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Abstract

Experimental data is still lacking for determining the significance of plant uptake of dissolved organic nitrogen (DON) in agricultural soils amended with organic fertilizers. Pulse-injection studies with dual-labelled amino acids have confirmed that non-mycorrhizal crops possess the capacity to take up DON but failed to quantify the uptake relative to total N uptake. In this study, dual-labelled green manure was added to soils with wheat plants. An advantage of using dual-labelled green manure as opposed to pulse injection of dual-labelled amino acids is that the amino acids in the fertilizer are released gradually, thus more naturally, and are therefore less susceptible to immediate microbial immobilization. The plants were harvested on days 27, 56, and 84 after sowing and analyzed for 13C and 15N. The initial 50% loss of fertilizer C in soil at day 27 indicates that the microbial decomposition decoupled substantial amounts of 13C/15N labelled compounds early in plant development, thus giving the microorganisms a pre-emptive competitive advantage in the acquisition of easily available 13C/15N labelled substrates. The δ13C signatures in roots were significantly higher in labelled than unlabelled fertilized treatments at day 27 with a difference of 1.02x10-3 atom% 13C. This difference diminished with time and was not significant on the last two sampling occasions. Assuming that the uptake was in specific amino acid forms, the calculated values of amino acid N uptake of total N are 1.6%, 0.8%, and 0.5% for glycine, glutamate, and lysine, respectively, on day 27. The use of dual-labelled green manure was thus suitable to detect even a low uptake of DON. These results suggest that crop uptake of DON is only of minor importance in agricultural soil with organic fertilizer amendments. 
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1. Introduction

The release of N through the mineralization of soil organic matter and plant residues has long been identified as an important source for plant uptake. Plants are usually thought to take up mineral N, primarily as nitrate and secondarily as ammonium. A number of studies indicate that direct plant uptake of dissolved organic N (DON) might be significant for plants growing in heathlands with ericoid and ectomycorrhizal symbioses (Lipson et al., 1999; Henry et al., 2003; Persson et al., 2003). It has also been demonstrated that plants without mycorrhizal infection have transporters for taking up monomeric molecules such as amino acids, nucleic acids, amino sugars and quinones. (Streeter et al., 2000; Lipson et al., 2001; Nasholm et al., 2001a; Persson et al., 2003). For example, 19-23 % of dual-labelled glycine added to soil around wheat plants was taken up in intact form in a study by Nasholm et al. (2001b). Free amino acids are released in soil from root exudates, various degradation processes, and transamination of ketoacids. Despite the rather high input of amino acids in soil (40-60% of total organic N), their actual concentrations as free forms are rather low (Szajdak et al., 2003). Amino acids are degraded by microorganisms or bound to the humin-peptide fraction or reactive mineral surfaces. In natural ecosystems with a low nutrient turnover it has been hypothesized that plants are also an important sink of free amino acids. In contrast, less emphasis has been put on plant uptake of free amino acids in agricultural systems where plant available N is primarily controlled by input of mineral fertilizers. However, the release and availability of N is often lower in organic farming systems, which rely primarily on input of N in the form of complex organic fertilizers or cover crops. Because plant nutrient deficiencies cannot simply be overcome by applying mineral fertilizers it is important to optimize the N budget in order to maximize yields. In this respect, an eventual ‘short-circuiting’ of the soil N-cycle by direct plant uptake of DON requires special attention. 

In a recent literature review Jones et al. (2005) hypothesized that DON uptake does not substantially contribute to N acquisition in plants. They highlighted a number of methodological problems associated with current experimental techniques such as the limited number of amino acids tested, the use of one pulse injection of amino acids around roots, and the effects of pool dilution. Also, studies using specific labelled amino acids have fallen short in determining what fraction of the organic N uptake contributes to the total N of the plant.

Glycine has been the most commonly used amino acid in injection studies (Schimel et al., 1996; Nasholm et al., 2000; Bardgett et al., 2003; Henry et al., 2003; Persson et al., 2003). In a study by Lipson et al. (1999) glutamate was included as well and Alpine sedge competed about three times better for glycine than glutamate. Owen et al. (2001) injected lysine, glycine, and glutamate into a wheat rhizosphere and found that plant capture was highest for lysine and lowest for glycine. In the same study it was also found that microorganisms outcompeted plant roots for amino acids with an uptake that was 11 to 22 times higher. 

A drawback of the injection approach is that the amino acids are readily available for plant uptake and that competition with microorganisms is greatly reduced compared to a gradual, more natural release. Under natural conditions transport of nutrients occurs mainly by diffusion, and the filtering effect of microorganisms is higher under diffusion transport than it is under flow transport. Transport by diffusion instead of flow would also change the uptake rates between the amino acids in the aforementioned study by Owen et al. (2001). The relative diffusion length in the soil was calculated to be 17, 6, and 5 times shorter for lysine, glycine, and glutamate, respectively, compared to nitrate, which would lower the uptake of lysine relative to glycine and glutamate under natural conditions (Barber, 1995; Owen et al., 2001). In addition to reducing the competition with microorganisms, the fast turnover of amino acids would additionally reduce plant uptake of amino acids if transport occurred by diffusion. The half-life of amino acids is typically less than 4 hours in agricultural soils (Owen et al., 2001). This would indicate a very high probability of microbial uptake of gradually released amino acids, unless the release occurred in the immediate vicinity of actively absorbing roots.

Only a few studies have used dual-labelled complex fertilizers (Hodge et al., 1999; Hodge et al., 2000b). Neither study found any 13C excess in the plants (grasses) but a low plant uptake of fertilizer N (less than 18% of the plant’s total N) combined with rather low tracer levels in the complex fertilizers made these studies less suitable for investigating DON uptake.

To examine uptake of DON from organic fertilizer pools would require a higher uptake or a higher labelling degree of the fertilizer. Moreover, uptake of DON at different growth stages should be measured because the microbial mediated decoupling of C and N combined with the dilution of C relative to N in plant biomass with age decreases the ability to detect uptake of intact fertilizer DON. When dual-labelled complex fertilizers are used it is, per definition, not known what kind of organic molecules are taken up. An estimate of the uptake can be made by assuming that the 13C label was taken up in a specific form. Glycine and glutamate have been found to be the most common amino acids in agricultural soil (Szajdak et al., 2004). As mentioned above most work to date has focused on plant uptake of glycine and a few on lysine, glutamate and leucine. Until more work is done on the uptake characteristics of more amino acids, estimates on DON uptake have to be based on this limited number of amino acids. This study deals with the examination of more readily available added organic fertilizers – similar to the plant-based green manures and cover crops used in organic farming systems. Wheat was chosen for its 1) high growth rate, 2) high N requirement,  and 3) documented capability of taking up amino acids. 

2. Material and methods

2.1. Experimental design

Wheat was sown in pots containing soil amended with unlabelled or homogeneously dual-labelled (13C and 15N) milled grass acting as low C-to-N ratio green manures (Table 1). Additionally, there were three pots without fertilizer to monitor growth without fertilizers and three pots without plants to follow water use. The pots were sampled destructively three times at different growth stages. The experiment consisted of 3 treatments (Unlabelled Fertilizer ‘UF’, Labelled Fertilizer ‘LF’, and ‘No Fertilizer ‘NF’) and 3 sampling dates (day 27, 56, and 84). The UF and LF treatment had 6 replicates and the NF treatment 3 replicates, resulting in a total of 45 pots + 3 pots for the water monitoring.

2.2. Pot setup

The pots were opaque PE cylinders (height = 14.4 cm, inner diameter = 7.1 cm). The bottom and the top of each pot were closed with D.B.I.-DUT (#95) lids made of PVC and sealed with silicone. In the top a 3.0 cm hole in the centre allowed for insertion of an acrylic cylinder (inner diam.=2.6 cm, height=5.0). The insertion cylinder was sealed to the lid with silicone. An in- and outlet tube for air (PVC 4.0x0.8mm) was inserted into the headspace of each cylinder and the outlet tube was connected to a vacuum pump continuously leading headspace air out of the growth chamber. The pots were placed in a 16ºC climate chamber with 14:10 h light/dark cycle with light coming from 500W growing lamps. Light intensity was 80 W m-2 at the soil surface and 240 W m-2 at 75 cm height. Three wheat seeds (Triticum aestivum, cultivar Vinjett) were sown in each pot and one plant was left after 5 days. At day 7 the pots were sealed around each plant with ½ cm of a two-component silicone (Silastic 3481, Dow Corning). Pots were watered twice a week or when needed (max 40 ml water loss) by adding water until the initial weight of the pot was reached. The initial weight was gradually adjusted for plant growth. Water addition was logged both in pots (n=2 for each treatment) of the last time series and in the three pots without plants.

2.3. Soil and fertilizer

A low nutrient sandy soil, originating from Jyndevad reseach station (Table 1), was sieved through an 8 mm mesh-size sieve and pre-incubated for 21 days at 20-25ºC. Soil water content was 14 % (38% of WHC) and pH was 6.8 (additional properties in Table 1 – Soil, NF). Ground (<1 mm) ryegrass (Lolium perenne) was used as fertilizer (Table 1). The dual-isotopic labelled ryegrass was obtained from Plant Research International in Wageningen, The Netherlands. Ryegrass seedlings were grown for 35 days in a sandy loam soil in 0.65-L pots in growth chambers, in which a continuously 13C-labelled atmosphere was maintained (Gorissen et al., 1996). Growth conditions were: light 16h, PAR 300 µmol m-2 s-1, temperature shoot compartment 18/16 ºC (day/night), root compartment 16/14 ºC (day/night), relative humidity 70%-80% (day/night) and wind velocity 0.1 m s-1. The unlabelled ryegrass seedlings were grown for 40 days in peat moss added clay granules and NPK (Stenrøgel Mosebrug A/S). The labelled green manure was a mix of labelled and unlabelled ryegrass (2:23, w:w). The C, N, and stable isotope contents are given in Table 1. The amount of fertilizer N added was 0.225 and 0.224 g N pot-1 (56.7 and 56.5 g m-2) for the labelled and unlabelled treatments, respectively. An amount of 550 g soil and fertilizer (dry weight equivalent) was mixed for each pot and 50 g were subsequently subsampled for soil analysis. The bulk density was about 1.2 g DW cm-3. 

2.4. Termination and analysis

The pots were sampled at day 27, 56, and 84. The plants were collected at each sampling occasion around 11.00 AM, and plants were divided into shoots and roots. Roots were thoroughly washed twice to ensure that all soil particles were removed. All plant materials were dried immediately at 60°C until constant weight and then ball-milled (<1 mm). Likewise, the soil samples (20 g) were dried at 105ºC for 24h and then ball-milled. About 4 mg plant material and 40 mg soil, respectively, were weighed into tin cups and analysed for C, N, 13C, and 15N with a stable isotope mass spectrometer (Europe Scientific 20-20 IRMS).

2.5. Statistics and calculations

The programme S-Plus version 6.2 was used for statistical analyses (t-tests and ANOVA). Precison of the sample means are shown with standard error of means (SEM). 

The recoveries of 13C in the LF treatments were calculated as the percentage of excess 13C in soil compared to the initial value.

The percentage of N recovered in the different plant–soil compartments that originated from the N fertilization applied at the start of the experiment was calculated by:

((atom % 15N sample - atom%15N background)/(atom%15N fertilizer - atom % 15N background)))*100

In the calculations of root amino acid uptake and relative dilution of 13C to 15N the signatures for 13C and 15N were converted from atom% to moles using the following formulas (here for 15N):

g N mol-1 = ((atom% 15N/100)*15 g N mol-1)+((atom% 14N/100)*14 g N mol-1)

mol 15N g-1 = g N g-1*(( atom% 15N/100) /g N mol-1)

Mol excess 13C and 15N were calculated as:

[mol excess labelled fertilizer] – [mol excess unlabelled fertilizer]

The excess 15N due to 13C amino acid uptake was calculated on the basis of the C:N ratios of the three amino acids (glycine, lysine, and glutamate)

[mol excess 13C in roots] / [C:N-ratiospecific amino acid] 

3. Results

3.1. Plant growth and recoveries of excess 15N in plant and soil

While plant growth was similar between the labelled and unlabelled fertilizer treatments the control treatment without fertilizer had a much lower growth (Figure 1; P < 0.001). The fraction of fertilizer derived N in the LF plants was calculated on the basis of the 15N excess values and ranged from 81-90% (Table 3). The increase in recoveries in plants of excess 15N almost corresponded to the decline in soil of excess 15N indicating that almost no N was lost from the system between day 27 and 84 (Table 3). 

3.2. δ13C signatures, uptake of organic N, and transpiration

For the fertilized treatments, there were no significant differences in atom% 13C in any of the shoot samples (Fig 2a and 2b). The δ13C signatures in roots were significantly larger in LF than UF at day 27 (P<0.05, Fig. 2) with a difference of 1.02x10-3 atom% 13C. This difference diminished with time and was not significant for day 56 and 84. The calculated values of amino acid N uptake of total N are 1.6%, 0.8%, and 0.5% for glycine (C:N-ratio 2), glutamate (C:N-ratio 4), and lysine (C:N-ratio 6), respectively, at day 27.

Transpiration was estimated on basis of the difference in water consumption between pots with and without plants. The water use efficiency (WUE) per unit dry matter produced was lowest in the unfertilized plants and was, compared the fertilized plants, around 3 times lower at day 27 and 4.5 times lower at day 56 and 84. This difference in WUE was clearly correlated to the lower atom% 13C in the unfertilized than fertilized plants (Fig. 2b).

3.3. Recovery and dilution of 13C

The recoveries in soil of 13C in the LF treatments (n=3) were 49.6% (±2.4), 46.1% (±3.6), and 41.3% (±2.7) for day 27, 56, and 84, respectively. The 13C:15N ratios in UF roots (natural abundance levels) were 48, 92, and 118 for day 27, 56, and 84, respectively, showing that 13C became increasingly diluted relative to 15N with time.

4. Discussion

Plant growth was vigorous and very much alike in the fertilized treatments whereas it was clearly limited in the unfertilized treatment (Fig. 1). That the soil was N limited is shown by the fact that 81-90% of plant N in LF was fertilizer derived. The study therefore fulfilled the requirement that the fertilizer was the main supply of N, thus increasing the sensitivity of detecting uptake of dual-labelled organic N. The estimated DON uptake by plant roots was, however, quite low and root δ13C signatures were significantly higher in LF than UF in the first sampling only. Assuming that organic N was taken up in glycine form the uptake was 1.6 % of overall plant N and even lower for glutamate and lysine, although uptake of lysine is less likely to occur due to the low diffusion rates. The 13C signature was lower in the unfertilized plants than in the fertilized plants but this was not due to uptake of organic molecules. Rather, it was correlated with the lower water use efficiency of the unfertilised plants. Transpiration as well as influx of CO2 increased in the unfertilised plants resulting in a higher discrimination against 13C (Farquhar et al., 1984).

4.1. Methodological considerations about using the dual-labelled green manure

Only relatively few studies have been conducted on what kinds of amino acids are taken up by plants in competition with microorganisms. Owen et al. (2001) found that wheat root uptake in soil was a little lower for glycine than glutamate whereas Lipson et al. (1999) found that Alpine sedges absorbed glycine more than three times faster than glutamate. Both studies showed that the plants were better at taking up glycine than glutamate in hydroponic solutions and a possible explanation for the differences is that the microbial competition was larger in the study with Alpine sedge. In the same study, soil microorganisms were shown to have a higher preference for glutamate than glycine by a factor of 1.6 (Lipson et al., 1999). This suggests that glycine is an appropriate amino acid for modelling DON uptake in studies using dual-labelled complex fertilizers although more experiments are needed to verify this.

A number of factors can be identified that will lead to underestimates of DON uptake such as release of 13C root exudates containing just gained amino acids or 13CO2 respiration by plants. Swinnen et al. (1995) estimated for wheat during tillering that comparable amounts of C were used for root growth and rhizodeposition, but less for respiration. Another source of error could be that the roots, in spite of thorough washing, were contaminated by amino acids or ecto- and endorhizosphere microorganisms (Jones et al., 2005). The fact that the difference between labelled and unlabelled fertilized roots declined for every sampling makes this explanation less plausible (Fig 2b). A more plausible explanation of the decrease of the 13C label in roots, besides dilution of DON-13C, is the relative dilution of plant 13C to 15N with age as calculated for the UF plants where it increased from 48 to 118 from the first to the third sampling. 

The application rate of fertilizer N was high compared to standard field application of N, although biomass production per plant did not exceed that of field grown wheat. Jones et al. (2004) found that microbial uptake of low molecular weight DON was not hampered by high concentrations of nitrate in soil, and speculated that the primary role of this uptake was to supply C for respiration. However, a high fertilization level could trigger N catabolite inactivation, a process known from yeast where the general amino acid transporter (GAP1) is reversely inactivated by a rich supply of ammonium N (Beltran et al., 2004). The mechanisms controlling this N catabolite inactivation might also depend on the supply of C. 

It can be argued that adding ground instead of a coarser structured fertilizer increased decomposition and thus the decoupling rate of fertilizer C and N. A likely effect is an increase of the recalcitrant-to-labile DON ratio, resulting in a reduced availability of labile DON for direct plant uptake (Neff et al., 2003). On the other hand, the small particle size of the fertilizers may stabilize them physically at protected sites and hence protect them against decomposition (Van Ginkel et al., 1998). The loss of 13C through decomposition of fertilizer C indeed slowed down after the first sampling, whereas the largest N uptake increased after the first sampling indicating release of plant available N from the microbial biomass. Magid et al., (2004) observed a depletion of 40-70 % of total nitrogen during 20 days decomposition from decomposing green manures with C:N ratios similar to the fertilisers used in the current study. Some of the loss of N was ascribed to ‘bleeding’ of low molecular substances out of the decomposing tissues as indicated by an increase in C-losses from recovered materials and CO2 respiration, a process likely to be of importance with the current finely divided organic material. However microscopic examination of the decomposed tissue also demonstrated a vigorous growth of microbial biomass in the tissues during decomposition at moderate temperature (9 °C), which implies that part of the N remaining in the decomposing tissues would have entered into the microbial turnover and thus resulted in loss of 13C by respiration. This clearly indicates that microbial decomposition would likely have decoupled substantial amounts of 13C/15N labelled compounds from the organic fertiliser during the early establishment of the plants, thus giving the microorganisms a pre-emptive competitive advantage in the acquisition of easily available 13C/15N labelled resources. This would leave the plants towards the more energy requiring assimilation of inorganic nitrogen. 

4.2. Physiological costs of N uptake in plants and microorganisms 

N is dominantly bound in soil to a range of non-soluble organic and mineral forms and mineral N held in ionic form is typically <1% of soil N (Jarvis et al., 1996). In agricultural systems, the low molecular weight DON pool containing free amino acids etc. is typically equal to the inorganic N pool (Siemens et al., 2002; Christou et al., 2005). Plant roots have high-affinity uptake systems for amino acids driven by a proton gradient over the plasma membrane. Because uptake of both amino acids and nitrate is an active process, amino acids can be readily catabolized or used. In contrast, the conversion of nitrate to the amino acids in the cell is a process that consumes large amounts of energy and carbon. Plants do, however, tend to compete better for nitrate than ammonia and amino acids due to the better mobility of the nitrate-ion in soil (Owen et al., 2001) and this might explain the preferential uptake of nitrate in most soils. Microbes will be favoured during the instant competition for DON due to slow diffusion of soluble amino acids unless an early establishment of active roots occurs in the detritussphere. There are also other factors than affinity for nutrients and surface area covered that determine where the N from different pools is allocated. Plant roots generally have a slower turnover time than microorganisms and are likely to capture a larger amount of N over time. Plants can thus be highly effective competitors for N although this depends on the availability of N (Hodge et al., 2000a). For instance, the percentage of excess 13C in soil decreased by 8 points between the first and third sampling compared to the 21 points decrease for N (Table 3). This is another indication that the plants, due to the low C:N ratio, mainly took up microbial bound N and that the decomposition rate of the remaining fertilizer constituents was fairly low. Thus, it can be argued that the role of microbial decomposition and hence subsequent release of inorganic N was more important for plant N acquisition than competing for amino acids because the soil was not N-limited. Where mineral N is more abundant, for example in highly fertile soils, uptake of organic N is of less importance.

4.3. The significance of crop DON uptake

Caution has to be taken in generalizing the limited importance of wheat DON uptake in this study to all crops and farming systems. Much probably depends on the availability of the different soluble forms of N. In wide range of plant species from different Australian plant communities Schmidt et al., (1999) found  that N uptake from ammonium was higher than from either glycine or nitrate. Although direct uptake glycine was less than that of ammonium it was not insignificant and the study demonstrated that the potential to utilize amino acids is not only restricted to plants from low temperature regimes with a slow N-turnover like heathlands (Persson et al, 2003). Consequently, it is important to consider the particular management system where the crops are grown. Likewise, crop species might be important. For example, DON uptake in grasses varied considerably with species in response to changing pH and amino acid availability (Falkengren-Grerup et al., 2000). This interspecies variability is interesting for organic farming systems in particular because more emphasis might have to be put on the differences in the abilities of different varieties to compete for available DON.

This study optimized some of the conditions for detecting plant DON uptake by using an N limited soil in combination with a fairly high isotopic enrichment of the fertilizer. The first, early sampling also decreased the dilution of the plant C pool relative to the later samplings. In contrast to studies using pulse injection of dual-labelled amino acids, the advantage of using dual-labelled green manure was that the amino acids were released more gradually and were therefore less susceptible to immediate depletion by the microorganisms. Injection also brings some of the amino acids in direct contact with the roots without prior diffusion. Although a range of fertilizers with a fast decoupling of C and N are used in organic farming such as animal manure, silage, slurry and fresh green manures it would also be relevant in a new study to use slowly decomposable fertilizers or apply fertilizers after crop emergence. This would make plants more competitive in taking up DON because roots would cover a larger surface area in the detritussphere. Moreover, the relationship between mineral N availability and plant DON uptake should be investigated. 

In conclusion, this study shows that uptake of DON by wheat from a complex organic fertilizer was limited even in view of some uncertainties. This confirms the hypothesis by Jones et al., (2005) that DON uptake from the soil may not contribute substantially to N acquisition by plants. More studies with different plant species, soil properties, and slow-releasing dual-labelled organic fertilizers that are preferably highly enriched, are, however, necessary to warrant this conclusion. The use of a dual-labelled green manure was useful for investigating plant DON-uptake even though a large decoupling of 13C/15N took place before plants were sufficiently developed in competing for DON. The advantage of using this approach was a slower release of DON opposed to pulse labelling with dual-labelled amino acids, which interferes with the plant-microbial interactions.
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Tables

	Table 1. Initial C, N, and stable-isotope contents in soil and fertilizers.

	
	%N
	atom% 15N
	%C
	atom% 13C
	C:N-ratio

	Soil, NF
	0.11
	0.3687
	1.53
	1.0917
	13.7

	Soil, UF
	0.15
	0.3681
	1.83
	1.0918
	11.8

	Soil, LF
	0.15
	0.4467
	1.84
	1.1352
	12.0

	Fertilizer grass, unlabelled
	6.8
	0.3663
	43.5
	1.0899
	6.4

	Fertilizer grass, labelled
	6.6
	0.6672
	42.9
	1.3603
	6.5


	Table 2. Mean shoot dry weight, C, and N on the three harvest dates (SEM in brackets).

	
	Labelled fertilized (LF)
	Unlabelled fertilized (UF)
	Not fertilized (NF)

	Day
	Shoot DM (g m-2)
	%C
	%N
	Shoot DM (g m-2)
	%C
	%N
	Shoot DM (g m-2)
	%C
	%N

	27
	168.4 (6.3)
	40.5 (0.1)
	5.8 (0.1)
	184.3 (8.2)
	40.6 (0.1)
	5.6 (0.1)
	26.1 (5.1)
	37.0 (0.7)
	4.2 (0.4)

	56
	990.3 (24.3)
	44.4 (0.0)
	2.0 (0.0)
	974.3 (37.1)
	44.1 (0.1)
	2.0 (0.1)
	66.5 (6.6)
	37.9 (2.1)
	2.6 (0.3)

	84
	1734.0 (89.5)
	44.2 (0.1)
	1.4 (0.1)
	1840.9 (24.8)
	44.2 (0.0)
	1.4 (0.0)
	101.0 (12.6)
	41.0 (1.0)
	1.9 (0.4)


	Table 3. Fractions of fertilizer-derived N and recoveries of excess 13C and 15N in soil and LF plants, respectively (SEM in brackets). 

	
	Fertilizer-derived N 
	Recoveries in plant
	Recoveries in soil 

	Day
	plant %
	Excess 15N %
	Excess 15N %
	Excess 13C %

	27
	88.9 (0.5)
	16.3 (8.5)
	72.5 (1.5)
	49.6 (2.4)

	56
	89.8 (0.6)
	34.6 (2.2)
	55.9 (2.7)
	46.1 (3.6)

	84
	86.7 (0.5)
	37.4 (3.8)
	51.5 (1.3)
	41.3 (2.7)


Figure captions

Figure 1

Plant biomass (±SE).

Figure 2

Atom% 13C (±SE) in shoots (2a) and roots (2b).
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