source of C. Following site conversion, however, the C:N ratio of WSA fractions declined to ~4–7, which is consistent with a substantial contribution from root exudates or labile, microbially-derived substrates to aggregate OC (bacteria C:N 6, fungi C:N 5–17; Cleveland and Liptzin, 2007) and that SOC is largely dependent on inputs of microbial origin (Yang et al., 2022). This is reasonable given that the addition of organic matter to soils stimulated microbial activity (SIR), and macroaggregates form around fresh residues and become enriched in labile (low C:N) substrates derived from the microbial decomposition of residues (Jastrow et al., 2007). The narrow C:N coupled with increasing total %N over time also indicates a substantial contribution of N-containing materials including extracellular polymeric substances (EPS, glycoproteins) that are major agents for aggregating mineral particles and binding OM onto mineral surfaces (Kleber et al., 2007). Taken together, these observations suggest that all treatments resulted in high C inputs with relatively fast decomposition rates (Vesterdal et al., 2002).

Despite the large increases in aggregate-held OC, plant productivity, and organic matter inputs across all treatments, site conversion resulted in a loss of bulk SOC levels. In part, tillage likely forced the physical destruction of existing soil aggregates and the rapid turnover of SOC by soil microbes (Six et al., 2006; Sprunger and Robertson, 2018). Another possibility is that increased availability of easily degradable OC, e.g., labile C or microbial residues, may have initiated the “priming effect” (Blagodatskaya and Kuzyakov, 2008; Kuzyakov, 2010). Because soil microbes are generally C limited (Cleveland and Liptzin, 2007), large inputs of fresh labile C from the new crops may have stimulated the microbial decomposition of SOM, as indicated by the increased SIR. Under these conditions, macroaggregates may also be more prone to enhanced degradation, which may explain the tendency of large macroaggregates to disaggregate into smaller aggregate fractions in this study site. While observations of substantial increases in labile C, microbial biomass and soil respiration (SIR) after planting may be consistent with priming, more detailed studies are needed to address this possibility.


Implications

Our findings show that the first year of annual or perennial plant establishment substantially and rapidly improved soil aggregation and aggregate-associated OC, two key components of soil health (Golchin et al., 1994; Six et al., 2004; Chivenge et al., 2011; Lal, 2015; Sprunger and Robertson, 2018). The most effective and sensitive integrators of these processes were AMF and labile C. Specifically, AMF hyphae in concert with labile C were the main factors correlated with improved aggregate abundance and stability, while AMF hyphae and AMF-colonized root fragments were of paramount importance in increasing macroaggregate OC over time. This result confirms the importance of AMF in soil health, as has been noted elsewhere (e.g., Rillig et al., 2015). The link between labile C and aggregation, however, brings focus to the importance of the active soil C pool in soil health. This pool fuels microbial metabolism and the subsequent production of aggregate-binding agents and necromass (Peixoto et al., 2020), interactions that are key to stabilizing C. Recently, Martin and Sprunger (2022) noted that soil health indicators reflecting labile C pools were sensitive to temporal fluctuations in soil health under annual vs. perennial crops. Measurements of AMF and labile C should therefore be considered for future assessments of soil health.

On the other hand, it was difficult to detect changes in soil health induced by the different plant systems. Only small macroaggregate OC emerged as a signal of management effects (Sprunger et al., 2018) despite the documented sensitivity of other indicators, such as labile C, to management effects (Xia and Wander, 2022). The contradictory findings in this and other studies (e.g., Sprunger et al., 2018) may reflect high spatial variability levels of soil properties across the plots that masked the effects of crop systems (De et al., 2020) or it may reflect differences in establishment methods (especially since this is a one-year study). There is also growing evidence that soil enzyme activities related to nutrient cycling (i.e., N, P), as well as analyses of readily decomposable pools of SOM, such as permanganate-oxidizable C (reactive carbon), may have potential as early and more sensitive indicators of soil ecological restoration (Martin and Sprunger, 2022; Xia and Wander, 2022). Although these factors comprise a relatively small fraction of SOM, they have turnover rates of weeks to months and may be more sensitive to soil health changes with management and land use practices.

Detecting active soil health recovery may also depend on the depth of measurement. We analyzed soils within the top 15 cm of soil profile, where the expansive shallow root systems of plants are expected to readily replenish SOC (Matamala et al., 2008; Syswerda et al., 2011; Jaikumar et al., 2012). Future analyses may need to consider the depth distribution of soil health attributes, such as SOC, associated with the deep roots of perennial plants and their capacity to deliver organic matter inputs at depth (DuPont et al., 2014; Peixoto et al., 2020).

Further, we compared crops established by seeding (annual, perennial crops) vs. broadcasting (forage, prairie). While we used cultivation methods typical of current practices, our approach may have inadvertently constrained the net positive effects of kernza mono- and bicultures on soil health. For example, the mean root biomass in kernza mono- and bi-cultures (73 ± 17 g/m2) was lower than in forage (143 ± 91 g/m2) and prairie plots (112 ± 12 g/m2; E. Kilbane and R. Dybzinski, unpublished data). Even so, kernza mono- and bi-cultures and forage grasses showed similar levels of aggregation. Thus, integrating plant and soil properties by scaling the levels of aggregate OC per unit root biomass (or other plant functional trait) may provide a more nuanced indicator of land-use change on soil health than soil properties alone.

Finally, it has yet to be seen whether perennial agroecosystems can retain as much or greater C stocks as restored prairies. In our study, the IWG and biculture treatments showed promise for soil C accrual. This is consistent with soil resilience, or the capacity of soil to recover after disturbance. However, our study only reports the results of the first growing season, and it is yet to be seen whether IWG (or other crops) can continue to improve SOC levels in the second and subsequent years after crop establishment in our site; work is in progress to test this possibility. Like tallgrass prairie restorations, perennial crops may require time to fully develop differences in aggregation and OC accrual following conversion to an agroecosystem (Virto et al., 2012; Anderson-Teixeira et al., 2013; Novelli et al., 2017; De et al., 2020). Both experimental studies (Steinbeiss et al., 2008) and meta-analyses (Deng et al., 2014) demonstrated that restoration age was the most important factor influencing soil C stocks whereby C accrual increases with site age. This is consistent with the observations that perennial taxa require more time to develop an extensive root system that re-establishes nutrient and water cycling, microbial community succession and metabolism in tandem with the absence of physical disruptions such as tilling (Matamala et al., 2008; DuPont et al., 2014). Further, plant species diversity may be more important in increasing soil C stocks than rooting depth (Steinbeiss et al., 2008) owing to differences in plant root traits (Freschet et al., 2021). If this is the case in our study system, SOC accrual may accelerate over time in tallgrass prairie plots (vs. crops) with the build-up of new OC pools. Taken together, we suggest that determining which factors drive soil health after site conversion to perennial agroecosystems requires long-term monitoring, a consideration of crop species biomass and diversity, and a more nuanced approach to soil property measurements.
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