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OIKOS 80: 459-466. Copenhagen 1997 

Root exudation of organic acids: importance to nutrient availability 
and the calcifuge and calcicole behaviour of plants 

Lena Strom 

Str6m, L. 1997. Root exudation of organic acids: importance to nutrient availability 
and the calcifuge and calcicole behaviour of plants. - Oikos 80: 459-466. 

Many vascular plant species are unable to colonize limestone soils and the floristic 
composition of adjacent limestone and acid silicate soils differs greatly. Low-molecu- 
lar organic acids (LOAs) in root exudates may greatly affect plant availability of 
nutrients and it is hypothesized that contrasting exudation of LOAs is a major 
mechanism controlling the calcicole and calcifuge behaviour of plants. Rhizosphere 
soil solution from two calcicole and two calcifuge species, grown in a pH-intermedi- 
ate soil, was expelled by high-speed centrifugation. The concentrations of LOAs in 
these solutions were determined by an application of ion chromatography using a 
supported liquid membrane enrichment technique. Concentrations of dicarboxylic 
(mainly oxalic) and tricarboxylic (mainly citric) acids were much higher in the soil 
solution of the calcicole species, whereas there was no difference in monocarboxylic 
(mainly lactic + acetic) acids between rhizosphere soil solutions of the two species 
categories. A consistent difference in the relative molar proportion of mono-, di- and 
tricarboxylic acids was also demonstrated among all species, indicating a species 
specific exudation of LOAs from plant roots. The solubilizing effect of acetic, oxalic 
and citric acid and their Na-salts on Fe, Mn and phosphate in two limestone soils 
and in the pH-intermediate soil was also tested. Citric acid and/or Na-citrate were 
powerful solubilizers of Fe and Mn and oxalic acid and/or Na-oxalate of phosphate, 
whereas acetic acid and/or Na-acetate was quite weak in this respect. The results 
from this study strongly support the view that high exudation rates of di- and 
tricarboxylic LOAs is a major mechanism controlling calcicole behaviour of plants. 

L. Str6m, Dept of Ecology, Plant Ecology, Lund Univ., Ecology Building, S-223 62 
Lund, Sweden (lena.strom@planteco.lu.se). 

Calcifuge behaviour, or the inability of many vascular 
plant species to colonize limestone soils, is a classical 
field of ecological research. No generally accepted ex- 
planation has been found despite appreciable research 
efforts, mainly during the 1960's and 1970's. One of the 

possible explanations to calcifuge behaviour of plants is 

unavailability of phosphate. This was previously 
demonstrated for an isolated British population of Vis- 
caria vulgaris (Jarvis and Pigott 1973) where growth 
was distinctly increased by addition of phosphate. 
Phosphate as well as nitrogen limitation, particularly in 
combination with drought stress has also been sug- 
gested as a source of plant growth limitation on cal- 

careous grasslands in Britain (Grime and Curtis 1976). 
In recent years the general validity of the view that 
calcifuge behaviour is due to phosphate limitations has 
been documented. Total P content is often similar in 
acid and limestone soils, whereas the easily exchange- 
able and soil solution concentrations of phosphate are 

very low in limestone soils (Tyler and Olsson 1993). 
Seed establishment of several calcifuge species was 
shown to be successful in limestone soils only when 
additional phosphate was supplied (Tyler 1992, 1994). 
To develop in such soils plants must be able to mobilize 
considerable amounts of phosphate from other than 
these minute soil pools. However, establishment and 
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growth of calcifuges on limestone soil seem sometimes 
to be limited by Fe. Galium saxatile, a calcifuge species, 
was unable to grow on such soil unless Fe (in the form 
of Fe-citrate) was supplied (Tyler 1994). Lime-chlorosis 
is a well known feature of plants cultivated on cal- 
careous soils throughout the world. The symptoms are 
consistent with those caused by Fe deficiency 
(Bergmann 1988) and it seems possible that lime- 
chlorosis sometimes excludes calcifuges from limestone 
soils (Grime and Hutchinson 1967). If these soils are 

high in organic matter and have a pH > 6.5, Mn defi- 

ciency is also likely to occur. Moreover, high concentra- 
tions of Ca in the soil will have a negative effect on Mn 

uptake and transport in the plant (Bergmann 1988). 
Therefore, it cannot be excluded that calcifuge be- 
haviour in some cases is due to Mn deficiency. 

Plant roots exude a variety of organic compounds to 
the soil, including sugars, amino acids, organic acids 
and phenols (Vancura 1964, Smith 1976). The low- 
molecular organic acids (LOAs) in root exudates may 
play an important role in the solubilization and plant 
availability of mineral nutrients in the soil (Mench and 
Martin 1991, Fox and Comerford 1992, Gerke et al. 
1994). We have previously proposed that contrasting 
exudation of LOAs between calcicole and calcifuge 
species is a major mechanism controlling the calcifuge 
behaviour of plants. Calcicole species were found to 
exude much more oxalic and citric acid than calcifuge 
species, from both roots (Strom et al. 1994) and germi- 
nating seeds (Tyler and Str6m 1995). Oxalic acid was 
an effective extractor of phosphate and citric acid of Fe 
in a limestone soil studied. 

In these studies exudates were collected in water, a 
very nutrient poor matrix which might lead to elevated 
exudation rates of LOAs (Ratnayake et al. 1978, Kraf- 
fczyk et al. 1984, Lipton et al. 1987) and also influence 
the cell wall properties of the roots. Following further 

development of the ion chromatographic method used 
it is now possible to both concentrate and purify the 

sample immediately prior to analysis using an on-line 
system (Shen et al. 1996a, b). This enables the analysis 
of LOAs in more complex matrices, like soil solutions. 

The purpose of this study is to grow two calcifuge 
and two calcicole species in a pH-intermediate soil, 
offering all four species good growth conditions. Grow- 
ing all four species in a limestone soil has proven 
impossible because of the limitations mentioned above. 
The amounts and composition of LOAs in the rhizo- 
sphere soil solution will be analysed. The solubilizing 
power of LOAs and their salts on Fe, Mn and phos- 
phate in this pH-intermediate soil, as well as in two 
limestone soils, will also be tested. One monocarboxylic 
(acetic), one dicarboxylic (oxalic) and one tricarboxylic 
(citric) acid and the Na-salts of these acids will be 
considered. It is hypothesized that the calcicole species 
exude more di- and tricarboxylic LOAs than the cal- 
cifuge species and that this difference is measurable in 

their rhizosphere soil solution. It is further hypothe- 
sized that LOAs are efficient in solubilizing Fe, Mn and 

phosphate from the soils and that di- and tricarboxylic 
LOAs are more powerful solubilizers than monocar- 

boxylic LOAs. 

Materials and methods 

Plants 

Two calcifuge species, Deschampsia flexuosa (L.) Trin. 
and Viscaria vulgaris Bernh., were sown in an acid 
silicate soil and two calcicole species, Sanguisorba minor 
Scop. and Gypsophila fastigata L., were sown in a 
slightly alkaline (calcareous) soil. The vessels were ran- 
domized in a greenhouse, where temperature was kept 
at 14-16?C during the night and 19-21?C during the 

day. Additional light was provided for 12 h d-' using 
400-W Philips Son-T Agro lamps, yielding 70 W m-2 
in the 350-800 nm range and 0.12 W m-2 in the 
250-350 nm range. After eight weeks the plants were 
replanted in 2-dm3 plastic pots containing a pH-inter- 
mediate soil, described below, and cultivated for 12 
weeks using the same temperature and light conditions. 
Ten pot replicates, each containing four plants of the 
same species, were run with all four species. After the 

experiment total dry weights of shoots and roots from 
the plants in each pot were determined. 

Soils 

The limestone soils were Rendzic leptosols, derived 
from Ordovician limestone on the 'alvar' of Oland (56? 
40'N, 16? 30'E) and from an outcrop of Archaen lime- 
stone (marble) at Marmorbruket (58? 40'N, 16? 30'E). 
The clay content was low in both cases. The pH-inter- 
mediate soil used for cultivation originated from a 
loamy Eutric Cambisol developed from a slate moraine 
in Fyledalen, Scania (55? 34'N, 13? 46'E). All soils were 
sifted (mesh size 6 mm) before use. Soils used for 
sowing and replanting were loosely packed into freely 
drained plastic pots and kept at 60% of the water 
holding capacity by addition of H2O. 

Analytical methods 

The soil adjacent to the roots of all four plants in each 
of the ten replicates, was sampled to expel soil solution, 
using a specially equipped cooling centrifuge, keeping 
sample temperature at 4?C, at 12 000 rev. min-m, for 1 
h. The centrifugation was done closely after sampling 
the soil and, after removal of a small amount for pH 
determination, the centrifugate was directly deep frozen 
(ca -20?C) to await analysis of LOAs. 
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The LOAs determined were, in order of appearance 
in the chromatogram, lactic, acetic, propionic, formic, 
pyruvic, malic (incl. succinic), oxalic, citric, isocitric and 
aconitic acid. Because lactic and acetic acid did not 
always separate in a consistent way, they were assessed 
together. 

Analyses were performed using an ion chroma- 
tograph connected on-line to a sample preparation flow 
system which removed interfering metal ions and inor- 
ganic anions using ion exchange columns and a support 
liquid membrane unit, in which the target analytes were 
enriched. The sample preparation flow system set-up 
and operation as well as the equipment of the ion 
chromatograph, the NaOH gradient used and analyti- 
cal procedures are described in detail elsewhere (Shen et 
al. 1996a, b). 

The 'total' contents of Fe, Mn, Ca and P in the three 
soils were determined. Five replicates per soil of 1 g of 
dry soil were digested (microwave-oven, 2.5 h) in conc. 
HNO3 and evaporated to a final volume of 4 cm3, 
which was adjusted to 50.0 cm3 with H20. Fe, Mn and 
Ca (after addition of 0.5% LaC13) were determined by 
flame AAS. Phosphate was determined colorimetrically 
(vanadate method, Rauterberg 1951). The organic mat- 
ter content of the soils was determined as loss on 
ignition (600?C for 2 h). pH was determined electromet- 
rically on 15 g of soil at field moisture shaken for 2 h 
with 50 cm3 H2O. 

Easily extractable concentrations of Fe, Mn and 

phosphate were also determined. Used as extractants 
were 100 mol m-3 BaCl2 for Fe and Mn (Tyler 1996) 
and 50 mol m-3 Na2SO4+20 mol m-3 NaF for 

phosphate (Tyler 1992). Five replicates of 10 g of soil at 
field moisture were shaken for 30 min with 100 cm3 of 
extractant and immediately filtered (Munktell OOK). 
Blanks of the extractant solution were treated the same 
way as the samples. Fe and Mn of the soil extracts were 
determined by flame AAS. Phosphate was determined 
colorimetrically (molybdate/SnC12 method, Murphy 
and Riley 1962) using flow injection analysis (FIA). 

The solubilizing ability of three LOAs and their 
sodium salts on soil Fe, Mn and phosphate was investi- 

gated. Used as extractants were 30 mol m-3 acetic acid 
and Na-acetate, 15 mol m-3 oxalic acid and Na-oxalate 
and 10 mol m-3 citric acid and Na-citrate. The differ- 
ent molar concentrations were chosen to make acids 

comparable on an equivalent basis. Five replicates of 10 

g of soil at field moisture were shaken for 30 min with 
100 cm3 of extractant and immediately filtered (Munk- 
tell OOK). Before filtration a small portion of the 
suspension was removed for pH determination. Fil- 
trates (50.0 cm3) were evaporated to dryness, treated 
with conc. HNO3 for complete oxidation of the organ- 
ics and evaporated to a final volume of 2 cm3, which 
was adjusted to 10.0 cm3 with H20. Blanks of the 
extractant solution were treated the same way as the 
samples. Fe and Mn of the soil extracts were deter- 

mined by flame AAS. Phosphate was determined by ion 
chromatography using the same equipment as for LOA 
determination but without the sample preparation flow 
system and with a slight modification of the NaOH 
gradient: 0.5 mol m-3 increasing to 5.0 mol m-3 during 
3.0 min, to 26.8 mol m-3 during 8 min and to 38.2 mol 
m-3 during the following 1 min. The injection volume 
was 50 pl. This method to analyse phosphate was found 
superior to colorimetrical methods on these samples 
due to a small sample volume, and a low pH. 

Statistics 

Analysis of variance (ANOVA) followed by Tukey's 
test was used for multiple comparison between sample 
means (Zar 1984). For comparison of proportions, all 
values were logarithm transformed. Only means which 
differed at the p < 0.01 level were considered signifi- 
cantly different. 

Results 

The total concentrations of LOAs found in the rhizo- 
sphere soil solution of the two calcicole species were 
twice the concentrations found in the soil solution of 
the calcifuge species (Table 1). This was not due to 
different concentrations of monocarboxylic acids, but 
to about fivefold higher concentrations of di- and tri- 
carboxylic acids in the soil solutions of the two calcicole 
species (Fig. 1). The main monocarboxylic acid in the 
soil solutions was lactic + acetic, the main dicarboxylic 
acid was oxalic and the main tricarboxylic acid was 
citric acid (Table 1). The calcicole G. fastigata also had 
large amounts of other dicarboxylic acids (malic + suc- 
cinic and tartaric acid) in its soil solution. The concen- 
tration of oxalic acid measured in the soil solution of 
this species was, anyhow, significantly higher than in 
the soil solution of the two calcifuge species (Table 1). 
There was no difference between the species in the dry 
weight of shoot biomass produced, whereas the root 
dry weight was higher for one of the calcicole species 
(S. minor) than for the other three species (Table 1). 

The relative molar proportion of mono-, di- and 

tricarboxylic acids in the soil solutions was also calcu- 
lated (Fig. 2). The calcicole plants had a higher propor- 
tion of di- and tricarboxylic acids in their soil solutions 
than the calcifuge plants, which had a higher proportion 
of monocarboxylic acids. Almost no overlap was, how- 
ever, found between the four species, showing a consis- 
tent difference between species in the composition of 
mono-, di- and tricarboxylic acids exuded into the soil. 

In the limestone soils, pH and 'total' Ca concentra- 
tion were much higher than in the pH-intermediate soil, 
whereas the organic matter content and easily ex- 
tractable concentrations of Fe, Mn and phosphate were 
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Table 1. Mean LOA concentrations (mmol m-3) in the soil solutions of the two calcifuge (Deschampsia flexuosa and Viscaria 
vulgaris) and the two calciole (Gypsophila fastigata and Sanguisorba minor) species, mean total shoot and root weight (g) of the 
plants in each pot and pH of the soil solution after 12 weeks' growth. Different letters indicate significant differences (p < 0.01) 
between species. Number of replicates = 10. 

Monocarboxylic 

Shoot Root Lactic + 
Species weight weight pH soil sol. Acetic Propionic Formic Pyruvic 

D. flexuosa 0.73 a 0.34 b 4.9 b 8.9 a 0.4 a 4.8 a 0.4 a 
V. vulgaris 0.67 a 0.49 b 5.3 a 7.9 a 0.3 a 5.1 a 0.3 a 
G. fastigata 0.74 a 0.36 b 4.9 b 8.0 a 0.3 a 4.3 a 0.4 a 
S. minor 0.75 a 0.76 a 5.2 a 11.9 a 0.3 a 5.9 a 0.4 a 

Dicarboxylic Tricarboxylic 

Species Malic + Tartaric Oxalic Citric Isocitric Aconitic Sum 
Succinic 

D. flexuosa <0.3 b <0.2 b 1.7 b 1.0 b <0.2 a <0.2 b 17.3 b 
V. vulgaris 1.4 b <0.2 b 3.1 b 0.5 b <0.2 a <0.2 b 18.7 b 
G. fastigata 3.7 a 13.4 a 6.2 a 4.5 a <0.2 a <0.2 b 40.8 a 
S. minor 1.3 b <0.2 b 7.9 a 3.8 a <0.2 a 0.9 a 32.6 a 

lower. All soils, however, contained appreciable 
amounts of 'total' Fe, Mn and P (Table 2). 

There were great differences in the solubilizing effi- 
ciency of LOAs on Fe, Mn and phosphate (Table 3). 
For all three soils and all elements the di- and/or 
tricarboxylic acids were more efficient solubilizers than 
the monocarboxylic acid. Differences in solubilizing 
ability were also found between the acids and their 
salts, especially for the limestone soils. The tricar- 
boxylic citric acid was an efficient solubilizer of both Fe 
(3-5% of 'total' soil concentration) and Mn (3-35%) in 
all three soils. In the limestone soils Na-citrate was a 
less efficient solubilizer of Fe (2%) and Mn (1-2%) 
than citric acid. In the pH-intermediate soil, however, 
there was no difference in this respect between citric 
acid and Na-citrate. Furthermore the dicarboxylic ox- 

D.flexuosa 

V.vulgaris 

G.fastigata 

S.minor 

~~IA'~~~ ~I 

+ a 

alic acid and Na-oxalate were efficient solubilizers of 
both Fe and Mn in this soil (Table 3). 

The dicarboxylic Na-oxalate was an efficient solubi- 
lizer of phosphate (5-8%) in all three soils. Again, a pH 
effect of the extractant on solubilization was only found 
in the limestone soils, where oxalic acid (1-2%) was 
much less efficient than Na-oxalate in solubilizing phos- 
phate. In the pH-intermediate soil, however, oxalic 
acid, Na-oxalate and Na-citrate were equally efficient 
(Table 3). 

Discussion 
The LOAs exuded by plant roots are at least to some 
extent present in soil solutions. Large amounts of 
LOAs were found in the proteoid root layer of Banksia 
integrifolia compared to the surrounding soil and leaf 

] Monocarboxylic 
? Dicarboxylic 

i Tricarboxylic 

- v; 
. ;.,,, ; . i ,,,,...,... 

$d~~~~~~~~~~~~~~:' 

0 5 10 15 20 25 

mmol m'3 in soil solution 

Fig. 1. The concentrations (mmol m-3) of mono-, di- and 
tricarboxylic acids in the soil solution of two calcifuge 
(Deschampsia flexuosa and Viscaria vulgaris) and the two 
calcicole (Gypsophila fastigata and Sanguisorba minor) species. 
Means + S.E.; n = 10. Different letters indicate significant dif- 
ferences (p < 0.01) between sample means of the same LOA 
category. 

Tricarboxylic acids (%) 

Fig. 2. Relative molar proportion of mono-, di- and tricar- 
boxylic acids in the soil solution of the two calcifuge and the 
two calcicole species. Every replicate is illustrated. 
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Table 2. pH(H20), % organic matter (O.M.) of soil dry 
weight, mean 'total' (HNO3-digestable) concentrations (jmol 
g-~ soil dry weight) of Fe, Mn, Ca and P and extractable 
concentraions (pmol g-~ soil dry weight) of Fe, Mn (100 mol 
m-3 BaCl2) and phosphate (50 mol m-3 Na2S04 +20 mol 
m-3 NaF) in three soils. Different letters indicate significant 
differences (p < 0.01) between sample means. Number of repli- 
cates = 5. No detectable concentrations in the sample: <. 

Soil Soil pH % O.M. 'total' Ca 

Silicate 4.9 a 10.9 a 16 c 
Archaen limestone 8.3 b 4.9 c 7480 a 
Ordovician limestone 8.2 b 6.2 b 2100 b 

Soil 'total' Fe 'total' Mn 'total' P 

Silicate 652 a 19 c 33 a 
Archaen limestone 77 c 24 b 12 b 
Ordovician limestone 234 b 38 a 28 a 

Soil Extr. Fe Extr. Mn Extr. P 

Silicate 0.010 a 0.267 a 0.028 a 
Archaen limestone <b <b 0.007 b 
Ordovician limestone <b <b 0.002 c 

litter (Grierson 1992). Fox and Comerford (1990) found 

higher concentrations of LOAs in rhizosphere soil of 
slash pine (Pinus elliottii) than in bulk soil. Higher 
concentrations of LOAs were also found in the rhizo- 
sphere soil solution of five field-layer species in a beech 
forest than in the soil solution, where field layer species 
were lacking (Shen et al. 1996b). 

The two calcicole species were found to have much 
higher concentrations and molar proportions of di- and 
tricarboxylic acids in their rhizosphere soil solution 
than the calcifuge species (Figs 1, 2). However, there 
was also a clear difference between all four species in 
their soil solution composition of mono-, di- and tricar- 

boxylic acids. This indicates a species specific exudation 
of LOAs from plant roots. 

Although shoot dry weights produced were similar in 
all plants, one of the calcicole species (S. minor) had a 
higher root dry weight than the other species and this 
might to some extent explain the higher concentrations 
of LOAs found in the soil solution of this species. The 
calcicole species with the highest LOA concentration in 
its soil solution (G. fastigata) did, on the other hand, 
not have a higher root dry weight than the calcifuge 
species (Table 1). However, explaining the LOA con- 
centrations in soil solutions simply by root dry weight 
might be misleading since large differences in the sub- 
stances exuded from different parts of roots are ex- 

pected (Bowen and Rowira 1991). The exudation of 
LOAs might be highest from the fine root tips and there 
might also be differences between the plant species in 
the main LOA exudation site along the root. 

Theoretically, a source of error which might bias the 
result is the high speed centrifugation if it caused 
rupturing of tissues and release of cellular contents into 
the soil solution. However, in a study where roots 

labelled with "4C was added to the soil prior to high- 
speed centrifugation, a maximum of 1% of the 14C in 
the roots was recovered in the soil solution (Zabowski 
1989). Higher g-values than those obtained by centrifu- 
gation at 12 000 rev. min-' would be required for 
solute release from root cells. Therefore, the influence 
on soil solution concentrations of LOAs, measured by 
this technique, from small remains of roots in the soil 
should be almost negligible. 

Estimation of LOA production and exudation rates 
from their concentration in soil solutions can, however, 
be seriously biased by highly variable rates of LOA 
immobilization in soil (Shen et al. 1996b). The recovery 
of added LOAs varied greatly between acids in beech 
forest soils lactic + acetic acid having a recovery of 
83-111%, oxalic acid of 13-25%, and citric acid of 
13-25%. This indicates that especially the amounts of 
oxalic and citric acid actually produced by the plants in 
my experiment might be underestimated. The large 
relative difference between species in their exudation 
should, however, not have been seriously biased by 
varying recoveries of LOAs since the plants were all 
grown in the same, carefully mixed soil. But the danger 
of comparing exudation by species grown in their orig- 
inal soils (limestone and acid soil) is apparent, because 
different soil properties most likely lead to different 
immobilization rates of LOAs. It would, on the other 
hand, be of great interest to grow all the species, both 
calcifuges and calcicoles, in a limestone soil, but failure 
or poor growth of the calcifuges precludes the use of 
such a soil. It is also likely that several LOAs would be 
further immobilized in a limestone soil by Ca precipita- 
tion and not recovered in the soil solution. In order to 
analyse LOAs exuded into limestone soil, it would be 
necessary to develop a method that sufficiently extracts 
the LOAs exuded. 

The main advantage of my experiment is that the 

plants were grown in a natural soil, suitable for plant 
growth of both calcicole and calcifuge species, and not 
exposed to such artificial conditions as water or nutri- 
ent solutions would provide. None of the species devel- 

oped any signs of nutrient deficiency and all grew well 
in the pH-intermediate soil of the study (Table 1). 
Limestone soils are very low in easily exchangeable Fe, 
Mn and phosphate (Table 2) and many authors have 
reported an increase in LOA exudation from plants 
growing under nutrient deficiency (Ratnayake et al. 
1978, Kraffczyk et al. 1984, Lipton et al. 1987). There- 
fore, exudation rates of calcicole plants might actually 
be even higher in a limestone soil than in the pH-inter- 
mediate soil in which the experiment was conducted. 

As neither the soils nor the seeds were sterilized and 
as the seeds were germinated and the plants pre-culti- 
vated in the soil of their origin, the plants would have 
been enabled to generate their normal rhizosphere mi- 
croflora. It was not possible in this experiment to 
distinguish between LOAs produced by plant roots and 
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Table 3. Fe, Mn and phosphate, as a percentage of total concentration of the element in the soil, extracted from three soils by 
acetic (30 mol m-3), oxalic (15 mol m-3) and citric acid (10 mol m-3) and the Na-salts of these acids. Different letters indicate 
significant differences (p <0.01) between sample means of each element, all extractants and soils considered. Number of 
replicates = 5. Bold figures indicate the highest amount of Fe, Mn or phosphate extracted from each soil. 

Acid Extractant Salt Extractant 
Silicate Archaen Ordovician Silicate Archaen Ordovician 

limestone limestone limestone limestone 

Acetic 0.1 e 0.7 d 0.3 de 0.6 d 0.3 e 0.5 de 
% Fe Oxalic 3.9 b 0.1 e 0.7 d 3.9 b 2.2 c 1.8 c 

Citric 3.5 b 5.2 a 2.5 c 3.9 b 2.3 c 1.5 c 

Acetic 22 d 0.7 h 1.1 h 3.8 f 0.1 k 0.4 i 
% Mn Oxalic 80 a 0.8 h 3.2 f 23 d 0.7 h 1.7 g 

Citric 35 c 3.5 f 12 e 54 b 0.9 h 1.7 g 

Acetic 3.2 b 0.6 c 0.2 c 1.1 c 0.4 c 0.6 c 
% P04 Oxalic 7.4 a 1.1 c 1.6 bc 7.9 a 8.1 a 5.2 ab 

Citric 0.9 c 0.6 c 0.6 c 7.4 a 1.6 bc 3.2 b 

by microorganisms. No differences were found between 
the species in the concentration of monocarboxylic 
acids in their soil solutions (Fig. 1, Table 1). This could 
be due either to similar amounts exuded by the roots of 
all species or to another origin of these acids. Monocar- 

boxylic acids are produced during conversion of glu- 
cose to pyruvate in glycolysis and, under anaerobic 
conditions, pyruvate is further transformed to lactate 

(Stryer 1988). Microbial decomposition of organic mat- 
ter can also lead to production of several monocar- 

boxylic acids. This tends to occur under wet, anaerobic 
conditions where fermentative microbes in the soil pro- 
duce a range of LOAs, including acetic, lactic, formic 
and propionic acid, from plant residues (Killham 1994). 
The soils were all kept in open pots at 60% of water 

holding capacity which essentially would have pre- 
cluded anaerobic conditions. Anyhow, microbial pro- 
duction as a main source of monocarboxylic acids 
found in the soil solution of this experiment seems most 
likely. The di- and tricarboxylic acids might, on the 
other hand, be more likely to originate from root 
exudation since their composition and concentration in 
the rhizosphere soil solution were so clearly different 
between the two species categories, as well as between 
all four species (Figs 1, 2, Table 1). 

The di- and tricarboxylic acids were found to have a 
strong solubilizing power of Fe, Mn and phosphate in 
all the soils tested (Table 3). The proportion of the 
elements extracted out of the 'total' concentration in 
the soils was not consistently different between the soil 
types, except for Mn of which a large proportion was 
extracted from the pH-intermediate soil. The main dif- 
ference between the soil types was related to the pH 
effect of the extractant. In the two limestone soils citric 
acid (pH 2.7) was a strong extractant of Fe and Mn, 
whereas Na-citrate (pH 8.1) was weaker. The propor- 
tion of phosphate extracted from the limestone soils 
relative to pH was reversed, Na-oxalate (pH 7.0) being 
a strong and oxalic acid (pH 2.0) a weaker extractant. 
In the pH-intermediate soil the same LOAs were effec- 

tive in solubilizing these elements but, irrespective of 

pH, oxalic acid had the same solubilizing effect on 

phosphate as Na-oxalate, and citric acid the same solu- 

bilizing effect as Na-citrate on Fe. 
These differences are probably related to pH, both in 

the soil and in the extracts (Table 4) and to pH-related 
properties of Fe, Mn and phosphate. In a soil with 

pH > 8 the concentration of Fe3 + in the soil solution 
decreases 1000-fold for each unit increase in pH (Bar- 
ber 1995). The same relationship is found between Mn 
and pH. In aerated soils, the Mn2+ concentration in 
the soil solution would theoretically decrease by a 
factor of 100 for every unit increase in pH (Barber 
1995). This clearly shows the importance of lowering 
the pH to the solubility of Fe and Mn in a limestone 
soil with a pH of 8. However, since the other extrac- 
tants of an equally low pH as citric acid had a lower 
solubilizing effect (Table 3), the importance of Fe and 
Mn chelation with citrate is also clearly indicated. 

The most powerful extractor of phosphate in the 
limestone soils was Na-oxalate with pH 10 after extrac- 
tion (Table 4). The pH increase after this extraction 
should largely be due to the reaction between CaCO3 
and the oxalate ion (C202- ) that forms Ca-oxalate and 
releases CO3-, which leads to an increase in pH. 
Following extraction with oxalic acid the pH was 
around 6.6 (Table 4). The pKa values of oxalic acid are 

Table 4. pH of extractant and after extraction of three soils 
with acetic (30 mol m-3), oxalic (15 mol m-3) and citric acid 
(10 mol m-3) and the Na-salts of these acids. 

Extractant pH of pH after extraction 
extractant Silicate Archaen Ordovician 

limestone limestone 

Acetic acid 3.2 3.6 6.5 6.3 
Na-acetate 7.5 5.7 8.7 8.2 
Oxalic acid 2.0 2.3 6.7 6.5 
Na-oxalate 7.0 6.6 10.3 10.0 
Citric acid 2.7 2.9 6.6 6.3 
Na-citrate 8.1 6.3 9.7 9.4 
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1.23 and 4.19 (Weast 1989), which means that oxalic 
acid was fully dissociated in extraction with both ox- 
alic acid and Na-oxalate. The effect of the oxalate 
ion in complexing Ca and, thereby, releasing HPO2- 
should therefore be similar in both extractions. How- 
ever, at pH <7, CaCO3 starts to dissolve (H2CO3; 

pKal =6.38, pKa2= 10.32) and the free Ca2+ can 

precipitate HPO2- previously released by oxalate. 
Therefore, it may be hypothesized that the effect of 
the oxalate ion is equal at extraction with both oxalic 
acid and Na-oxalate. During the oxalic acid extrac- 
tion, however, released phosphate is re-precipitated as 

Ca-phosphate and is therefore not recovered in the 
extract. The importance of oxalate in solubilizing 
phosphate is also apparent in the extraction of the 

pH-intermediate soil (Table 3). In this soil, however, 
the 'total' Ca concentration was much lower (Table 
2) and the re-precipitation of phosphate by Ca was 
much less important. 

The higher concentrations of LOAs in the rhizo- 

sphere soil solutions of the calcicole species did not 
lead to a consistently lower pH in the soil solutions 
of these two species than of the two calcifuge species 
(Table 1). This indicates that the higher exudation of 
LOAs from the calcicoles does not have to be accom- 

panied by a decrease in the rhizosphere pH. It seems, 
however, that a calcicole species limited by Fe or Mn 
would benefit from lowering the rhizosphere pH and 
exude citrate. On the other hand, a calcicole species 
limited by phosphate would not benefit from lowering 
soil pH since this would lead to more free Ca2 + in 
the soil solution competing with the plant roots for 
solubilized phosphate. 

Conclusions 

We have previously proposed that the calcifuge be- 
haviour of plants may result from a low exudation 
rate of the dicarboxylic oxalic acid and the tricar- 

boxylic citric acid (Strom et al. 1994, Tyler and 
Strom 1995). The results from my study, which was 

performed using soil and plants with an undisturbed 
root system, strongly support this view. Much higher 
concentrations of oxalate/oxalic acid and citrate/citric 
acid were found in the rhizosphere soil solution of 
the two calcicole than of the two calcifuge species 
studied. These acids were found to be strong solubi- 
lizers of Fe, Mn (citrate/citric acid) and phosphate 
(oxalacid) in two limestone soils as well as in the 

pH-intermediate soil in which the study was con- 
ducted. 
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