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Introduction: Alliaria petiolata (garlic mustard), an invasive forest herb in North America, often alters nutrient availability in its non-native ecosystems, but the mechanisms driving these changes have yet to be determined. We hypothesized three potential mechanisms through which garlic mustard could directly influence soil nitrogen (N) cycling: by increasing soil pH, by modifying soil microbial community composition, and by altering nutrient availability through litter inputs.

Materials and methods: To test these hypotheses, we evaluated garlic mustard effects on soil pH and other soil properties; fungal and prokaryotic (bacterial and archaeal) community composition; and soil N cycling rates (gross N mineralization and nitrification rates, microbial N assimilation rates, and nitrification- versus denitrification-derived nitrous oxide fluxes); and we assessed correlations among these variables. We collected soil samples from garlic mustard present, absent, and removed treatments in eight forests in central Illinois, United States, during the rosette, flowering, and senescence phenological stages of garlic mustard life cycle.

Results: We found that garlic mustard increased soil pH, altered fungal and prokaryotic communities, and increased rates of N mineralization, nitrification, nitrification-derived net N2O emission. Significant correlations between soil pH and microbial community composition suggest that garlic mustard effects on soil pH could both directly and indirectly influence soil N cycling rates.

Discussion: Correspondence of gross rates of N mineralization and nitrification with microbial community composition suggest that garlic mustard modification of soil microbial communities could directly lead to changes in soil N cycling. We had expected that early season, nutrient-rich litter inputs from mortality of young garlic mustard could accelerate gross N mineralization and microbial N assimilation whereas late season, nutrient poorer litter inputs from senesced garlic mustard could suppress N mineralization, but we did not observe these patterns in support of the litter input mechanism. Together, our results elucidate how garlic mustard effects on soil pH and microbial community composition can accelerate soil N cycling to potentially contribute to the invasion success of garlic mustard.

KEYWORDS
Alliaria petiolata, invasive plant, mineralization, nitrification, gross nitrogen cycling, plant–microbe interactions, microbial community


Introduction

Invasive plant species often alter soil abiotic and biotic conditions in their non-native ecosystems (Ehrenfeld, 2003; Van der Putten et al., 2007; Vilà et al., 2011). Garlic mustard (Alliaria petiolata (Bieb.) Cavara & Grande), a prominent invasive understory herb in North American forests, can alter soil properties (Anderson and Kelley, 1995; Morris et al., 2012), soil microbiomes (Stinson et al., 2006; Wolfe et al., 2008; Anthony et al., 2017; Duchesneau et al., 2021; but see Edwards et al., 2022), and the nutrient stoichiometry of soil organic matter (Rodgers et al., 2008a; Burke et al., 2011). Garlic mustard is a biennial plant native to western Europe, first introduced to the eastern United States in 1860, which now is found in over 80% of US states and half of the Canadian provinces (Rodgers et al., 2022). While there is growing understanding of the factors that may promote or repel garlic mustard invasion (e.g., nutrient conditions, climate, surrounding plant community, etc.) predicting the local severity and impacts of garlic mustard remains highly context dependent (Lázaro-Lobo et al., 2020). As a non-mycorrhizal plant (Cipollini and Cipollini, 2016), garlic mustard must rely primarily on inorganic N to support its growth and reproduction. By accelerating N cycling processes through changes in soil abiotic and biotic conditions, garlic mustard may increase soil inorganic N availability to create more favorable nutrient soil conditions in its non-native habitats to promote its invasion success (Rodgers et al., 2008b; Morris et al., 2012). However, mechanistic links between changes in soil conditions and N cycling processes caused by garlic mustard have not yet been demonstrated.

Garlic mustard may alter soil N cycling process rates through directly changing soil pH. Garlic mustard is consistently found in higher pH soils relative to surrounding areas (Rodgers et al., 2008b) and can raise soil pH following garlic mustard plantings (Anderson and Kelley, 1995). This increase in soil pH can accelerate soil N cycling rates (Cookson et al., 2007) by increasing the efficiency of N cycling extracellular enzymes (Sinsabaugh et al., 2008) or by creating a more conducive soil environment for microbially mediated N transformation processes like mineralization and nitrification (Schimel and Bennett, 2004; Zhang et al., 2019). Furthermore, soil pH shapes microbial community composition (Fierer and Jackson, 2006), favoring greater N cycling microbial gene abundances in less acidic soils (Mushinski et al., 2021). If garlic mustard populations alter soil N cycling through increases in soil pH, then we would expect increases in N mineralization that could increase soil inorganic N availability for plant uptake or to accelerate downstream N cycling processes such as nitrification and denitrification (Figures 1A,D,F).
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FIGURE 1
Conceptual diagram depicting proposed mechanisms for garlic mustard to influence soil N cycling and hypothesized effects these mechanisms will have on N cycling processes.


Garlic mustard could also alter soil N cycling processes through suppressing or promoting specific functional groups within soil microbial communities (Pringle et al., 2009). Garlic mustard can negatively affect mycorrhizal relationships of its native competitors (Stinson et al., 2006; Wolfe et al., 2008). This mycorrhizal allelopathy could reduce mycorrhizal competition with free-living microbes for inorganic nutrients (Johnson et al., 2013), thereby promoting the abundance of saprotrophic microorganisms (Anthony et al., 2017; Duchesneau et al., 2021) and increasing N mineralization rates (Figure 1B). Additionally, garlic mustard can reduce broader soil microbial diversity (Lankau, 2011) by homogenizing soil microbiomes (Anthony et al., 2017), which may serve to reduce competition for N between microbes and plants (Moreau et al., 2019). This microbial community homogenization could also reduce resource competition among microbes, as lower microbial diversity can be associated with higher N use efficiency (Malik et al., 2020) and greater soil N content (Schlatter et al., 2015). Microbiome homogenization may lead to increased rates metabolic N transformation processes via a reduction in antagonistic interactions among more distantly related microbial groups (Kuypers et al., 2018). Additionally, invasive plant species are thought to preferentially uptake nitrate (NO3–) in soils due to the increased mobility from its negative charge (Green and Galatowitsch, 2001; Cui and Song, 2007) and to reduce competition for ammonium (NH4+) with native plants (Lee et al., 2012). Garlic mustard has been shown to increase productivity in response to NO3– addition to the same degree as with NH4+ addition (Hewins and Hyatt, 2010), showing that these plants do not discriminate against different form of mineral N. This flexibility in favor of NO3– could result in garlic mustard accelerating nitrification process rates by stimulating ammonia oxidizing communities, as has been found for other invasive plant species (Hawkes et al., 2005; Shannon-Firestone et al., 2015; McLeod et al., 2016). Finally, garlic mustard can change resource use patterns in its competitor plants via disruptions to belowground fungal communities (Bialic-Murphy et al., 2021), indicating another potential microbially-mediated mechanism for garlic mustard to alter soil N cycling processes. If garlic mustard invasions reduce microbial N competition and stimulate N cycling functional groups, we would expect increases in N mineralization and nitrification rates (Figures 1B,E).

Garlic mustard could also alter N mineralization rates via nutrient-rich litter inputs from young plants that stimulate rates in the early growing season or lower quality litter inputs from senesced plants that suppress rates in the late growing season. As young garlic mustard plants overwinter in their rosette forms, many die before reaching their reproductive stage (Heckman and Carr, 2015) and while native plants are still dormant. High over-winter mortality of first-year garlic mustard plants with high chemical quality leaf and roots relative to native species likely represents a large early-season input of nutrients into soils (Hale et al., 2011). This can lower the carbon (C):N ratio of invaded soils (Burke et al., 2011), with this change in soil nutrient stoichiometry stimulating microbial decomposers to increase soil N mineralization rates in the early season (Ashton et al., 2005; McTee et al., 2017; Figure 1C). However, garlic mustard also senesces earlier than native plants, potentially contributing to a late-growing season flush of lower quality litter into soils that can slow microbial N cycling (Sanaullah et al., 2010). Lower quality senescent garlic mustard litter inputs could therefore decrease N mineralization rates later in the growing season (Figure 1C), allowing for soil N accumulation that could promote the success of younger garlic mustard plants in the following growing season. These seasonal and phenological patterns in garlic mustard’s life history may result in temporal patterns in its effect on soil nutrient cycling. Here we investigated how garlic mustard alters soil N cycling rates in forests it invades (Rodgers et al., 2008b; Morris et al., 2012). We propose three hypothesized mechanisms by which garlic mustard can alter N cycling rates: increasing soil pH, modifying microbial communities, or through litter inputs. To test these mechanisms, we conducted a study in eight central Illinois forests invaded by garlic mustard, quantifying gross N cycling rates, characterizing microbial community composition, and measuring environmental parameters at three points over the garlic mustard life cycle. Overall, we expected to find accelerated mineralization, nitrification rates, and denitrification rates in soils invaded by garlic mustard compared to soils not invaded by garlic mustard and soils with garlic mustard removed. In support of the abiotic soil properties hypothesis, we expected to find increased soil pH corresponding with increased N mineralization, nitrification, and denitrification rates. In support of the microbial communities hypothesis, we expect to find lower mycorrhizal relative abundance, homogenized fungal and prokaryotic communities, and decreased microbial biomass N corresponding with accelerated N mineralization and nitrification rates. In support of the litter inputs hypothesis, we expect to find seasonal shifts in process rates corresponding with garlic mustard phenological stages (Figure 1).



Materials and methods


Study sites

We conducted our study across eight central-Illinois forests spanning 130 km range north-south and 140 km range east-west: Allerton Park, Breens Woods, Bunny Forest, Funk Woods, Richter Woods, Trelease Woods, Warbler Ridge, and the Vermillion River Observatory. Mean annual temperature and mean annual precipitation ranged 10.0–11.1°C and 914–977 mm, respectively, across all sites. Plant community composition is relatively similar across these forests, consisting of a “prairie grove” species mix with Quercus, Fraxinus, Carya, and Acer species dominating the canopies. The understories of these forests are made up of a diverse mix of tree seedlings, Asimina triloba, and other shrubs including Sanicula, Laportea, Ageratina, Ribes, and Trillium species. The dominant soil types at each site were either silt loams or silty clay loams. Geographical coordinates, climate, and soil series for each site are reported in Supplementary Table 1.



Experimental design

In order to test the effects of garlic mustard on soil N cycling, we established a field study in central Illinois, USA. We designed this study with site as the experimental unit of replication (n = 8) to represent the effect of garlic mustard on forest soils over a greater geographic area. In March 2018, we established 1-m2 plots for each of the following three treatments within a 10-m2 area of each forest: garlic mustard present (present), garlic mustard absent (absent), and garlic mustard removed via hand-pulling (removed). We used the garlic mustard removed treatment as a control to account for meter-scale differences in soils within each forest that might promote the growth of garlic mustard. This approach also provided insight into whether live garlic mustard plants were required for garlic mustard to affect soil N cycling. We collected soil samples at three points over the growing season corresponding to different phenological stages in the garlic mustard life cycle. Samples were collected in mid-May to represent the “rosette” stage, mid-June to represent the “flowering” stage, and mid-August to represent the “senescent” stage of the garlic mustard life cycle (8 sites × 3 treatments × 3 time points = 72 samples). This approach allowed us to evaluate the effects of early season versus late season litter inputs on soil N cycling. Comparisons of the garlic mustard present versus absent treatments allow us to evaluate the effect of seasonal changes in environmental conditions (i.e., temperature, moisture, and light availability) that could potentially be confounded with the effect of garlic mustard phenology on soil N cycling and microbial community composition.

We focused our study on the surface soil where aboveground litter inputs and root exudates are most likely to have the greatest effect on N cycling rates, soil properties, and the microbial community. Therefore, soil samples were collected from 0–10 cm depth from the soil surface using a 5 cm diameter hand corer. There was very little to no organic horizon present in any of the study plots, so all samples consisted primarily of mineral soils. Four soil cores were collected from each 1 m2 treatment plot, composited, gently homogenized by hand in the field, and stored in gas-permeable bags at ambient temperature. On the same day as collection, the soil samples were transported to the University of Illinois at Urbana-Champaign (UIUC) for stable isotope pool dilution assays of gross N cycling rates the next day. A subsample of each soil was frozen at −20°C on the same day as collection. These subsamples were freeze-dried within 3 weeks of collection for later DNA and elemental analysis. Soils were collected at least 2 days after a rain event to minimize pulse variation from short-term increases in soil moisture and all samples from each time point were collected within one week of each other.



Gross N cycling rate measurements

To determine garlic mustard effects on soil N cycling rates, we used the 15N pool dilution and tracer techniques to measure gross rates of soil N transformations and to source partition net N2O fluxes between nitrification and denitrification (Hart et al., 1994; Yang et al., 2017; Krichels et al., 2019). Using 15NH4+ addition, we quantified gross N mineralization, microbial NH4+ assimilation, and nitrification-derived N2O fluxes. Using 15NO3– addition, we quantified gross nitrification rates, microbial NO3– assimilation, and denitrification-derived net N2O fluxes. The day after samples were collected, soils were subsampled for three different 15N treatments: control with no 15N label addition, 15NH4+ addition, and 15NO3– addition. To determine concentrations of 15NH4+ and 15NO3– solutions used for enrichment such that 15N enrichment would represent ∼10% of the overall respective N pool, we determined baseline inorganic N concentrations from previously collected samples. After adding 2 mL 15N label solution (99.7 atm%) to a plastic bag containing 150 g soil, 15N label was gently incorporated by massaging the bag by hand to evenly distribute the 15N solution. After 15 min, soil subsamples were extracted in 2M KCl to determine the initial 15N pool size. The remaining soil was transferred to a pint mason jar and sealed with an airtight lid fitted with a butyl rubber septa for gas sampling. Several ambient air samples were collected to characterize the initial concentration and N isotopic composition of N2O in the jar headspaces. After 4 h of incubation at ambient temperature (∼22°C), two gas samples were collected from each mason jar to determine the final headspace N2O concentration using gas chromatography via Shimadzu GC-2014 gas chromatograph (Shimadzu Scientific Instruments, Kyoto, Japan) equipped with an electron capture detector and the final 15N-N2O isotopic composition using an IsoPrime 100 isotope ratio mass spectrometer interfaced to an IsoPrime trace gas preconcentration unit (Cheadle Hulme, UK) and a GX-271 autosampler (Gilson, Inc., Middleton, WI). After collecting gas samples, a subsample of soil from each mason jar was extracted in 2M KCl for inorganic N concentrations, as well as 0.5M K2SO4 with and without a direct chloroform addition (Brookes et al., 1985) to estimate total dissolved N (TN) and microbial biomass N (MBN) based on an extraction efficiency of 0.52 (Brookes et al., 1985). Soil K2SO4 extracts were digested using persulfate oxidation, then analyzed colorimetrically for NO3– concentrations. Soil KCl and K2SO4 extracts were analyzed for inorganic N concentrations via colorimetric methods using a SmartChem 200 discrete analyzer (Unity Scientific, Milford, MA, USA). Both KCl and digested K2SO4 soil extracts were prepared for 15N isotopic analysis using acid-trap diffusion (Brooks et al., 1989), and filter disks were analyzed for 15N isotopic composition as previously described for solid soil samples. Microbial assimilation of NH4+ and NO3– was only measured in the early season, rosette stage as this was the time when plant-microbial competition for N was expected to be highest (Jaeger et al., 1999). Gross N mineralization and nitrification rates were calculated according to Hart et al. (1994). Microbial NH4+ and NO3– assimilation rates were calculated according to Yang et al. (2015). Nitrification- and denitrification-derived net N2O fluxes were calculated according to Krichels et al. (2019).

To assess how garlic mustard associated impacts on N cycling might affect soil N retention, we also measured soil N loss via NH4+ and NO3– leaching using 5 cm diameter resin lysimeters installed at 50 cm soil depth in July 2018 and retrieved in March 2019. To make the lysimeters, PVC cylinders were filled with 15g AmberLite mixed bed ion exchange resin (MB 20; Sigma-Aldrich) between two layers of nylon mesh, with acid-washed sand packed on both openings of the lysimeter. Two lysimeters were installed in each experimental plot as technical replicates. Following lysimeter retrieval, the resin was extracted using a 2M NaCl solution; extract NH4+ concentrations were measured colorimetrically via the salicylate method, and extract NO3– concentrations were measured via the Vanadium (III) method on a SpectraMax M2 plate reader (Molecular Devices, San Jose, CA).



Soil properties

To test the hypothesis that garlic mustard alters soil N cycling rates via changes to soil abiotic properties, we assayed the soil for a suite of properties that garlic mustard could influence. Gravimetric soil moisture was measured by oven-drying soil subsamples at 105oC for 24 h. We characterized soil acid-base chemistry by measuring soil pH in a 1:2 ratio of fresh soil: 1 M KCl as well as soil cation exchange capacity (CEC) and% base saturation in 0.1 M BaCl2 (Hendershot et al., 1993). The BaCl2 extracts were analyzed for Ca, Mg, K, Na, Mn, and Fe concentrations using a PerkinElmer Avio 200 Inductivity Coupled Plasma Optimal Emission Spectrometer (ICP-OES; PerkinElmer Inc., Waltham, Massachusetts, USA). Soil CEC was calculated as the total charge concentration of the measured cations, and% base saturation was calculated as the total charge concentration of base cations (Ca+2, Mg+2, K+, Na+) divided by the CEC (Eddy and Yang, 2022). Prior to determination of soil C and N concentrations, we manually removed rocks, fine-roots, and coarse litter from freeze-dried soil subsamples, sieved soils to 2 mm, and then pulverized soils via bead-beating. The ground soil samples were analyzed for C and N concentrations using a Vario Micro Cube elemental analyzer (Elementar, Hanau, Germany).



DNA extraction, sequencing, identification, and assignments

To test the hypotheses that garlic mustard influences soil N cycling via modification of soil microbial communities, we used high-throughput DNA sequencing to determine the impact of garlic mustard on microbial community structure as well as the relative abundance of key functional groups. DNA was extracted from 500 mg of freeze-dried soil using the FastDNA SPIN Kit for Soils (MP Biomedicals, Santa Ana, USA). The extracts were purified using cetyl trimethyl ammonium bromide (CTAB; Edwards et al., 2018). DNA extracts were submitted to the Roy J. Carver Biotechnology Center at the University of Illinois at Urbana-Champaign for Fluidigm amplification (Fluidigm, San Francisco, USA) and Illumina sequencing (Illumina, San Diego, USA). We assessed fungal communities via the ITS2 gene region using ITS3 and ITS4 (White et al., 1990; Ihrmark et al., 2012) primers to amplify DNA and sequence amplicons via MiSeq bulk 2 × 250 bp V2. As we were interested in the broad fungal community effect of garlic mustard invasion, we chose to use a universal ITS2 barcode region (Schoch et al., 2012). However, this barcode is known to discriminate against early-diverging fungal lineages, such as arbuscular mycorrhizal fungi (Stockinger et al., 2010), which we therefore excluded from our analysis. We assessed bacterial and archaeal communities via the bacterial and archaeal 16S rRNA genes. Samples were amplified using Arch519 forward and BAC785 reverse primers and amplicons were sequenced via NovaSeq 2 × 250 bp. Primer sequences and references can be found in Supplementary Table 2. Sequence data is publicly available from the NCBI SRA database under accession number PRJNA690109. We used the DADA2 pipeline (Callahan et al., 2016) for bioinformatic processing to produce amplicon sequence variants (ASVs) from the sequencing data. Briefly, quality filtering, denoising, merging forward and reverse reads, and removing chimeric sequences was performed using recommended parameters for 16S and ITS genes. One sample did not pass quality filtering, thus a total of 71 samples were included for microbial analysis. We did not cluster sequence variants (Glassman and Martiny, 2018) prior to using the default DADA2 classifier (Wang et al., 2007) to assign taxonomy based on reference sequences from the UNITE database (Kõljalg et al., 2013) for ITS sequences and the SILVA database (Quast et al., 2012) for 16S sequences. Final count numbers were transformed via a Hellinger transformation (Legendre and Gallagher, 2001) prior to further statistical analysis. Data used for analysis consisted of 3498 fungal, 61704 bacterial, and 516 archaeal ASVs. Due to the relatively low number of archaeal sequence variants, and because bacterial and archaeal sequences were derived from the same primer sets, we analyzed bacterial and archaeal communities together.



Statistical analysis

All statistical analyses were performed in the R statistical environment (R Core Development Team, 2013). Differences in soil properties and N cycling rates between garlic mustard treatments and over time were assessed using a two-way mixed effect ANOVA model (lmer function in the lme4 package; Bates et al., 2014) with garlic mustard treatment, sampling time, and their interaction as fixed effects and site as a random effect. To meet model assumptions of homogeneity of variance and normally distributed residuals, soil NH4+ concentrations, gross N mineralization rates, and nitrification- and denitrification-derived net N2O fluxes were log-transformed. We used linear models to assess whether there was an association between various soil properties (i.e., pH, moisture, and C:N) and soil N cycling process rates to further connect changes in soil properties with garlic mustard effects on N cycling rates. Linear models were used to assess the correlation between N cycling rates and soil properties. Post-hoc pairwise differences between treatments and between time points were determined using a Tukey’s test. Overall patterns of microbial beta diversity and community structure were analyzed with the VEGAN package (Oksanen et al., 2010). To determine differences in community composition based on garlic mustard treatment, sampling date, and their interaction, we performed a permutational analysis of variance (PERMANOVA) with the adonis function on Hellinger-transformed ASV count numbers stratified by forest to account for the large effect of physical location on microbial community composition. We also assessed garlic mustard treatment and sampling date differences in community composition and heterogeneity using a constrained principal coordinates analysis (PCoA), conditioned to remove the effect of forest (site), with Bray-Curtis dissimilarity of relativized ASV count numbers. To assess patterns of community dispersion and homogenization, we used the permdisper() function in vegan on the Bray-Curtis distance between samples from the previously described PCoA ordination. Differences in species diversity (Shannon’s H), evenness [H/log(species #)], and in the relative abundance of functional groups saprotrophic, pathogenic, and ectomycorrhizal (ECM) fungal functional groups were determined using a two-way mixed effect ANOVA model with garlic mustard treatment, sampling time, and their interaction as fixed effects and site as a random effect. Fungal functional groups were assigned using the FUNGuild database (Nguyen et al., 2016) on ASVs designated with a “probable” or “highly probable” confidence score for saprotrophic, pathogenic, or ECM classifications. To assess correlation of microbial community composition with environmental and nutrient cycling variables, we used the envfit() function in VEGAN on PCoA ordinations of fungal and bacterial/archaeal communities. Statistical significance was assessed as p < 0.05.




Results


Nitrogen cycling rates

Overall, garlic mustard accelerated gross N mineralization and nitrification rates, but phenological effects were not consistent across the different N cycling processes. In contrast to expectations based on our litter-driven hypothesis, we found no difference in gross mineralization rates between treatments during the rosette stage. Gross N mineralization rates were higher in garlic mustard present and removed plots than absent plots during the senescent stage (p = 0.02; Supplementary Figure 1a), but mineralization was not affected by garlic mustard treatment in the rosette and flowering stages (Figures 2A,F). Gross nitrification rates were higher in garlic mustard present and removed plots than in garlic mustard absent plots across all sampling points (p = 0.02) but did not vary over time (Figures 2B,G). Similarly, nitrification-derived net N2O fluxes were greater in garlic mustard present and removed than absent plots (p = 0.04; Figures 2C), with these differences being most pronounced in the rosette sampling time point where there was a marginally significant interaction between garlic mustard treatment and sampling time (p = 0.07; Supplementary Figure 1b). However, garlic mustard treatment did not affect total or denitrification-derived net N2O fluxes (Figures 2D,E). Microbial assimilation of NH4+ and NO3– did not differ among garlic mustard treatments in the early season, the only time point for which these rates were measured (Supplementary Table 3). Soil inorganic N loss through leaching also did not differ significantly among garlic mustard treatments (Supplementary Table 3). Gross N mineralization rates were highest in the early season, rosette sampling time point (p = 0.004; Table 1 and Supplementary Figure 3), and this sampling date effect was consistent across all garlic mustard treatments. While gross nitrification rates did not differ among sampling dates, nitrification-derived net N2O fluxes were highest in the early season across all garlic mustard treatments (p < 0.001; Figure 2H). Similarly, denitrification-derived net N2O, as well as total net N2O fluxes also peaked during the early season across all garlic mustard treatments (p = 0.002; Figures 2I,J).
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FIGURE 2
Boxplots of garlic mustard treatments (A–E) and sampling time (F–J) effects for gross mineralization rates (A,F), gross nitrification rates (B,G), nitrification-derived net N2O flux (C,H), denitrification-derived net N2O flux (D,I), and total net N2O flux (E,J). Boxes with differing symbols (‡, *, #) are significantly (p < 0.05) different from the others based on a Tukey’s test.



TABLE 1    F- and p-value results from 2-way mixed effects ANOVA models based on garlic mustard treatment, sampling time, and their interaction as fixed effects, with sampling site (forest) as a random effect.
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Soil properties

Garlic mustard treatment influence soil abiotic properties primarily through pH. In support of our soil pH driven hypothesis, soil pH was significantly lower in garlic mustard absent plots (p < 0.001; Table 1 and Supplementary Figure 2) relative to garlic mustard present and removed plots. Soil CEC was marginally lower in garlic mustard absent plots than in garlic mustard present or removed plots (p = 0.06; Table 1), while percent base saturation was not significantly affected by garlic mustard treatment (Supplementary Table 3). Soil moisture was lowest in plots where garlic mustard was present (p = 0.01; Supplementary Figure 2). Soil C:N ratios (Supplementary Figure 2), as well as soil NH4+, NO3–, and MBN concentrations (Supplementary Figure 3) did not significantly differ among garlic mustard treatments (Table 1).

Several soil abiotic properties changed over the growing season, yet there were no significant interactions between sampling date and garlic mustard treatment for any soil property. Soil moisture was greatest in the early season and declined significantly as the season progressed (p < 0.001; Table 1). Percent base saturation was significantly lower in the rosette sampling point than either the flowering or senescent time point (p < 0.001; Table 1). Soil NH4+ concentrations were greatest in the early growing season, significantly declining from the rosette into the flowering stages (p < 0.001; Table 1) and remaining consistent between the flowering and senescent stages. Microbial biomass N was significantly reduced during flowering relative to the rosette and senescent stages (p = 0.01; Table 1). Soil NO3– concentrations did not differ significantly among sampling dates.

Garlic mustard treatment and sampling time differences in N cycling rates were correlated with differences in environmental factors potentially affected by garlic mustard or growing season conditions. Garlic mustard effects on soil pH may have promoted its effect on gross N mineralization and nitrification rates because as soil pH increased, so did both gross N mineralization (R2 = 0.16, p < 0.001; Figure 3A) and gross nitrification rates (R2 = 0.17, p < 0.001; Figure 3B), further supporting our soil pH hypothesis. Denitrification-derived net N2O fluxes decreased with soil moisture (R2 = 0.14, p < 0.001), corresponding with seasonal declines in soil moisture as the growing season progressed.
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FIGURE 3
Scatter plot depicting correlations between pH and N-cycling process rates for gross N mineralization (A) and gross nitrification (B). Dashed lines represent the linear relationship as described by the R2 and p-value within each plot.




Microbial communities

Fungal and bacterial/archaeal communities shifted under garlic mustard presence and also over the growing season. In line with our expectations from the microbiome-driven hypothesis, fungal community composition differed significantly among garlic mustard treatments (p = 0.002; Table 2), with garlic mustard presence restricting variation in microbial community composition (Figure 4A). While overall communities differed between sampling dates (p = 0.001; Table 2 and Figure 4B), the effect of garlic mustard treatment did not change over time. Similarly, bacterial/archaeal communities exhibited differences among garlic mustard treatments (p = 0.001) and among sampling dates (p = 0.001; Table 2 and Figures 4C,D), but no interaction between treatment and time. Garlic mustard presence also homogenized fungal communities (p = 0.04; Table 2), but not prokaryotic communities, relative to garlic mustard absent or removed treatments (Figure 4). Garlic mustard treatment did not significantly affect fungal or bacterial/archaeal diversity or evenness (Supplementary Table 3), though bacterial diversity increased over the course of the growing season (p = 0.03; Supplementary Table 3). Additionally, garlic mustard treatment did not significantly affect the relative abundance of fungal saprotrophic, pathogenic, or ECM functional guilds within the overall fungal community, but ECM relative abundance increased over the growing season (p = 0.03; Supplementary Table 3). Microbial community composition significantly correlated with environmental and nutrient cycling variables, with key differences between fungal and bacterial/archaeal communities. Both fungal and prokaryotic partial ordinations significantly correlated with soil pH,% base saturation, and gross N mineralization rates (p < 0.05; Table 3 and Figure 5). Fungal communities additionally correlated with soil NH4+ concentrations (p = 0.001; Table 3 and Figure 5A), while bacterial/archaeal communities correlated with soil CEC and MBN (though marginally significant with fungi, p < 0.109), soil moisture, gross nitrification rates, and TN (p < 0.05; Table 3 and Figure 5B). There was also a marginally significant relationship between bacterial/archaeal communities and soil C:N (p = 0.08). These results provide further support for our hypothesis that garlic mustard’s effect on N cycling is related to its effect on soil microbiomes.


TABLE 2    Results from a permutational analysis of variance (PERMANOVA) and betadisper test with garlic mustard treatment, time, and their interaction (PERMANOVA only) as fixed effects and samples stratified by site (forest).
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FIGURE 4
Constrained principal correspondence ordinations conditioned on site for Bray-Curtis dissimilarities of relativized ASV count numbers for fungal (A,B) and bacterial/archaeal (C,D) communities. Polygons represent convex hulls indicating the extent of each treatment group for garlic mustard treatment (A,C) and time point (B,D). CAP 1 and 2 for fungal communities explain 11.7 and 9.0% of variation in community dissimilarity, respectively, and CAP 1 and 2 for bacterial/archaeal communities explain 3.5 and 3.0% of variation in community dissimilarity, respectively.



TABLE 3    Redundance analysis for correlation of environmental and N cycling variables with constrained PCoA ordiantions for fungal and bacterial/archaeal communities.
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FIGURE 5
Vector scaling analysis of environmental and N-cycling variables against constrained PCoA ordinations for fungal (A) and bacterial/archaea (B) communities. Arrows represent variables with significant correlations to microbial community ordinations, with the length of each arrow roughly proportional to the R2 of its RDA correlation.





Discussion

Garlic mustard alters nutrient availability where it invades (Rodgers et al., 2008b; Anthony et al., 2017), but the mechanisms underlying this effect have remained uncertain. We found that garlic mustard was associated with accelerated gross N mineralization rates, gross nitrification rates, and nitrification-derived net N2O fluxes, although these effects varied throughout the growing season. Our data support the proposed mechanisms that garlic mustard effects on soil N cycling corresponded to increases in soil pH and changes to microbial community composition, likely with some interaction between these factors. However, patterns in early season N mineralization rates, soil C:N ratios, inorganic N pools, and microbial N assimilation rates did not support the proposed mechanism that garlic mustard influences nutrient conditions via litter input or nutrient uptake to affect N cycling rates. Overall, our results suggest that changes to both soil abiotic and biotic properties following garlic mustard invasion could contribute to accelerated N cycling, potentially promoting garlic mustard invasion by creating more favorable soil N dynamics for garlic mustard in its non-native habitats. Increased soil pH by garlic mustard could both directly and indirectly increase soil N cycling rates, with these effects persisting in the months after garlic mustard is removed. Increases in soil pH following garlic mustard invasion could be due to horizontal transport of soil cations, such as Ca2+, from deeper soil layers by the plant’s taproot structure (Renz and Blank, 2004). While we only observed marginal changes in CEC among garlic mustard treatments, the changes we found in Ca2+ concentrations suggest it is possible that over a longer period of observation (i.e., several years to decades) garlic mustard may promote a stronger pattern of soil cation accumulation (Rodgers et al., 2008b; Gibbons et al., 2017). While changes to soil pH can directly affect soil N cycling processes (Schimel and Bennett, 2004; Zhang et al., 2019), there may also be indirect effects via soil pH controls on microbial communities. As soil pH increases, garlic mustard’s effect on microbial community homogenization increases (Anthony et al., 2019), likely further promoting its competitive advantage through mediating microbial communities. This was supported in our study by the strong correlation between pH and partial fungal (R2 = 0.23) and prokaryotic (R2 = 0.41) community ordinations. Alternatively, these changes in pH could be driven by the microbial communities or plant nutrient uptake, as microbial nitrification processes and subsequent NO3– uptake can decrease proton abundance in soils (Binkley and Richter, 1987; Ehrenfeld et al., 2001; Li et al., 2020). We also found no significant differences in soil pH nor N cycling rates between garlic mustard present and removed plots, suggesting that there may be lasting effects of garlic mustard after its removal. This legacy effect of garlic mustard on soil pH may contribute to the lack of recovery of soil microbiomes following garlic mustard removal (Lankau et al., 2014; Anthony et al., 2019).

Correlations between microbial community composition and gross N cycling rates support the hypothesis that garlic mustard alters N cycling by modifying the soil microbiome. Fungal and bacterial/archaeal communities in these forests differed among garlic mustard treatments, despite previous findings from similar sites to the contrary (Edwards et al., 2022), showing the microbial impact of garlic mustard can change over time (Lankau, 2011). Further, garlic mustard disrupted soil microbial community composition and homogenized fungal communities, though we found no evidence for direct effects on fungal guilds or microbial diversity. Indeed, the dynamic nature of garlic mustard effects on soil microbiomes indicates that there is significant variation in the shape and direction of this relationship over space and time (Cipollini and Cipollini, 2016). Garlic mustard impacts on soil microbiomes are exacerbated by multiple global change factors (Anthony et al., 2020), and the results we show here demonstrate there may be other downstream consequences of these impacts. Fungal and prokaryotic community partial ordinations corresponded with gross rates of N mineralization, a process carried outby multiple microbial domains (Fraterrigo et al., 2006). In contrast, only prokaryotic community partial ordination corresponded with gross rates of nitrification, which is almost exclusively performed by bacteria and archaea (Isobe et al., 2011). Additionally, soil moisture also correlated significantly with bacterial/archaeal but not fungal community ordinations, potentially indicating a limited microbial impact of decreased soil moisture under garlic mustard invasion. These differing patterns implies a mechanistic link between microbial community composition and gross N cycling rates in response to garlic mustard invasion. It follows that as garlic mustard drives changes to soil microbiomes, the biogeochemical processes these microbes carry out will be affected as well, leading to altered overall soil N cycling.

While other invasive species have been found to alter soil nutrient cycling through litter inputs or resource acquisition (Liao et al., 2008; Castro-Díez et al., 2014), we did not find evidence of garlic mustard accelerating soil N cycling through this mechanism. For garlic mustard, the incorporation of nutrient-rich litter from deceased first-year plants early in the growing season or senesced adult plants later in the growing season has been shown to alter nutrient dynamics in soils it invades (Rodgers et al., 2008b; Heckman and Carr, 2015). We found no differences among garlic mustard treatments in early season gross N mineralization rates, N immobilization rates, or MBN pools. This pattern suggests that garlic mustard nutrient inputs from dead first year plants did not influence N cycling dynamics, or that the nutrient inputs over the course of this study were not sufficient to cause these changes. However, if resource competition among plants and microbes was stimulated during this period (Engelhardt and Anderson, 2011), this could have potentially offset the effects of increased nutrient inputs. Further, as the late-season, senescent stage N mineralization rates were similar between garlic mustard present and removed plots, it does not seem that direct nutrient inputs from garlic mustard plants were necessary to produce this effect. Garlic mustard litter-associated effects on soil N cycling may also be more latent than those from changes to pH or microbial communities. If so, we could not observe these dynamics over the course of this study but may have been able to by sampling in subsequent growing seasons. Further investigation is needed into the temporal aspects and nutrient content of garlic mustard litter inputs to more fully test this as a potential mechanism for garlic mustard to alter forest N cycling. Overall, we did not find support for garlic mustard litter inputs or nutrient acquisition effects on soil N cycling.

As we did not establish the treatments in this study, our data are observational, making it difficult to derive a causal inference that garlic mustard was truly responsible for the changes we found to these ecosystems. An alternative explanation of this data could be that garlic mustard simply prefers higher pH soil with corresponding microbial communities and higher N cycling rates, thus local microsite conditions are responsible for the presence of garlic mustard. This could potentially explain why we found no differences between garlic mustard present and removed plots for many of the variables we measured. In order to truly test the causal link for the mechanistic hypotheses we propose, manipulative treatments would need to be imposed where garlic mustard was intentionally planted, which would not have been possible at our study sites. However, this study presents an association among garlic mustard, N-cycling, and soil abiotic/biotic properties that provides support for the hypothesis that garlic mustard is responsible for these changes. Further, this study builds on a relatively large field of literature that has used mechanistic techniques (Anthony et al., 2020) to show that garlic mustard can be directly responsible for changes to forest ecosystems.

In conclusion, garlic mustard may accelerate soil N cycling rates in invaded forests via increases in soil pH and changes to soil microbial communities. Soil pH could directly alter soil N cycling rates, but it can also indirectly affect N mineralization and nitrification through its influence on fungal and prokaryotic community composition. The removal of garlic mustard did not immediately reverse its effects on soil abiotic and biotic properties nor soil N cycling rates, indicating that garlic mustard invasions may have a lasting legacy on ecosystem N cycling. This new understanding of the mechanisms through which garlic mustard accelerates soil N cycling rates improves our ability to predict the effects of garlic mustard invasion and removal on ecosystem N cycling.
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