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Factors affecting the deposition of carbon and nitrogen into the rhizosphere soil have important implications for natural and managed ecosystems. These include the invasiveness of plants, extent to which ecosystems sequester soil carbon, through to regulation of N flow within and from agricultural ecosystems. This study determined if the close elemental ratios often measured in soils are evident within the highly active rhizosphere compartment, or rather potentially emerge to a conserved ratio (over time) from different initial rhizosphere states. Toward this, we assessed the rhizosphere C and N content (and C:N ratio) of 37 plant species; these were further grouped into the categories provenance (native or exotic to New Zealand), form (forb, grass, shrub, or tree), root-based nitrogen fixation symbiosis (+/– N-fixation), or mycorrhization type. Furthermore, the potential nitrification rate (PNR) among the plant rhizosphere soils was quantified to explore relationships between nitrate formation and the total C and C:N ratio. Mycorrhization status, provenance, and form had no significant influence on nutrient status nor PNR in rhizosphere soil samples (p > 0.05). However, total C and total N were significantly increased in the rhizosphere of N-fixing species (p < 0.02). These increased in proportion, with the C:N remaining constant for both groups (~12.24; p = 0.79). Rhizosphere PNR did not vary with categories of plants tested and had no correlation to rhizosphere total C, total N, nor C:N ratio (p > 0.3 for all). Overall, this study showed that conservation of nutrient ratios often measured in soils are present within the rhizosphere, where initial inputs of C and N enter the soil ecosystems. With the exception of N-fixing plant species, rhizosphere soils retain remarkably high conservation in C, N, C:P, and PNR among key groupings.
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INTRODUCTION

Nitrogen is a key nutrient regulating net primary productivity (NPP), particularly in non-managed (typically natural) ecosystems. With most terrestrial ecosystems N limited (1, 2) plants have evolved a range of mechanisms to ensure their N requirements are met (3–5). These include, for example, physiological and developmental mechanisms that enable plants to improve the efficiency of N uptake from N poor soils (scavenging more N from the ecosystem), or capacity to support ongoing metabolism and growth with low cytosolic N concentrations (low N physiology) (6, 7). Plants can improve their ability to scavenge N by altering carbon partitioning to favour root growth, optimising root morphology (e.g., proportion of fine roots), increase soil/root contact (8), and via chemical secretions (9). Many plants also form symbiotic relationships with mycorrhizae and/or N-fixing bacteria. While mycorrhizal fungi (AMF) help increase N uptake by effectively increasing plants ability to explore for N present in the soil solution (10, 11), symbiosis with N-fixing bacteria bypass this by directly converting atmospheric N into plant-available forms. These microbes (mycorrhizal fungi and soil-based nitrogen-fixing bacteria) are especially important in low-N ecosystems and are responsible for c. 5–20% (grassland and savannah) to 80% (temperate and boreal forests) of all nitrogen acquired by plants annually (12). These strategies are influenced by climate and soil factors, but plant species have been found to be of equal or greater importance than abiotic factors when it comes to nutrient cycling (5, 13).

In natural ecosystems, invading plants compete for light, nutrients, and water. Successful establishment, naturalisation, and spread of introduced species is often attributed to their biological characteristics such as rapid growth, high reproductive output, tolerance of environmental conditions, and novel interactions with herbivores and microbes (14, 15). If N is limited, successfully invading plants are often those that have adapted mechanisms to effectively access and efficiently use N. One way of accomplishing this is through influencing the mineralization and immobilisation of N (3, 13).

A key method plants use for reducing mineralisation of N is via biological nitrification inhibition (BNI). BNI occurs through the chemical inhibition of specific soil microorganisms by chemicals secreted from the roots of some plants, subsequently reducing the rate of nitrification in soil adjacent to their root systems (16). This enables the plants to more effectively recapture N in the soil, improving N use efficiency. Biological nitrification inhibition activity can be very specific, varying in strength among plants [e.g., C4 tropical grasses > C3 temperate grasses; (17)]. As well as being important in natural ecosystems, BNI is of applied interest. The introduction or selection-based improvement of this trait into commercial plant cultivars [e.g., (18, 19)], addition of the trait through plant-microbiome manipulation [e.g., (20)], or using non-agricultural plants within productive landscapes for protection of riparian zones or other sensitive areas [e.g., (21)] all offer opportunities to utilise BNI as a means for reducing nitrification rates within agroecosystems (16). Although this can be measured directly, with inhibitor-based assays on target microorganisms (22), BNI is often measured by inference through assessment of changes in potential nitrification rate (PNR) in soils [e.g., (23)] particularly in initial screening-based trials. Similarly, in this study we use measurement of changes in PNR as a proxy for potential BNI activity.

Mineral nitrogen in soil is readily immobilised into the microbial biomass when available carbon is present (24). Over time, this moves soil organic matter toward a state of conservation in the C:N ratio (as well as other elements); a phenomena common to biology in various ecosystems [the “Redfield ratio;” (25)] and typical in plant litter (4, 26) as it is in soil (26). Plant roots contribute to the soil C pool through root turnover, death, and decomposition, but also through sloughing of mucilage from live cells and rhizodeposition of root exudations (27). Of these, the excretion of root exudates typically represents the largest input of C into the soil ecosystem (28, 29). As well as providing energy for the growth and activity of soil microbes, stimulating soil organic matter mineralization, and mobilisation of nutrients into the plant-available fraction (30), these exudates play an important role in N availabity and dynamics in soil ecoystems. Factors affecting rhizodeposition/exudation include environmental (31), soil microbial community (32), but also plant type (29).

Clearly an understanding of C and N dynamics in rhizosphere soils, and influences on plants and their root microbiomes on these to improve their collective fitness and competitiveness, is important the functioning of natural ecosystems. However, there are also significant outcomes for ecosystems managed for productive use, particularly agricultural systems for intensified food and/or fibre production. It is often within agricultural systems where C:N ratios typically shift out of natural stoichiometric balance due to inputs of mineral fertilisers, concentrated deposition of nitrogen from livestock urine, or via addition of agricultural “waste”, such as crop residue, into soil and so on (33–35). The outcomes of these practises can lead to events such as N-immobilisation, nitrate leaching, N2O emissions, eutrophication (36). Given this, there is interest in potential use of plants, grown in strategic locations on-farm or within landscapes/catchments, as permanent “engineers” of the soil ecosystem; i.e., can plants, differing in key rhizosphere traits associated with C deposition and/or interruption of nitrate formation through BNI activity, be strategically used to ameliorate impacts of agricultural intensification linked to disruption of soil nutrient cycling?

Another key area where plant driven alteration of rhizosphere geochemistry may alter fitness in the environment and have significant outcomes for ecosystem biodiversity and function is the invasion of plants into new ranges. New Zealand, for example, is one of the weediest countries globally, with naturalised, non-native plants conservatively comprising over half its flora (>2,000 of the 4,000 named plant species) (37). Many of these have become invasive weeds in both natural and managed ecosystems. These naturalised, non-native plant species span trees (e.g., wilding pines such as Pinus contorta) to grasses (38, 39). Despite most New Zealand native species being adapted to infertile soil (40) they are still outcompeted by invading plant species. Gorse (Ulex europaeus), for example, is one of the most invasive weeds of New Zealand as well as being one of the most widespread nitrogen fixing species (41). Its success is likely due to higher N-fixation rates compared with native N-fixers (42). Research into N acquisition in native vs. naturalised plants in New Zealand is often focused on factors such as if a plant forms N-fixing symbiosis or altered root morphology. Other areas such as the links between mycorrhizal associations, the influence of different plant species, the impact of the amount and type of carbon available, and other mechanisms such as biological nitrogen inhibition have on N cycling in the rhizosphere are often overlooked.

This study investigates if plant species per se, or species traits such as mycorrhization, N-fixation, plant form, or native v exotic provenance, are associated with changes in rhizosphere C and N. The overall goals are primarily to (1) to establish if there is potential to use variation in rhizosphere traits associated with C and N among plants as a potential means to reduce the rate of N cycling, and therefore potential ecosystem leakage, from agricultural soils, and also to (2) better understand links, if any, between rhizosphere C and N traits and plants potential ability to extend into new habitats (i.e., invasiveness). A range of native and exotic plants to New Zealand were used to explore this. The species spanned a broad phylogenetic range and differed in mycorrhizal associations and N fixing symbiosis. All plants were planted in a common soil comprised of a composite of New Zealand high country soils; this approach was taken to ensure the natural range of symbionts (e.g., beneficial mutualists) were present for the different taxa and that changes in rhizosphere C and N were expressed within a common soil system.



METHODS


Plant Growth and Soil Processing

Plants from 37 species were grown in a blended soil medium. The species (spanning Gymnosperm trees through to monocot grasses; Supplementary Table 1), included a roughly equal proportion of native (n = 18) and exotic species (n = 19), and differed in mycorrhizal and N2-fixing symbiosis associations. To ensure each species could recruit necessary microbiome associations, soils from 12 sub-alpine, grass and shrub-dominated sites that represented the common range of many the species were collected; these sites, soil type, and collection are described in full elsewhere (15). These sieved “live-soils” were blended in equal proportion, and then bulked out by mixing in, with equal portions, steam pasteurised field-collected soil and pasteurised sand (15). The soils were added to 10 l pots and seeds or cuttings of each of the plant species planted. Between 12 and 20 replicate pots for each plant species were established. These were randomly arranged in the glasshouse and watered regularly. During winter supplemental lighting (~5 h per day) was provided. No fertilisers were added. The plants were grown for approximately 10 months and weeds removed on observation.

Depending on availability [i.e., plants that had grown and samples not required for other work; i.e., (15)], rhizosphere soils were collected from between four and seven replicate pots for each plant species. For the majority (24 of the 37 plants), this was six replicate (independent) pots. Rhizosphere soil was collected by pressing open 50 ml centrifuge tubes into the soil adjacent to the stem(s) of the plants in each pot. Three samples were collected from each pot (typically 3 points around the circumference of each plant) and the samples for each pot (plant replicate) bulked (i.e., single samples for each replicate of each plant; n = 213), sieved to 2 mm, and then stored at 4°C. While root material was removed during the process, it was not practicable to remove very fine roots or root hairs that were not visible. It should be noted that these plants were grown on for a short time for other purposes (not described here). On final recovery of the plants, visual inspection of the root-soil systems provided validation that the collection of the material was highly colonised by roots (as is typical of these types of pot assays), operationally defined herein as “rhizosphere” or, at very least, soil under direct influence of root growth and exudates. For each soil, total N and total C were determined by Dumas combustion (RJ Hill Laboratories, NZ). C:N was calculated as the direct ratio between each pair of total C and total N data.



Potential Nitrification Rate

Soil maximum water holding content (MWHC) was determined on a single sample of 5 randomly pooled soils and assessed as the amount of water the soil could hold under gravity (i.e., no suction) (43). Using a single sample for MWHC was appropriate as all plants had been grown in a single (composite) soil.

For each soil sample, the potential nitrification rate (PNR) was determined using the soil-slurry method (44). Approximately 15 g (dry wt.) of soil was added into an Erlenmeyer flask and water added to 50% MWHC. At the same time, a separate sample of each soil was weighted into an aluminium tray and dried overnight at 105°C for reference thermogravimetric moisture determination. The Erlenmeyer flasks were incubated overnight at 25°C and then 100 ml of 1.5 mM NH4 solution added (44). The flasks were placed on an orbital shaker and incubated at 180 rpm for 24 h.

Given the large number of samples, and the need to process the soils in a timely manner, nitrification was measured across two time-points only; at setup (time 0), and after 24 h incubation. Thus, any error in calculation of the rate of nitrification across two points directly contributes to the variation among the replicates for each plant (i.e., this is captured). For nitrate measurement, flasks were allowed to stand for 30 min and then 10 ml of supernatant collected into 15 ml tubes. These were centrifuged at 8,000 g for 15 min at 5°C, and then the supernatant passed through 0.22 um syringe-filter to a collection phial. These were snap frozen to −80°C and then moved to storage at −20°C. Nitrate-N was determined by initial reduction to nitrite-N using a cadmium reduction coil (OTCR—open tubular cadmium reactor), followed by the reaction of nitrite-N with sulphanilamide/NED to form an azo-dye compound (spectrophotometrically determined). Nitrate formed was calculated on a “per g soil” basis and then the formation rate determined from the 24 h time period (i.e., PNR = μg NO3-N formed g−1 soil h−1).



Data Analysis

From the experimental replicates (4–7 individual pots) for each plant, the mean PNR in the rhizosphere soil was determined. These were compared across samples using the treatment groups based on: Provenance (native or exotic); functional group (forb, tree, grass, shrub); mycorrhizal association (AMF, EMF, none); and N-fixing (+/–) symbiosis (Supplementary Table 1) using ANOVA. When three or more levels were present in any treatment, mean values for each species were calculated and then compared across levels using Bonferroni's multiple comparisons test. Similar testing was conducted for the total C, and total N in the rhizosphere soil among the samples. Comparisons were tested among soils in which plants were grown, not between soils planted vs. those in a non-planted state. As the intent of this work was to compare the relative influence of different plant species and traits on soil properties, the comparison to an unplanted soil with no plants or root traits etc thus did not comprise a valid reference for comparison.

Relationships between soil total C, total N, and PNR were tested using correlation (Person's two-tailed); these were conducted for both the entire data set (all plants) and again within each of the N-fixing symbiosis groups (given the later findings of the importance of N-fixing traits in affecting these—see later results).




RESULTS


Variation Among Plant Species

Variation in PNR, total C, total N, and C:N ratio across plants are given in Figures 1A–D, respectively. Due to the need to correct for false discovery among the high number of multiple comparisons (Bonferroni's corrections), an effective p < 0.0001 would be required to obtain the conventional significance threshold of 5%. As such, discovery of statistically-meaningful differences by this approach are clearly constrained; results are included for general reference only and should be interpreted as highly conservative.
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FIGURE 1. Influence of plant species on (A) potential nitrification rate (PNR), (B) carbon content, (C) nitrogen content, and (D) the C:N ratio in rhizosphere soil samples. Box-and-whisker plots generated using Tukey's method, whereby the middle of the box is plotted at the median, and the whiskers are calculated based on 25th and 75th percentiles. Where whiskers are not capped, individual datum are truncated (i.e., extend beyond the upper or lower Y-axis limits). Shaded boxes are plants known to host N-fixing symbiosis. Pairs of samples connected by lines have statistically significant mean values (p-values given) based on Bonferroni's corrected multiple comparisons approach.


The highest average total C was present in the rhizosphere of Alnus glutinosa (2.72%) and the lowest in Pinus radiata (2.15%). This was a spread of ~0.57 across the 37 plant species, or 21% compared with the maximum value. The maximum total N was also highest under Alnus glutinosa (0.218%), but the lowest content was it the rhizosphere soil of the grass Poa collensoi (0.165%). This comprised a spread of 0.053, or 25%. The widest C:N ratio was in soil under Poa collensoi (13.35); this effect was driven by its relatively low N content. The narrowest C:N was under Acacia dealbata (11.15). The range of C:N among plants was therefore 2.2, or 16.5%.

Potential nitrification rate was highest under Pinus contorta (6.37), an invasive tree species in New Zealand (39). The lowest PNR was measured in rhizosphere soil from under the New Zealand native plant Coprosma robusta (−7.0). Overall, PNR rates spanned a range of ~210% across the panel of plant species tested.



Provenance

Plants from native or exotic provenance did not differ in rhizosphere PNR (p = 0.448), total C content (0.318), nor C:N ratio (p = 0.133). On initial inspection of the results, plants from exotic provenance had higher rhizosphere soil N-content (p = 0.031), However, of the 19 exotic species, seven had N-fixing traits, where for natives (n = 18) N-fixation was only present in a single species, Sophora microphylla (Supplementary Table 1). After excluding these eight N-fixing species, repeated analysis of the data found no effect of provenance on rhizosphere soil N content (p = 0.217).



Functional Group

The plants were grouped into forbs (n = 15), grasses (n = 10), shrubs (n = 7), and trees (n = 5) (Supplementary Table 1). Among these groups, no differences in total C (p = 0.093), C:N ratio (0.161), or PNR (p = 0.466) were evident in the rhizosphere soils.

Total N was found to differ among the functional groups (main ANOVA test p = 0.008). Inspection of the pair-wise comparisons found this was only associated with differences between grasses and forbs (p = 0.008). Similarly for results of the provenance testing, this outcome was biassed on differences in N fixers present in these groups. Root-symbiotic N-fixation traits are not present in grasses, but were present in 4 of the 15 forbs (~27%) thereby driving this finding.



Mycorrhizal Association

The three types of mycorrhizal associations, arbuscular (AMF), ectomycorrhizal (EMF), nor non-mycorrhizal (NM) did not associate with changes in rhizosphere soil total C (p = 0.433), total N (0.345), C:N ratio (p = 0.667), or potential nitrification rate (p = 0.0931).



N-Fixing Symbiosis

Potential nitrification rate, total C, total N, and the C:N of rhizosphere soil between N-fixing and non N-fixing groups of plants are given in Figures 2A–D, respectively. Total rhizosphere carbon (p = 0.015) and nitrogen (p = 0.018) were greater in soils from under plants with N-fixing symbiosis traits (Figures 2B,C). For carbon, the mean content in the rhizosphere soils of non N-fixing species was 2.34, and this increased to 2.47 for N-fixing species (i.e., a 5.6% increase). For nitrogen, the magnitude increase was similar (5.3%), with N increasing from 0.19 (non N-fixing) to 0.20. Given both C and N increased by similar proportions, there was no attendant impact on C:N ratio (p = 0.667). Similarly, the potential nitrification rate in the rhizosphere soil of the two groups did not vary (p = 0.555).


[image: Figure 2]
FIGURE 2. Influence of N-fixing symbiosis on (A) potential nitrification rate, (B) carbon content, (C) nitrogen content, and (D) the C:N ratio in rhizosphere soil samples. Box-and-whisker plots generated using Tukey's method, whereby the middle of the box is plotted at the median, and the whiskers are calculated based on 25th and 75th percentiles. Statistical testing between +/– N fixing groups was conducted using unpaired, two-tailed t-tests.




Relationships Among PNR, Total C, Total N, and C:N

Correlations among the potential nitrification rate (PNR), total C, total N, and the C:N ratio of the rhizosphere soil samples are given in Table 1. Analysis were conducted across the entire data set, and then between groups of plants identified as forming N-fixing symbiosis or not (Table 1). This approach was based on the influence that N-fixation, as a species trait, had on rhizosphere soil properties, enabling the partitioning of the effects of N-fixing plants from that of the wider dataset.


Table 1. Summary person correlations statistics (r) and significance (p) for associations among rhizosphere potential nitrification rate, total C, total N, and C:N ratio.

[image: Table 1]

The PNR in rhizosphere soil had no association with total C, total N, nor the soil C:N ratios (p = 0.67, p = 0.881, and p = 0.592, respectively). Furthermore, these test outcomes were unaffected where data were analysed across all the plants, or independently within the two N-fixing groups (Table 1).

Total carbon and total N were closely related (r = 0.84; p < 0.001) across all plants. The association was strongest for non-N fixing plants (r = 0.826) compared with N-fixing species (r = 0.476; p = 0.002); i.e., for plants that can fix their own nitrogen, the relationship between soil total C and N contents was considerably weaker than for species that don't have this trait (Table 1).

The C:N ratio was more strongly associated with soil C content than soil N content (comparing sets of r-values between the “Total C and C:N,” with “Total N and C:N” groups; Table 1). The relationship between total C and C:N was strongest in the N-fixing group, and the total N and C:N relationship strongest in the non-N fixing group. In order to better understand these relationships, the data were modelled using linear regression and these trends plotted (Supplementary Figure 4). For both N-fixing and non-fixing plants, total C and C:N increased at nearly equal rates (similar slopes). For total N, however, the relationships between N-fixing and non N-fixing plants are dissimilar (Supplementary Figure 4B). For N fixers, the relationship is stable; i.e., as N increases the C:N remains ~12.2. However, for non N-fixing plants, increased soil N is associated with a reduction in the C:N ratio. As stated before, for both plant groups, these relationships between total N and C are significantly correlated, however this is strongest for the non-fixing species (e.g., compare confidence bands on Supplementary Figure 4B).




DISCUSSION

The aim of this study was to investigate if traits such as mycorrhization, N fixation, growth form (grass, herb, tree, etc), or native v exotic provenance, are associated with changes in rhizosphere soil total C content, total N content, and N mineralisation rate. This is important as the ability to manipulate rhizosphere C and N deposition and N mineralization could have many consequences for ecosystem function. Understanding how these vary among plants and via plant traits may provide insights into ecology of both managed and natural ecosystems. For example, strategies to alter N in the rhizosphere soil may affect plants ability to compete and survive in N limited environments such as infertile soils (e.g., highly weathered/leached or early chronosequence), thereby influencing trajectories of ecological succession through to invasion success (establishment of exotic species). In agricultural ecosystems, the ability to manipulate rhizosphere C deposition and N mineralization and nitrification could lead to opportunities to alter soil C cycling and N dynamics (45). For example, if plants can recapture N already present in the soil ecosystem (i.e., a more closed N cycle), this would both increase N use efficiency and reduce the amount of N lost to the environment (e.g., waterways or atmosphere).

C and N are tightly coupled in the rhizosphere of all plants, irrespective of if they are native or exotic, nature of their mycorrhizal associations, or functional group (forbs, grasses, shrubs, and trees). Total C, C:N ratio, and potential nitrification rate in the rhizosphere soil did not differ between any of the plants in this study; i.e., although the plant species evaluated varied widely in many traits, their rhizosphere soils generally maintained a similar equilibrium in elemental stoichiometry. This agrees with the findings of Kirkby et al. (46) who found that the elemental ratios in soil organic matter (C:N:P:S) were remarkably similar across a wide range of soils from Australia and around the world. Cleveland and Liptzin (47) also conducted a review on global patterns of soil and soil microbial biomass C:N:P ratios. They found that C:N:P ratios in both soil (186:13:1) and the soil microbial biomass (60:7:1) are generally well-constrained at the global scale. This relationship between the elemental composition of organisms and the ecosystems they inhabit is critical to ecosystem function (48), and thus is highly conserved [e.g., (25)].

The single plant-associated factor influencing C and N associations was N-fixing symbiosis type. N fixers had, on average, higher levels of both N and C levels in their rhizosphere soil. The symbiotic relationship between plants with rhizobia and actinorhizal root-nodule forming bacteria (e.g. Rhizobium, Frankia) enhances soil N via N2 fixation (49). This increase in soil N results in increased biomass yields which when returned to the soil increases soil organic carbon (50), and increased N is also thought to increase rhizodeposition (29). N-fixers have a competitive advantage in N limited systems (51) and can be a contributing factor to the success of plants in low N environments and of invading species, e.g., gorse (Ulex europaeus) in New Zealand and the fire tree (Myrica faya) in Hawaii (41, 52).

A missing consideration in this work is the potential for non-nodule forming N-fixing root associations to be contributing to rhizosphere geochemical processes. These diazotrophic associations can occur in and on root the roots of many plant species (53, 54). However, the contribution of these toward soil N fertility are variable, dependant on the system under investigation [e.g., (55)], and can be difficult to assess (56). These associations were not formally considered in this study, but may play an important role in rhizosphere N and C content and cycling in these soils.

Although N fixing plants had higher average total N in the rhizosphere soil, this had no effect on PNR nor the C:N ratio. This provides further evidence that soil ecosystems maintain an equilibrium of N and C, regardless of the plant species or species traits. The C:N ratio is maintained by plants and microbes in the soil. The microbial community (biomass) has a relatively fixed C:N ratio and this largely controls the C:N ratio of soil organic matter within a given ecosystem type (e.g., agricultural pasture or native forest) (57). Adaptability of plant form and function, plant species diversity, and regulation of biological N fixation all contribute to stabilise the C:N ratio of organic matter inputs to soil. Soil processes such as the priming effect and nitrate leaching tend to restore stoichiometry by releasing elements in excess (58). Fontaine et al. (59) suggests the soils may regulate nutrient and carbon sequestration by lowering the priming effect when nutrient availability is high, allowing for sequestration of nutrients and carbon, and when nutrient availability is low microbes release nutrients from soil organic matter.

Potential nitrification rate, an important trait investigated to reduce impacts of N deposition in soils, was not related to any plant traits tested. However, there was evidence that some species, and particularly Coprosma, may be able to inhibit ammonia oxidation (sensu BNI in this paper, though indirectly tested via PNR).

It is possible that although the total C, C:N ratio, or potential nitrification rate were not influenced by plant type (with the exception of Coprosma spp., as noted above), the type of C or the C-cycling ecophysiology may shift depending on plant type. The rate or type of C-associated biogeochemistry in soils can affect N pools and flux (58). This has an impact on both N availability and C sequestration (60). In a study investigating soils with high and low nitrate levels, Wakelin et al. (45) found that total C content and extractable organic C of soils with low and high nitrate content were similar. However, soils with anomalously low-nitrate N had shifts in genetic potential for different C-cycling pathways. They concluded that alteration of inputs of soil C or changes in soil C–cycling ecophysiology may shift allocation of N between the total and mineral pools. It is possible that under the different plants in this study similar shifts in C-cycling ecophysiology have occurred.

We chose to be deliberately conservative in the approach to statistical analysis of our results. This was primarily as the experimental system was established to be exploratory, with a view toward investigating the primary factors associated with rhizosphere C and N properties. Indeed, this approach has enabled us to have high confidence in the outcomes presented. Moreover, deeper testing of these data, and particular multi-level interactions among traits (e.g., mycorrhization × N-fixation × form × provenance) are not possible given lack of replication at some levels; e.g., N-fixation entirely absent among grass species, or unbalanced mycorrhizal associations among other trait groups. While mixed-model effects, structural equation modelling, or other testing is certainly possible, this was certainly not the original intent; i.e., exploring the first-order driver(s) of this system. We propose, instead, that more tailored experimental systems be designed to approach exploration of secondary and interaction effects, and that these can now be appropriately guided via the outcomes of this work.

A limitation to this study is that only one soil type was tested. Different root exudates may be released from the plants in this study plants under different conditions and this could impact C and N cycling. An increase in clay and loam content in soil has been found to increase rhizodeposition and therefore C into the soil (29). This is due to the properties of clay and loam that favour microbial activity and nutrient cycling such as water retention, organic matter stabilisation, and high cation exchange capacity.
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