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Abstract

:

The introduction of invasive earthworms initiates physical and chemical alterations in previously earthworm-free forest soils, which triggers an ecological cascade. The most apparent step is the shift in the herbaceous plant community composition. However, some species, such as Arisaema triphyllum (jack-in-the-pulpit), persist where earthworms are present. It has been hypothesized that A. triphyllum produces insoluble oxalate, an herbivory deterrent, in the presence of earthworms. This study aimed to distinguish between the effects of earthworm-induced changes in soils and the physical presence of earthworms on oxalate production. As such, a two-way factorial greenhouse trial was conducted using uninvaded soils to test this hypothesis for two invasive earthworm species (Amynthas agrestis and Lumbricus rubellus). The sequential extraction of oxalates in A. triphyllum corms was performed with absolute ethanol, deionized water, acetic acid and HCl, representing fractions of decreasing solubility. Earthworm presence increased water-soluble (p = 0.002) and total oxalate (p = 0.022) significantly, but only marginally significantly for HCl-soluble oxalate (p = 0.065). The corms of plants grown in soils previously exposed to the two species did not differ in oxalate production when earthworms were not present. However, the data suggest that earthworms affect corm oxalate concentrations and that the sequence of invasion matters for oxalate production by A. triphyllum.
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1. Introduction


Earthworm invasions into previously uninvaded forests cause severe disturbances in forested ecosystems where the soils and plant community structure have developed in the absence of these invertebrates [1,2,3,4]. Specifically, the invasion of woodlands by earthworms results in the loss of organic soil horizons (through consumption of the Oe and Oi layers) and a mixing of organic and mineral material [5], setting off an ecological cascade of effects that reach well beyond the forest soil and the immediately affected ecosystem [6]. With invasions now reaching into the ecosystems of the arctic circle [7,8], earthworms may affect the vast stocks of carbon stored in the taiga and tundra soils [9,10]. In the temperate regions of North America, the invasion is already well advanced and is affecting the plant–soil system [11,12,13], as well as whole ecosystems [1]. However, plant communities [14] are altered not only by the actions of earthworms but also by subsequent foraging by large ungulate browsers, such as white-tailed deer (Odocoileus virginianus) in North America [15]. Here, we examine a hypothesis that earthworms, or the changes they induce in the soils system, can result in the increased production of insoluble oxalates, an herbivory deterrent, in jack-in-the-pulpit (Arisaema triphyllum).



The vast majority of earthworms found in northeastern US forests are introduced species and have been recognized as such for some time [5,16,17,18]. Anthropogenic activities, such as horticulture, agriculture, non-commercial fishing, and recreation, have increased earthworm dispersal during the last century [1,19,20]. In contrast to agricultural lands, where they are regarded as positive indicators of soil quality (USDA-NRCS, 2001), earthworms have negative impacts on previously earthworm-free forest systems [14]. The mixing of organic and mineral soil by earthworms reduces the seedbank and germination function of the forest soil for many understory plants, often resulting in a decline in species richness and evenness [14,21,22,23], although abundance increases have also been observed, though often involving different species to the ones endemic to the region [21,24]. Additionally, the change in soil structure and the concomitant loss of the Oi and Oe horizons results in a flush of soluble nutrients early in the growing season, which may shift the phenology of the community to favor invasive plant species that may be able to utilize this unusually early abundance of an ordinarily limited resource [25]. Plants that remain are subject to greater browsing pressure from deer because of the lowered plant densities [22].



Some understory, “vermiphile” plants persist in the face of earthworm invasions [14,22,26]. Among plants that indicate the heavy infestation of forests by earthworms are Arisaema triphyllum, Allium tricoccum, Carex pensylvanica and saplings of Fraxinus species. Hypotheses regarding their resilience to earthworm invasions are several, but the one we investigated here relates to a potential chemical defense to browsing. Compounds likely to serve as a deterrent to browsers, such as oxalate, are often multifunctional, with additional roles in metabolism and structure [27]. An intermediate product of saccharide metabolism, compounds of oxalate can serve both as nutrient storage as well as an herbivory deterrent. For example, oxalate compounds with metal nutrients (Ca, Mg) to form sharp, insoluble raphides, intracellular needle-like crystals [28], that act as a sink for excess essential metals and represent a physical/chemical browser defense [27]. The oxalic acid exuded from root tips also immobilizes and prevents the uptake of toxic metals (Al, Hg, Pb, Cd) from soils or binds internally with those in plant tissues, making them metabolically inactive [29]. The focus of this study was to determine whether it is the mere presence of earthworms or the soil conditions caused by earthworm activity that affect plant oxalate production as well as the fractionation of oxalate compounds with different solubility.



The proposed mechanism of accelerated calcium oxalate (CaC2O4) raphide formation is shown in Figure 1. It is based on the idea that earthworms accelerate the mineralization of Ca from organic matter by providing an additional mechanism of mineralization. However, many earthworms also have calciferous glands, which provide the calcium that neutralizes carbonic acid (a metabolic by-product) to form calcite (Ca(CO3)2) in their gut [30]. This process, termed calcifery, results in the excretion of calcite granules by the earthworms. Calcite has low solubility, such that calcifery can sequester C and Ca into recalcitrant soil pools. However, the equilibrium chemistry of production and dissolution will elevate both labile and recalcitrant calcium carbonate pools in the soil, reaching a steady state after approximately 6 years [31]. In addition, calcifery requires that Ca is available, mineralized from organic matter, or released from the soil parent material.



Accelerated mineralization by earthworms promotes the availability of Ca and other base cations in soils. Some plants respond to greater Ca availability by storing it in compounds, such as Ca oxalate. We have observed that soils at earthworm-invaded sites had greater concentrations of available Ca (data not presented) which may trigger additional oxalate production in plants so that calcium in excess of cytosol requirement can be neutralized [32]. This adaptation allows these plants to tolerate the greater calcium concentrations that are purportedly associated with earthworms by storing it as calcium oxalate raphides. However, calcium relations in earthworms differ among species [33]. For example, Lumbricus rubellus is strongly calciferous, whereas Aporrectodea caliginosa is not. Calcium granule production for these two species is one to ten per day and one to ten per month, respectively [33,34].



To test the hypotheses that earthworms promote insoluble oxalate production, jack-in-the-pulpit (hereon in JIP, Arisaema triphyllum, Figure 2b), a known vermiphile plant species with established naturalized populations common in northern hardwood forest communities, was selected as the plant model [22]. Jack-in-the-pulpit is a calcium oxalate-accumulating plant native to the northeastern US that is anecdotally observed more often in the presence of earthworms. Calcium oxalate raphides in JIP are regarded as defenses against browsers, such as deer [35,36].



We selected Amynthas agrestis (Figure 2a) and L. rubellus as our model earthworms partly because they purportedly differ in soil calcium relations. They are both commonly observed, exotic, epi-endogenic earthworms found in the northeastern USA [17,37]. A. agrestis is of the family Megascolecidae and is one of three aggressive and rapidly dispersing earthworm species [20], with origins in far-eastern Asia. This species is part of a second wave of invaders which colonized northern North American soils already invaded by Lumbricidae [38], with potential further effects on soil–plant relations. Megascolecidae generally do not have calciferous glands [39], but it is possible that some species may have this adaptation. L. rubellus is of the family Lumbricidae, an almost ubiquitous, strongly calciferous earthworm with origins in Eurasia. Our objective was to separate as much as possible the influence of the edaphic conditions created previously by earthworms from the effect of their presence on plant concentrations of the oxalate compounds differing in solubility. We wanted to see (1) whether there was a difference in oxalate synthesis when calciferous or non-calciferous earthworms were present, (2) whether the effect of earthworms would last when they were removed and (3) whether the invasion sequence mattered, i.e., whether the second wave really does matter. To this end, we conducted an experiment in which the pre-incubation of soils with one or the other earthworm and without earthworms was one factor (SOIL), and the subsequent absence or presence of earthworms (WORM) was another factor (Figure 3A). The combination of pretreatment incubation in the absence of earthworms and the pots without earthworms serves as a control. Sequentially extracting oxalate along a solubility gradient may give insight into the effect of earthworms on oxalate storage as Ca oxalate, the form that deters browsers.




2. Materials and Methods


2.1. Earthworm and Soil Collection


Soil was collected from the University of Vermont Jericho Research Forest (latitude: 44°26′55″ N, longitude: 72°59′48″, elevation 230 m) from an earthworm-free northern hardwood forest stand. The soil is mapped as Duane series, sandy-skeletal, mixed, frigid, ortstein Typic Haplorthods [40]. However, the observed profile better matches a Peru fine sandy loam (coarse-loamy, isotic, frigid Aquic Haplorthods) [40]. Each soil horizon (A, E, Bhs, B) was collected from soil pits and stored separately until mesocosm construction. Mineral soil was sieved at 7.5 mm and the homogenized pass fraction was used in the experiment. Part of the A horizon was set aside to acclimate earthworms prior to the start of the experiment. The Oa horizon, which was less than 2.5 cm thick in this soil series, was not collected. The leaf litter collected at the site was found to be predominantly sugar maple (Acer saccharum) and American beech (Fagus grandifolia). The leaf litter was manually shredded, and all materials were sieved at 7.5 mm and the pass fraction was used in the experiment.



A. agrestis (Figure 2a) were collected from naturalized populations at UVM’s Horticulture Research Center (lat.: 44°25′52″, long.: 73°11′57″, elevation 112 m) and L. rubellus from a field under a 7-year silage corn–alfalfa rotation at UVM’s Miller Dairy Complex (lat.: 44°27′24″, long.: 73°11′20″, elevation 100 m) both in South Burlington, VT. Earthworms were maintained in the aforementioned separate fraction of A horizon soil for 1 week to acclimate and ensure survival under experimental conditions.



In order to minimize variation amongst individuals, seeds of A. triphyllum, a dioecious perennial plant (Figure 2b), were purchased from a local sustainable wildflower horticulture center that collects and propagates native varieties (Vermont Wildflower Farm, Vergennes, VT, USA). Seeds were scarified and then stratified for 3 months prior to sowing into pots.




2.2. Greenhouse Pot Trials


The greenhouse trial was designed to examine the effect of soil modification by earthworms (SOIL), representing the “invasion history”, and the effect of physical earthworm presence (WORM), representing new introductions, on JIP corm oxalate production. Thus, the experiment had three SOIL pretreatments in which earthworm-free soils were aged in the presence of L. rubellus or A. agrestis, or no earthworms at all (Figure 3A). Each of these pretreated soils was then subjected to three earthworm (WORM) treatments: No earthworms, A. agrestis or L. rubellus. In this way, we artificially created physical models of invasion sequences: invasions into soils not recently occupied by earthworms, A. agrestis following on from L. rubellus, and L. rubellus following A. agrestis.



To produce pretreated soils (SOIL), A horizon soil was divided into three shallow containers, each with a volume of 59 L (89 cm long, 42 cm wide, 16 cm deep). These containers were constructed to produce the three pre-experimental WORM treatments: (1) Control (no earthworms), (2) A. agrestis (140 g fresh biomass) and (3) L. rubellus (140 g fresh biomass). Pre-incubation started on 9 June 2012. The A horizon soil was incubated in the presence of the worms for 4.5 months on a 12 h day/night cycle at 15 °C. At the end of the pre-incubation period, earthworms were removed from the pretreated A horizon soil. Then, 45 experimental units were constructed in 4 L, plastic horticultural pots by sequentially layering B, then Bhs, then E, then A horizon, and lastly leaf litter into each vessel to simulate the soil profile as observed at the collection site. This was to create soil conditions similar to those found in field soil. Briefly, each pot contained 50 g of leaf litter, 800 mL A horizon, 30 mL E horizon, 400 mL Bhs horizon and 2000 mL B horizon. Fifteen pots each received soils pretreated with A. agrestis, L. rubellus or neither earthworm. To five pots in each SOIL set, three A. agrestis, three L. rubellus or no earthworms were added on 29 October 2012. To prevent the escape of the earthworms, we modified the pots prior to reconstructing the soil profile. Two rings of single stranded insulated copper electrical wire (40 gage) were glued 1.5 cm apart to the inside of the pots 5 cm below the rim. As earthworms were moving over the two wires their adhesion to the pot walls were broken and they fell back onto the soil surface. In trials, this prevented A. agrestis from scaling the pot walls. A fine mesh was added to the bottom of the pots to prevents worms from escaping through the drainage holes.



All pots thus prepared were transferred to a greenhouse on 29 October 2012 and arranged in a complete randomized design under 12-h day/night cycle sodium supplemental lighting and 50% shade cloth. Temperature was maintained between 15 and 21 °C and relative humidity varied at 50–100%. Pots were misted equally with reverse osmosis water for the duration of the experiment at the replacement rate of the controls (WORM control on SOIL control). Each pot received 3 A. triphyllum seeds. Germination was high, with 2 or 3 seedlings emerging in each pot. Plants were continuously monitored until harvest, which was carried out one week after senescence when the corms from each treatment were collected on 13 March 2013.



Bulk samples of A horizon were collected from each pot and dried at 50 °C. Standard 2 M KCl (mineral nitrogen) and 1 M NH4Cl (nutrients) extracts of 5:1 solvent to dry soil ratio were performed. Ammonium chloride extracts were analyzed using ICP-AES (Perkin-Elmer Corp., Norwalk, CT, USA). Mineral nitrogen was quantified colorimetrically on a BioTek 96-well microtiter plate reader (BioTek, Winooski, VT, USA) using a miniaturized method [36]. In addition, relative dissolved organic matter content was analyzed for absorbance at 330 nm with a GENSYS10vis spectrophotometer (Thermo Scientific Spectronics, Rochester, NY, USA) [41].



Upon deconstruction of the soils, the contact between the A and B horizon was still distinct, but earthworm-related bioturbation and burrows were evident with the Bhs and some of the E horizons incorporated into the A and B horizons (Figure 4). The resulting contact between the A and the B horizon was wavy.




2.3. Oxalate Quantification


Several forms of variably soluble oxalate are present in plant tissues. We performed a sequential extraction with absolute ethanol, deionized water, 5% acetic acid and 2N HCl, representing the oxalate fractions of decreasing solubility (Figure 3B). This method is operationally defined, but the ethanol fraction should contain only free oxalic acid, the water fraction should contain unbounded, polyhydrate and amorphous fractions of oxalate, the acetic acid fraction should contain the balance of non-crystalline forms of oxalate and the HCl fraction should contain the remaining forms (including Ca oxalate) of oxalate [42,43,44,45]. Because of the sequential extraction on the same sample, the total oxalate in a corm could be estimated as the sum of the extractions. Sequential solvent extraction was performed on fresh corms, which are tuber-like, below-ground storage organs, after surficial soil removal. Specifically, each corm was macerated, combined with 25 mL of ethanol and agitated with glass beads for 2 h at ambient conditions before centrifugation (TJ6 centrifuge; Beckman Coulter, Brea, CA, USA) and collection of supernatants. To pellet, 25 mL of water was added and the process was repeated. Acetic acid and HCl extraction were carried out in the same manner, with the exception that the HCl extract was agitated for 4 h. The water content of the corms from each treatment were also analyzed, and no significant differences were observed. Extraction efficiency by mass was compared within treatments and found to not differ significantly.



Oxalate was quantified with a Dionex ED50 Electrochemical Detector (Sunnyvale, CA, USA) equipped with an AS50 Autosampler, an AS11 column and an AG11 guard column. A CSRS suppressor was included in the line to remove cations and contribution of gradient NaOH eluent (Dionex, Sunnyvale, CA, USA). A standard 20 mg/L oxalate solution was mixed at the beginning of the trial; aliquots were frozen and included as QCs in each run. Additionally, within each run, random samples were analyzed in duplicate to ensure replicable results.




2.4. Aggregate-Scale Ca Concentrations


To analyze whether the two earthworm species had different effects on soil microsite water-extractable Ca concentrations, we analyzed earthworm castings and compared them to aggregates formed in soils without earthworms. The experimental set up and analyses methods are given in Tecimen et al. [46]. In brief, aggregate samples were harvested from the following treatments described above: pretreatment control soil with no earthworms, L. rubellus or A. agrestis. The aggregates samples were extracted with deionized water and then immediately analyzed for Ca with an ion-specific microelectrode (Microelectrodes, Inc., Bedford, NH, USA).




2.5. Statistics


The mesocosm trial was a completely random, fully factorial design; the response variables (ethanol, water, acetic acid and HCl—extractable corm oxalates and total corm oxalates) were tested for homoscedasticity, independence and normality; if the data did not meet the assumptions, a transformation according to the natural log was performed. Subsequently, the data were examined by full two-way factorial ANOVA where the factors were SOIL (soil exposed to no earthworms, A. agrestis or L. rubellus) and WORM (no added earthworms, and A. agrestis or L. rubellus). In total, there were 9 treatments, which were replicated 5 times for 45 pots. All analyses were computed using JMP 11 (SAS Institute, Cary, NC, USA). The statistical model for the analysis of variance is given in Equation (1), where all factors are fixed effects:


Y = µ + αi + βj + αβij + εijk



(1)




where µ is the treatment mean, α is the SOIL treatment (I = 3), β is the WORM treatment (j = 3) and ε is the error term (k = 5). Significant differences were evaluated post hoc with Tukey’s HSD separately for each oxalate extraction. In addition, effect sizes were calculated as η2 and partial η2. These are expressions of the fraction of variance explained by each variable. In designs with more than one independent variable, partial η2 calculates the effect of each variable with the variances of the other variables (and their interaction) removed from the total variance. It should be noted that the maximum value of η2 and partial η2 is less than 1. For normally distributed variables, values vary between 0 and 0.64. Additionally, η2 and partial η2 values are classified into small (0.0099 < η2 < 0.0588), medium (>0.0588 < η2 < 0.1379) and large (η2 > 0.1379) effects [47].



For the comparison of Ca concentrations in aggregates, results were analyzed with a one-way ANOVA followed by Tukey’s HSD test.





3. Results


3.1. Oxalate Fractions


The water-extractable fraction was generally the largest fraction, followed by acetic acid fraction, then the HCl-extractable fraction and finally the ethanol-extractable (free oxalic acid) fraction (Table 1). The ANOVA for ethanol-soluble and acetic acid-soluble oxalate did not detect any significant differences. However, for water-soluble and total oxalate, the ANOVA indicated significant differences (p = 0.034 and p = 0.042, respectively). The effect tests showed that there was no significant difference in water-soluble oxalate among the SOIL treatments. Yet, for the WORM treatments, there was a difference in both water-soluble oxalate and total oxalates, with both earthworms having 27% greater water-soluble concentrations than the control. Total oxalate concentrations were 22.5% greater in the L. rubellus than the Control WORM treatments (p = 0.027). There were no significant differences between the L. rubellus and A. agrestis WORM treatments. The ANOVA showed marginally significant differences in HCl-extractable oxalate among treatments (p = 0.065). Here, again, there was no significant differences among the SOIL treatments. However, in the WORM treatments, the HCl extractions were greater in the L. rubellus than the A. agrestis treatment. The exclusion of a statistical outlier increased the significance of the full ANOVA model and the WORM treatment F values (F8,44 = 2.25, p = 0.0465 and F2,35 = 5.36, p = 0.0093 respectively). Statistical outliers are not necessarily biological outliers, so both values are included in the interest of transparency.




3.2. Bulk Soil Chemistry


Bulk soil analyses showed that available Fe was the only nutrient element with a significant difference among treatments (Table 2) in the overall model (F8,44 = 2.37, p = 0.0367) with soil pretreatment contributing significantly to the variation (F2,36 = 6.85, p = 0.0030). The average pH of the soil was low at 3.91 [46]. Neither NH4Cl-extractable Ca nor NO3 concentrations were significantly different among treatments. To meet parametric statistical requirements, absorbance at 330 nm was logarithmically transformed, resulting in significant difference in the overall model (F8,44 = 5.04, p = 0.003) and within SOIL treatments (F2,36 = 18.8, p < 0.0001) (Table 2). In particular, the soils pretreated by A. agrestis had significantly greater dissolved organic matter content, estimated by absorbance, than the control (p < 0.0001) and L. rubellus-treated soils (p = 0.0356), regardless of the WORM treatment.




3.3. Aggregate Scale Ca Concentrations


The ANOVA revealed that water-extractable Ca concentrations were significantly different among aggregates formed by the earthworms and aggregates from the control (F2,117 = 14.08, p < 0.0001). The mean Ca concentrations (standard error) were 80.6 (2.63), 92.1 (2.28) and 110.9 (6.13) mg Ca/kg soil, for the control, A. agrestis and L. rubellus aggregates, respectively. Significant differences occurred between L. rubellus and A. agrestis (p < 0.0001) and L. rubellus and the control (p < 0.0042).





4. Discussion


4.1. Oxalate Production by JIP


4.1.1. Effect of Earthworms (WORM)


The results support the hypothesis that earthworms influence the oxalate production of JIP when earthworms were physically present (WORM) (Table 1). Only water- and HCl-extractable oxalate fractions and total oxalates varied significantly between treatments. The NH4Cl-extractable Ca concentrations in the bulk soils were not significantly different among treatments (Table 2), suggesting that there was no effect of soil Ca on oxalate production. However, when looking at water-extractable Ca concentrations in the aggregates, L. rubellus SOIL pretreatment had the largest Ca concentration, as one would expect for the calciferous earthworm. The magnitude of HCl-extractable corm oxalate follows the same sequence as the aggregate scale, water-extractable Ca: it is greatest for L. rubellus SOIL, and lowest for the control SOIL treatment. The difference here may be both in the sample support (homogenized bulk soil versus frass aggregates) and the type of extraction, i.e., water versus NH4Cl.




4.1.2. Effect of the Soil Pretreatment (SOIL)


The effect of pretreatment was not as clear cut as that of the WORM treatments because the full linear model showed no significant effect of SOIL, but a significant interaction between the two factors. To resolve the effect of SOIL, we analyzed it separately for the cases where no earthworms were added (WORM control) at the p = 0.10 level. We found differences among SOIL treatments for the water-extractable and total oxalates (Figure 5A) with the three SOIL treatments explaining 36% of variation (η2 = 0.361) in the water-extractable oxalate and 44% in total oxalate variation (η2 = 0.441). Water-extractable oxalate concentrations in the corm grown in the L. rubellus-pretreated soil were greater than the concentrations in the corms of the A. agrestis pretreatment. Total oxalate concentrations in the corms grown in the calciferous L. rubellus soil were greater than in the A. agrestis pretreatment and Control pretreatment.




4.1.3. Effect of Sequence of Earthworm Invasions


In the current second wave of earthworm invasion [20] in the northeastern USA, Megascolecidae are replacing Lumbricidae. The concern is that the new invasion is further changing the ecosystems’ response to earthworms. In this experiment, the sequence of invasions is modeled by adding earthworms to soils pretreated by earthworms. The invasion baseline would be the introduction of earthworms to soils previously unaltered by earthworms. In that case, the earthworm effects on water-soluble, HCl-soluble and total oxalates were large and significant, regardless of which species was added (Figure 5B). The effect of earthworm invasions on soil chemistry is well known, although we were looking at the effect of earthworms on oxalates in plant tissue. Hale et al. [5] found large differences in field soil and leaf N concentrations across an invasion front of Lumbricidae in Minnesota. Price-Christenson et al. [48] showed similar effects for Amynthas agrestis and Amynthas tokioensis.



When examining the effect of earthworm addition to soils previously occupied by earthworms, three trends were interesting. First, when adding either A. agrestis or L. rubellus to A. agrestis SOIL treatment (Figure 5B), the addition of earthworms increased corm water-soluble oxalate concentrations significantly. Secondly, when introducing earthworms to L. rubellus-pretreated soils, L. rubellus did not affect any of the three oxalate fractions that showed any significance in the linear model: no difference was observed between no earthworm added and L. rubellus introductions. We expected that the combination of L. rubellus-pretreated soil and the presence of the calciferous L. rubellus would give a greater response. It is probable that the effect of an earthworm on JIP oxalate production is plastic, but bound by physiological constraints. Thirdly, water- and HCl-extractable oxalate concentrations were lower when A. agrestis were introduced to the soil previously inhabited by L. rubellus, although the differences were not significant (p = 0.32 and p = 0.17 for the water-soluble and HCl-extractable oxalate, respectively). Yet, for total oxalate in the L. rubellus SOIL treatment, the addition of A. agrestis lowered the oxalate concentration significantly (p = 0.024). We did not design the experiment to understand the mechanisms of the plant response. However, the very different response when A. agrestis was added to L. terrestris soil may suggest that there are different mechanisms that drive oxalate production for the two worms.



It is not clear what the consequence of the reduction of oxalates in JIP would be in the field when A. agrestis displaces L. rubellus in the current “second wave” of earthworm invasion. Would the effect of oxalates as a grazing defense be lowered? It is important to note that we did not investigate the above-ground tissue, but a below-ground structure that is not accessible to grazers. While such a change could have an impact on forest plant communities, field research and further lab studies need to be conducted to ascertain such an effect.





4.2. Effect of Soil Chemistry


The conventionally held belief that plants can store excess Ca, potentially mineralized from organic matter by earthworms, as Ca oxalate [49,50] is difficult to invoke here because of the lack of significant differences in NH4Cl-extracted Ca among soil pretreatments (Table 2). Lambkin et al. [31] estimated that for the soils they investigated, a steady state (Ca(CO3)2) would only be reached after six years. Likely, the short period of time (4.5–8 months) that the soils were exposed to earthworms in this experiment would not have produced discernibly higher Ca accumulations. In addition, the low pH would also have promoted the dissolution of (Ca(CO3)2).



The soil in the experiment had a very low pH, which promotes high concentrations of aluminum and heavy metals. It has been observed that some plant species exude oxalate in response to aluminum and/or high heavy metal concentrations [50], which may have caused reduced concentrations of oxalate in the corms. We only considered oxalate concentrations at the end of the experimental period, but not the loss of oxalate from the corm in response to potential toxic metals that may be present in the soil at low pH. The pH in the soils of this experiment was 3.91, lower than the pKa of aluminum. We also could not consider the redistribution of oxalate between the different solubility pools, which may also confound differences in oxalate activity among treatments. While high soil aluminum concentrations may have increased the exudation of oxalate, the high availability and uptake of Ca could have increased cytosolic oxalate production. Future studies are encouraged to disentangle what could possibly be opposing factors influencing plant oxalate concentrations, such as plant oxalate responses to soil Al and Ca. If toxic metals result in the greater exudation of oxalate, then metal pollution could lower the resistance of Ca oxalate-accumulating plants to browsing and thus cause further reduction in understory biodiversity.



Downstream biotic influence could have driven the increased production of oxalate in the presence of earthworms. Pseudomonas oxalaticus and Actinomycetes both have the ability to decompose oxalate; this is relevant, as each have been found in the guts of earthworms [51]. Where earthworm geophagy takes place in the rhizosphere of the plants exuding oxalate, a decreased soil concentration of oxalate could trigger the plant to increase production. No direct detection of oxalate by plant roots has been reported; however, the indirect detection of shifts in soil Al and Ca concentration could increase the plant exudation of oxalate. Alternatively, experiments in which Al, or other metals, and Ca are manipulated could improve our understanding of their effect on oxalate production.



Soil biochemical processes occur at microsites [52,53,54,55] which can be created by earthworms [46,55]. However, nutrient content is measured generally at much larger scales, thus averaging out any differences that may occur at microsites. While estimating nutrient availability at larger scales makes sense for nutrient management, it does not add to our understanding of the soil ecological processes that generally occur at the scale of the organisms involved. When we examined castings (aggregate-scale frass) there was indeed a difference in water-extractable soil Ca concentrations among the treatments. This form of Ca is immediately available to plants, and thus might be more important for signaling to the plant to produce more oxalate. In addition, corms and roots may be intersecting microsites associated with aggregates where chemical stimuli may be concentrated.



We were particularly surprised that there were so few differences in soil nutrient concentrations among treatments, even when comparing soils with earthworms to earthworm-free controls. Others have shown that nitrification is promoted by earthworms [56,57,58], especially in the drilosphere [56]. Nitrate concentrations in our mesocosms were high compared to other investigators, though our trial was comparatively twice as lengthy [59]. Nitrate concentrations reported by Burtelow et al. [57] were similar to our soils, although they observed differences between earthworm and earthworm-free soils. It is possible that any differences between treatments were masked by the scale of our measurement, which would have averaged out the effect of the drilosphere. Alternatively, the longer experimental period compared to others may have resulted in a depletion of available nitrogen, as no fertilizer was added to the microcosms. Moreover, soil nitrogen may have been immobilized by the plants and soil fauna prior to soil sampling. To note, differences in nitrate concentrations may have not been observed because of our method of analysis; the microplate method employed is best for screening, and so a comparatively low precision may have introduced more error than other methods.



Finally, when comparing the SOIL treatments, A. agrestis had greater dissolved organic carbon (measured as light absorbance at 330 nm) than the control or L. rubellus-pretreated soils. This either suggests that A. agrestis is mobilizing organic carbon for microbial use more so than L. rubellus or that the microbiome associated with its castings is not processing it.




4.3. Biological Significance of Results


Statistical and biological significance may not be same in regards to plant oxalate concentration and fitness. Trials on nutrition and herbivory deterrent effectiveness in Medicago truncata have demonstrated that oxalate decreases herbivory and nutrition in rats and chewing insects, though these model plants were knock-out genotypes (with no oxalate production) [60,61]. The effects of slight changes in concentration, as seen here, may be more difficult to determine over short experimental durations. A possible future study on the interaction of a castrating pathogen, Uromyces atriphyllia, and the reproductive success of JIP in the presence and absence of earthworms would be a natural progression from what has been examined here. In addition, an experiment that examines the natural range of oxalate production in JIP, as well as under various nutrient regimes, would be advised.



The observed effects of earthworms on oxalate concentrations in JIP corms suggest that there might be an effect of previous earthworm occupancy at the time of invasion. When A. agrestis invades a soil with L. rubellus, the production of oxalate in the plant corm is suppressed. Could this have any effect on the palatability of the plant? The literature suggests that Ca oxalate raphides, needle-like structures, are one defense against herbivores [60,62]. However, a synergistic effect occurs when other defensive factors are present, such as other needle-like structures, such as silica raphides, or chemical defenses, such as cysteine protease [63]. Synergism could amplify the effect of smaller amounts of HCl-extractable oxalate, which is presumably associated with Ca oxalate crystals. When L. rubellus invades an A. agrestis patch, there may not be an effect on oxalate concentrations. When either worm invades earthworm-free soil, plant oxalate concentrations increase. In our greenhouse experiment, the differences developed quickly over a six-month period.





5. Conclusions


Earthworms increase some oxalate fractions in the corms of JIP, even when the soils had been occupied by earthworms up to the beginning of the assay. In this study the hypothesis that increased concentrations of oxalate in plant tissue were mediated by Ca in the bulk soil was not confirmed. However, focusing on microsites, here represented by earthworm casts, did show greater water-extractable Ca concentrations for L. rubellus than for the other treatments.



In this experiment, introducing A. agrestis to soils previously inhabited by L. rubellus reduced corm oxalate accumulation. In the other two soils (control and habitation by A. agrestis), corm accumulations of oxalate were the same for both earthworms at the time scale examined. This might mean that the introduction of A. agrestis to soils previously inhabited by L. rubellus may affect the plant community by reducing the synthesis of the oxalate compounds potentially involved in deterring herbivores.
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Figure 1. The role of earthworms in the formation of calcium oxalate (CaC2O4) formation in vermiphile plants. Both Megascolecidae and Lumbricidae affect the soil solution Ca2+ through accelerated mineralization rates that are in addition to microbial mineralization. However, Lumbricidae also affects it through calcifery. 
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Figure 2. (a): Amynthas agrestis on the forest floor of a sugar maple stand at UVM’s Horticultural Research Center in South Burlington, VT, and (b) jack-in-the-pulpit with large leaves in a sugar maple stand in the Champlain Valley, VT, USA. Arrow pointing at the inflorescence of the plant. 
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Figure 3. (A) Experimental design showing the relationship between soil pretreatments (SOIL) and pot treatments (WORM). A.a.—Amynthas agrestis, L.r.—Lumbricus rubellus, C.—no earthworms added (control). (B) Sequential extraction of oxalate fractions, with solid fraction (pellet) from earlier extraction passed to next extraction. Total oxalates represents the sum of all solubility fractions. (C) Experimental setting in greenhouse showing shade cloth and pots with hook-up wire (arrow) a month after the initiation of the experiment. 
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Figure 4. Soil after deconstruction of the pots. Dark soil at top is the A horizon, lighter patches below the A horizon are remnants of the E horizon, orange soil is the B horizon. Worm burrows are visible in both A and B horizons. 
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Figure 5. (A) Comparisons between SOIL treatment without any worms added, showing some effect of SOIL in the total and water-soluble oxalates. Different letters indicate significant differences at the p = 0.10 level. (B) Water- and HCl-extractable oxalate and total oxalates as a function of earthworm and soil treatment. Error bars specify one standard error. Different letters indicate significant differences at the p = 0.05 level for comparisons of WORM treatments within a SOIL pretreatment. 
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Table 1. Summary of full model and treatment effect statistical values for each extract fraction. The oxalate extracts vary left to right from low to high solubility. The mean and standard error of each treatment factor illustrate the effect where significantly different values are designated by different letters. The effect size (η2) and the partial effect size (partial η2%) are given as fractions of variance explained by soil, earthworm and their interaction. Effect size categories S (small), M (medium) and L (large) are also indicated for η2.
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Oxalate Extract (µg/g)




	
Full Model

	

	
Ethanol

	
Water

	
5% Acetic Acid

	
2 N HCl

	
Total






	

	
df

	
8,44

	
8,44

	
8,44

	
8,44

	
8,44




	

	
F-value

	
1.113

	
3.954

	
0.322

	
2.073

	
3.150




	

	
p-value

	
0.378

	
0.002

	
0.952

	
0.065

	
0.011




	
Effect tests

	

	

	

	

	

	




	
SOIL

	
df

	
2,36

	
2,36

	
2,36

	
2,36

	
2,36




	

	
F-value

	
0.549

	
1.391

	
0.349

	
0.169

	
0.935




	

	
p-value

	
0.582

	
0.262

	
0.708

	
0.845

	
0.402




	

	
η2%

	

	
0.043 (S)

	
0.015 (S)

	
0.003 (S)

	
0.031 (S)




	

	
Partial η2%

	

	
0.074 (M)

	
0.016 (S)

	
0.004 (S)

	
0.050 (S)




	
WORM

	
df

	
2,36

	
2,36

	
2,36

	
2,36

	
2,36




	

	
F-value

	
0.046

	
6.266

	
0.205

	
4.563

	
4.247




	

	
p-value

	
0.955

	
0.005

	
0.816

	
0.017

	
0.027




	

	
η2%

	

	
0.189 (L)

	
0.087 (M)

	
0.185 (L)

	
0.137 (M)




	

	
Partial η2%

	

	
0.255 (L)

	
0.092 (M)

	
0.213 (L)

	
0.187 (L)




	
SOIL*WORM

	
df

	
4,36

	
4,36

	
4,36

	
4,36

	
4,36




	

	
F-value

	
1.928

	
4.079

	
0.368

	
1.780

	
3.709




	

	
p-value

	
0.127

	
0.008

	
0.830

	
0.154

	
0.013




	

	
η2%

	

	
0.248 (L)

	
0.041 (S)

	
0.129 (M)

	
0.245 (L)




	

	
Partial η2%

	

	
0.312 (L)

	
0.042 (S)

	
0.159 (L)

	
0.292 (L)




	
Treatment Mean (SE)

	

	

	

	

	

	




	
SOIL

	
Control

	
35.6(4.7)

	
585.2(41.8)

	
300.7(40.1)

	
171.6(21.0)

	
1093.1(80.7)




	

	
A. agrestis

	
29.6(3.1)

	
513.6(39.4)

	
264.8(22.7)

	
187.9(25.1)

	
995.9(59.6)




	

	
L. rubellus

	
36.0(6.4)

	
533.7(35.2)

	
273.0(25.1)

	
177.1(21.5)

	
1019.7(39.7)




	
WORM

	
Control

	
33.0(5.3)

	
453.7(39.8) a

	
269.3(24.5)

	
161.2(24.6) ab

	
917.2(52.3) a




	

	
A. agrestis

	
34.9(4.5)

	
585.6(40.4) b

	
296.0(40.1)

	
147.1(14.0) a

	
1063.6(69.8) ab




	

	
L. rubellus

	
33.3(5.0)

	
593.1(25.5) b

	
273.1(23.8)

	
228.2(21.8) b

	
1127.8(52.2) b











[image: Table] 





Table 2. Mean nutrient concentrations (mg/kg soil) of bulk soil after extraction with NH4Cl. Standard errors (±) are also given. Only Fe and 330 nm absorbance were significantly different among SOIL treatments.
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Ca

	
K

	
Na

	
Al

	
Fe

	
Mn

	
Zn

	
Mg

	
NH4

	
NO3

	
330 nm




	
SOIL

	
WORM

	
(mg/kg Soil)

	
    x ¯    

	
SE






	
Control

	
Control

	
939 ± 202

	
126 ± 23.6

	
46.3 ± 8.2

	
152 ± 31.9

	
36.3 ± 5.3

	
66.3 ± 13.9

	
7.08 ± 0.39

	
142 ± 31.6

	
33.1 ± 9.3

	
180 ± 40.1

	
0.267

	
0.049




	

	
A. agrestis

	
853 ± 65

	
129 ± 12.6

	
42.7 ± 6.4

	
164 ± 15.1

	
37.8 ± 2.9

	
68.3 ± 9.2

	
7.08 ± 0.20

	
142 ± 7.8

	
41.6 ± 10.5

	
230 ± 60.6

	
0.260

	
0.043




	

	
L. rubellus

	
1002 ± 260

	
177 ± 38.1

	
60.7 ± 15.7

	
170 ± 8.2

	
35.7 ± 1.3

	
72.0 ± 17.1

	
7.03 ± 0.96

	
178 ± 41.7

	
64.1 ± 10.9

	
370 ± 111

	
0.232

	
0.035




	
A. agrestis

	
Control

	
1135 ± 127

	
189 ± 25.8

	
52.4 ± 6.6

	
116 ± 20.4

	
25.4 ± 2.5

	
96.9 ± 13.5

	
7.52 ± 0.37

	
204 ± 18.4

	
55.6 ± 12.4

	
301 ± 80

	
0.493

	
0.070




	

	
A. agrestis

	
1102 ± 101

	
197 ± 31.6

	
73.4 ± 11.3

	
124 ± 15.6

	
26.6 ± 2.2

	
89.5 ± 11.7

	
7.95 ± 0.21

	
200 ± 19.5

	
67.6 ± 11.0

	
345 ± 61.3

	
0.442

	
0.059




	

	
L. rubellus

	
1218 ± 109

	
189 ± 22.2

	
64.1 ± 13.7

	
119 ± 16.1

	
27.9 ± 5.0

	
102.0 ± 6.6

	
8.34 ± 0.53

	
219 ± 26.0

	
71.6 ± 17.4

	
366 ± 94.8

	
0.467

	
0.038




	
L. rubellus

	
Control

	
959 ± 148

	
151 ± 30.5

	
41.1 ± 9.8

	
126 ± 25.9

	
29.7 ± 3.9

	
68.3 ± 11.7

	
7.06 ± 0.77

	
165 ± 27.3

	
39.0 ± 13.2

	
211 ± 37.7

	
0.339

	
0.036




	

	
A. agrestis

	
1146 ± 121

	
173 ± 22.5

	
55.8 ± 6.8

	
116 ± 14.1

	
30.7 ± 1.8

	
85.0 ± 5.3

	
7.46 ± 0.35

	
198 ± 21.3

	
54.5 ± 10.9

	
303 ± 65.8

	
0.395

	
0.051




	

	
L. rubellus

	
1125 ± 141

	
191 ± 35.2

	
84.2 ± 14.0

	
171 ± 19.2

	
39.1 ± 2.9

	
90.0 ± 17.3

	
8.76 ± 0.66

	
198 ± 31.0

	
77.8 ± 13.5

	
588 ± 205

	
0.303

	
0.019
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