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Are Fe and P availabilities involved in determining
the occurrence and distribution of Calluna vulgaris (L..) Hull
in semi-arid grasslands on calcareous soils?
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Abstract Calluna vulgaris (L.) Hull is primarily
found on acid soils and is generally classified as a
calcifuge species. Therefore, its occasional growth in
semi-arid grassland on shallow calcareous soils gave
rise to the question as to whether special soil conditions,
deviating from the typical conditions in calcareous soils,
enable this unusual occurrence. In an attempt to answer
this question, we analysed selected soil factors, com-
paring plots where C. vulgaris was growing besides
calcicole species (=CF plots) with neighbouring plots
where only calcicole species were present (=CC plots).
Main emphasis was placed on Fe and P availability
because results from growth experiments indicate that
the availability of either Fe or P to calcifuges causes
calcifuge species to fail on calcareous soils. The results
of our investigations do not support the hypothesis that
the occurrence of C. vulgaris in semi-arid calcareous
grasslands depends on higher Fe and/or P availability.
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Rather, its growth on carbonate-buffered soils shows
that this species is not really calcifuge. Since the CF
plots differ from the CC plots either by a lower
inclination or by a more northerly exposition, we
assume that the primary establishment and this species’
distribution pattern in the investigated semi-arid
grassland are not dependent on soil chemical factors,
but are governed by topography and its consequences
for soil humidity and drought stress.
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Introduction

C. vulgaris (L.) Hull is normally regarded as a
calcifuge species (Gimingham 1960; Ellenberg et al.
1992) because it is a frequent component of various
vegetation types on acid to very acid soils. However, the
species occurs occasionally even in semi-arid grasslands
on shallow calcareous soils, where it grows in mixtures
with calcicole plant species (Grubb et al. 1969). Under
conditions where calcareous soils are superficially
acidified or where layers of non-calcareous, acidic
material, as e.g. loess or humus, overlie the calcareous
soil material, the occurrence of C. vulgaris is still in
accordance with its calcifuge classification. However,
there are also sites where this and other species,
regarded as more or less calcifuge, are present on
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calcareous soils that lack such acidic layers and where
the root system of these plants penetrate almost down
to the bedrock. Such cases raise the question as to
whether special soil conditions, deviating from normal
conditions in calcareous soils, allow the growth of
these species or whether they are not calcifuge in a
strict sense.

Examples of sites where C. vulgaris and some
moderately calcifuge species grow in mixtures with
calcicole species are to be found in semi-arid calcar-
eous grasslands in southern Lower Saxony and
northern Hesse in the centre of Germany. In these
cases the calcifuge species are not equally distributed
over the total area but occur in scattered patches. This
offers a possibility to answer the question, raised
above, by comparing soils at plots where C. vulgaris
is mixed with calcicole and indifferent species with
soils at plots where exclusively calcicole and indiffer-
ent species are growing. If soil factors that differ
between these locations could be identified, this would
contribute to an answer to the more general question of
why calcifuge species normally avoid calcareous soils.

Above all, two factors deserve particular attention
in this context:

(a) Soil iron solubility is, as a general rule, minimal
between pH 7.4 and pH 8.5, i. e., within the pH
range of CaCOj; buffering at typical partial
pressures of CO, in the soil solution (Lindsay
1979). In addition, uptake and metabolism of Fe
are disturbed by high pH (Susin et al. 1996;
Kosegarten et al. 1999) and high HCO3  con-
centrations (Lee and Woolhouse 1969a, b;
Mengel 1994). As both factors are usually high
in calcareous soils, plants lacking the ability to
solubilize, to take up, or to metabolise Fe under
these conditions can be expected to fail. For a
long time, this has been assumed to be decisive
for the exclusion of calcifuge species from
calcareous soils (Grime 1963). In fact, a weaker
ability to acquire and to utilise Fe has been
observed in several calcifuge plants in compar-
ison to calcicole ones (Snaydon and Bradshaw
1962; Grime and Hodgson 1969; Gries and
Runge 1995; Zohlen and Tyler 2000).

(b) Plant phosphate availability is restricted in calcar-
eous soils because high Ca®" concentrations and
high pH lead to precipitation of Ca phosphates
and, ultimately, to the formation of apatites
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(Lindsay et al. 1989). P deficiency has been found
to prevent several calcifuge species from growing
on calcareous soils (Tyler 1992, 1994; Zohlen and
Tyler 2004), and has been explained by assuming
a weaker ability of these species to solubilize
phosphate compared to calcicole species (Strom et
al. 1994; Tyler and Strém 1995; Strdm 1997).

Proceeding from these considerations, we hypoth-
esised that (a) Fe availability or (b) P availability is
favoured by special soil conditions in patches where
C. vulgaris grows together with calcicole species
compared to patches where only calcicole species are
found. To test this hypothesis, we determined the soil
contents of different fractions of Fe and P together
with other factors that influence the availability of
these elements, applying both standard and novel
extraction methods.

Material and methods
Study sites

Detailed investigations were performed for two semi-
arid calcareous grasslands (study sites I and II) situated
on a Triassic limestone plateau north of Kassel,
Germany. In addition to these main sites investigations
were conducted for comparable semi-arid calcareous
grasslands at four supplementary sites. The study sites
I and IV are adjacent to the main sites, whereas the
sites V and VI are located at the south-western foothills
of the Harz mountains (Table 1).

Parent material of soil formation at study sites [-IV
is limestone originating from Lower Muschelkalk, at
sites V=VI carbonate-rich sediments of the Stassfurt
series in the Upper Permian Zechstein formation.
According to the WRB classification, soil types are
either shallow rendzic leptosol or mollic leptosols
with a somewhat deeper solum (FAO 2006; Table 3).
These soils are representative for calcareous grass-
lands in Central Western Europe (Niklaus and Falloon
2006). Soil organic carbon contents (C,) mostly range
between 2.0% and 6.0% (m/mpy), corresponding to
carbon contents widespread in calcareous soils under
temperate climatic conditions (e.g. Misra and Tyler
1999; Niklaus 1998; Dusek 1995).

Plots of 100 m? (10x10 m) were installed both in
patches with and without C. vulgaris at the main sites
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Table 1 Study sites

No. Study site Study area District/  Coordinates
Fed. state
I Auf der Burg Unteres Kassel/ 9.393 O
Diemeltal Hesse 51.594 N
II  Hélleberg Unteres Kassel/ 9.406 O
Diemeltal Hesse 51.613 N
I  Stahlberg Unteres Kassel/ 9.389 O
Diemeltal Hesse 51.607 N
IV Flohrberg Unteres Kassel/ 9.383 O
Diemeltal Hesse 51.587 N
V  Pagenberg Foreland of Osterode/ 10.197 O
Harz mountains Lower 51.758 N
Saxony
VI Steinkirche Foreland of Osterode/ 10.380 O
Harz mountains Lower 51.634 N

Saxony

Geographical coordinates are given decimally. Main sites in
bold

I and II (in the following, plots with C. vulgaris are
denoted CF plots, the others CC plots, the soils
analogously as CF soils and CC soils). The plots areas
were divided into 16 subplots (2.5x2.5 m). The
vegetation was recorded in eight alternating subplots.
At the supplementary sites III-VI plants were
recorded in a 2.5x2.5 m plot within each vegetation
type. The nomenclature follows Wisskirchen and
Haupler (1998) for phanerogams and Koperski et al.
(2000) for bryophytes. The complete lists of the
species and the results of detailed plant sociological
surveys of the study sites are given in Fiihner (2005).

Soil sampling and preparation of soil material

Soil depths were determined by inserting a graduated
metal rod in regular intervals (145 insertions per plot at
the main sites, 10 insertions per plot at the supplemen-
tary sites). Soil samples were taken from the upper
10 cm of the A,-horizon using a brass cylinder (height
118 mm, inner diameter 52 mm). Above-ground plant
material and the organic layer were removed, the upper
200 ml of the soil columns filled into PE bags,
transported to the laboratory in a cool box and stored
at 4°C until preparation for soil analyses.

Soil material was sampled at the main sites, I and
II, on seven dates distributed across the year. On
each date samples were taken from eight alternating
subplots within each vegetation type. At the supple-

mentary sites III-VI, soil sampling was done only
once. Four samples were taken there at random
within the plots where the vegetation analyses had
been made.

Soil material was weighed and sieved (2 mm
mesh) within 24 h after sampling. The coarse
material was washed, divided into skeleton material
and roots, dried and weighed. Fine soil homogenates
were used for further procedures either field-moist or
air-dried.

Determination of water content and weight density of
fine soil

The water content of the field-moist fine soil
homogenate was determined by drying subsamples
of 10 g at 106°C and cooling them in a desiccator
before weighing. Based on the gravimetric water
content of the fine soil homogenate and the specific
density of the skeleton material (2.65 g/ml) the
volumetric water content © and the weight density p
of the fine soil fraction of the intact soil columns were
calculated.

Preparation of equilibrium soil solutions (ESS)

ESS were prepared in accordance with Ludwig et al.
(1999). After sieving, H,O demin. was added to 25 g
field-moist fine soil in a 100 ml Erlenmeyer flask to
such an amount that under consideration of the actual
water content a soil/water ratio of 1:2 was attained.
The flask was sealed and shaken horizontally for
24 h. Subsequently, the soil suspension was centri-
fuged twice (2 min, gn.=100,000xg, T=4°C), the
supernatant filtered through cellulose acetate filter
(Sartorius, 0.45 um), and the filtrate stored at 4°C
until analysis.

Determination of effective cation exchange capacities
(CECeff)

CEC.¢r was determined following Falkengren-Grerup
et al. (1995). A suspension of 5.0 g air-dry fine soil in
50 ml 0.1 M BaCl, was shaken for 2 h in a 100 ml
Erlenmeyer flask. Subsequently, the suspension was
centrifuged (10 min, 1,500xg) and the supernatant
filtered (Schleicher & Schuell 589%). The pH of the
filtrate was measured electrometrically, the cation
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concentrations were determined by atomic absorption
spectrophotometry (AAS).

Non-sequential fractionation of iron

To evaluate the plant Fe availability at the study sites,
field moist fine soil was extracted with H,O demin.
and with solutions of Ferrozine, DTPA, NTA, and
Oxalate.

Ferrozine (PDTS, 3-(2-Pyridyl)-5,6-diphenyl-
1,2,4-triazin-4',4" disulfonic acid monosodium salt)
forms a stable 3 : 1 complex with Fe*" that can be
used for colorimetric quantification of ferrous iron. In
order to minimise oxidative Fe precipitation during
the extraction 20 g field-moist fine soil were mixed
immediately after sieving the bulk soil with 60 ml of
500 uM Ferrozine solution. After shaking the sus-
pension horizontally for 24 h and ultracentrifugation
(30 min, g,.x=100 000 - g, T=4°C) ferrous iron in
the supernatant was determined photometrically.

DTPA (diethylenetriaminepentaacetic acid) is
widely used for the quantification of “plant-avail-
able” Fe, but also of Cu, Mn and Zn in calcareous
soils. Solutions of DTPA (5 mM), buffered with
triethanolamine (0.1 M) to pH 7.3, extract mainly an
exchangeable fraction of the metals (Lindsay and
Norvell 1978). In order to prevent the dissolution of
CaCO;3 from the soil material 0.01 M CaCl, were
added to the extractant. Suspensions of 25 g field-
moist fine soil and 50 ml extractant solution were
shaken for 4 h (deviating from the original protocol )
before being filtered through filter paper (Schleicher
& Schuell 589%).

NTA (nitrilotriacetate) was used to determine
organically bound Fe. Following Yuan et al. (1993),
50 ml of 0.1 M NTA solution (pH 8.3) were added to
1.0 g field-moist fine soil, and the suspension was
shaken for 24 h before filtering through filter paper
(Schleicher & Schuell 589°). A preceding treatment
of the soil homogenate with 0.01 M HCI, included in
the original protocol, was omitted because it reduced
the extracted Fe amount from air-dry fine soil
homogenates in preliminary experiments for 2.6%
only.

Oxalate was used to quantify amorphous, non-
crystalline Fe-(oxy/hydr)oxides. Being a strong
ligand, oxalate also extracts Fe from organic
compounds (Campbell and Schwertmann 1984;
Borggaard 1988). For the extraction 50 ml ammoni-
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um oxalate/oxalic acid (0.2 M, pH 3.25) were added
to 5.0 g field-moist fine soil. The suspension was
shaken for 4 h in darkness and finally filtered
(Schleicher & Schuell 589°).

Sequential P fractionation

The plant P availability at the study sites was evaluated
according to the sequential fractionation scheme of
Tiessen and Moir (1993) with H,O in the presence of
an anion exchange resin, NaHCO;, NaOH, and HCI.
Residual P fractions were not extracted because their
importance in the P supply to plants is insignificant. In
each step 30 ml of the extractant were added to 0.5 g
air-dried, ground soil material in polycarbonate tubes,
and the suspensions were shaken vertically for 16 h.
Solution and solid matter were separated by ultracen-
trifugation (30 min, g,,x=25,000xg, 7=4°C). Remain-
ing particles were removed by filtering the supernatant
through a cellulose acetate filter (0.45 pwm, Sartorius)
before photometric P analyses.

To determine the water soluble and easily exchange-
able P, a basic anion exchanger (Dowex® 1 * 8, 20—
50 mesh) was used. A polyethylene net containing
4 ecm’ of the exchanger was added to 500 mg of the
soil material and 30 ml H,O demin. After shaking, the
attached soil material was rinsed off the net twice with
10 ml H,O demin. P was desorbed by shaking the net
for 30 min in 25 ml 0.5 M HCI. Before the next step,
extraction and rinsing solutions were combined, and
the solid matter was separated from the combined
solutions by centrifugation.

NaHCO; was used to determine exchangeable P as
well as inorganic and organic P that is weakly bound
to soil aggregates (Olsen-P). Because of the high
respiration rates in the rhizosphere, which promote
the dissolution of CaCO; as well as the desorption of
P by HCO;5, this method characterises a plant
available P fraction especially in calcareous soils. As
the proportions of the dissociation species in the
carbonate system are pH-dependent and to ensure a
concentration of 0.5 M HCOj3 ™, the NaHCO; solution
was brought to pH 8.5 with NaOH.

Hydroxide ions dissolve P that is fixed to Fe and
Al (hydr)oxides as well as P from base-soluble
organic substances. For the extraction of this fraction
0.1 M NaOH was used.

To extract the P fraction that is bound as apatite,
the soil material was finally shaken with 1.0 M HCI.
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Analytical procedures

Actual acidities (pHpz0) and potential acidities
(pHk 1) were determined electrometrically in 10 g of
field-moist fine soil equilibrated with 20 ml of H,O
demin. and 1.0 M KCI solutions, respectively.
Additionally, pH was measured in the ESS and in
the solutions of the CEC determination.

The carbonate content of the fine soil was
measured volumetrically with a Scheibler apparatus,
based on the release of CO, when HCI is added to the
soil (Loeppert and Suarez 1996).

Total contents of C and N were measured with a
C-N analyser (Carlo Erba NA 1500) in 10 mg air-
dried and ground fine soil. The contents of organic C
were calculated by subtracting the inorganic C content
from total C.

DOC concentrations in the ESS of CF soils and CC
soils from the main sites were analysed for one
sampling date using a TOC analyser (Shimadzu TOC-
5000/5050).

The P and NO; concentrations of the ESS were
measured by ion chromatography, using a combined
Gynkotek/Waters HPLC system controlled by the
Dionex chromatography software Chromeleon (ver-
sion 4.20). Because of the high cation contents of the
ESS a preparative cation exchange had to be
performed before anion analysis. About 1 ml ESS
was poured into a tube filled with a cation exchanger
(Amberlite CG-1201I, 200-400 mesh). The first few
drops were discarded, and the rest was filled directly
into an autosampler vial. For details of the HPLC
analyses refer to Fiithner (2005).

The Fe concentrations in the ESS and in the
extracts of the non-sequential Fe fractionation as well
as the concentrations of Na, K, Mg, Ca, Mn, Fe, Al,
and Zn in the extracts for the CEC. s determination
were measured by AAS (Varian SpectrAA 30).

The ferrous iron concentrations in the Ferrozine
extracts were measured by photometry at A=
562 nm based on an extinction coefficient of €=
246 mM ' em .

Following Murphy and Riley (1962), the formation
of a molybdate complex was used to determine P by
photometry at A=712 nm. In preliminary tests the
quantity of NaOH or H,SO, that was necessary to
bring the different soil extracts to pH 5.4, the optimal
pH for the formation of the blue-coloured complex,
was established. Calibrations of the photometric tests

were performed separately for each extract type at
concentrations between 0 and 20 uM P. The extinc-
tion coefficients varied between 15.8 mM ' cm™'
(resin extractable P) and 17.3 mM ' em™' (HCO; -
extractable P).

Data analyses

For most investigations, data analyses were performed
using the SPSS for Windows 8.0 Statistical Package.
Normal distribution and homogeneity of variance
were tested using the Shapiro—Wilk test and the
Levene test, respectively. If the premises were met
for all data sets in an investigation series, mean
comparisons of two samples were conducted by ¢
tests, multiple comparisons by one-way ANOVA
followed by post hoc Schefté tests. In all other cases,
non-parametric statistics were applied. Two samples
were compared here by Mann—Whitney U tests, more
than two samples by applying Kruskal-Wallis H tests
followed by post hoc pairwise Schaich—Hamerle
comparisons performed by a Microsoft EXCEL
AddIn programmed in Visual Basic.

SigmaPlot for Windows (version 6.0, Systat Soft-
ware Inc.) was used for linear and non-linear
regression analyses. Data sets were tested here for
normality by the Kolmogorov—Smirnov procedure,
for constant variance by computing the Spearman
rank correlations between the absolute values of the
residuals and the observed values of the dependent
variables. Durbin—Watson tests were used to check
the assumption that the residuals are independent of
each other, rejecting the null hypothesis if the
Durbin—Watson values deviated from 2 by more than
0.50. In addition to the regression equations, the
adjusted coefficients of determination rﬁdj and the
results for one-way ANOVA were recorded.

Results
Plant species composition

C. vulgaris, given the reaction value 1 (strictly
calcifuge) by Ellenberg et al. (1992), is present in all
CF plots at the main sites and in the CF plots of three
of the supplementary sites, covering between <5%
and >25% of the individual plots. At site V, it is
missing, but according to an information from the
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nature conservation authority it was recorded there
until at least 1993. Therefore, and because of the
frequent occurrence of Danthonia decumbens L.
(reaction value 3, moderately calcifuge) in the CF
plot the site was included into the investigations. D.
decumbens also occurs frequently in CF plots at the
other sites. The calcifuge moss Pleurozium schreberi
(Brid.) Mitt. is present in all CF plots at the main sites
but is absent at the supplementary sites. Except for
these species, only two other moderately calcifuge
species [Luzula campestris (L.) Dc., Polygala vulga-
ris L.] were found in a few cases (Table 2). On the
other hand, calcicole species are numerous at all sites
even on the CF plots.

General soil conditions and pH values

CC and CF plots of the main sites differ in several
respects (Table 3): CC plots, except for site V, are
situated on steeper slopes than CF plots, and the latter
tend to have a more northerly orientation. CF soils are
deeper (except for site V), and their CaCO; content is
lower. According to the US Soil Taxonomy the soil
texture of all plots is silt loam.

Tendentially, the soil pH is lower on the CF plots
than at the CC plots, in accordance with the lower
CaCOj; contents and lower base saturations. However,
the pHypo was generally high even in CF soils. A
PHi20<6.0 was found only in one case, and in four

Table 2 Occurrence of calcicole and calcifuge plant species on CC plots and CF plots at the study sites I (n=8), II (n=8) and III = VI

(n=4)

R Site 1
CcC

Site 11 Sites IV-VI

CF CcC CF CC CF

Calcicole species in CC plots and CF plots
Carex flacca Schreb.
Scabiosa columbaria L.
Cirsium acaule Scop.
Pimpinella saxifraga L.
Sanguisorba minor Scop.
Plantago media L.
Lotus corniculatus L.
Brachypodium pinnatum (L.) Pb.
Potentilla neumanniana Rchb.
Ranunculus bulbosus L.
Linum catharticum L.
Koeleria pyramidata (Lam.) P.B.
Leontodon hispidus L.
Carlina vulgaris L.

~N N0 0 0 00 ) 0 ] 000000

Anthyllis vulneraria L.

Calcicole species, mainly in CC plots
Ditrichum flexicaule (Schwaegr.) Hampe
Ctenidium molluscum (Hedw.) Schimp.
Medicago lupulina L.

Galium verum L.
Fissidens taxifolius Hedw.
Campanula rapunculoides L.

Calcifuge species, mainly in CF plots

Agrostis tenuis Sibth.
Danthonia decumbens L.

~N 3 3 0 0 O

Luzula campestris (L.) Dc.
Polygala vulgaris L.

Pleurozium schreberi (Brid.) Mitt.
Calluna vulgaris (L.) Hull

— 0 W W WA

O OO0 00 OO0 OO0 OO0 OO0 OO0 00 OO0 OO0 ] 0 00 X0

W —= 3 b 0 0

S O O O OO

LN 1 O\ O\ -] 00 00 00 00 00 W ~J 00 0O OO
L 00 00 00 00 O\ 00 00 00 00 OO0 0 OO OO OO
S L 00 00 00 ~J ~J 00 00 00 ~J 0 O OO OO
— L W R LW W WA D WWWRN
— — AR D~ = WA BN WWRAD

co —~ Mo o
DA N oW
co —~ oo
cC oo =N~
—_ 0 = o = o

0 0O O 0
—_—_0 O O O
0 0 = = W W
[= =il el
WO = = W N

R refers to indicator values for soil acidity according to Ellenberg et al. (1992): 1 = plants growing always on extremely acid soils, 9 =

plants growing always on calcareous soils
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Table 3 Topographical, floristic and median pedological characteristics of CC plots and CF plots

Site 1 Site 11 Site 111 Site IV Site V Site VI

CC CF CC CF CC CF CC CF CC CF CC CF
HASL (m) 240 225 245 245 230 230 210 210 225 250 290 310
Exposure NE ENE E NNE SW  SW NE NNE SW W SW  WSW
Inclination 16°  5° 18°  10° 14°  10° 10°  10° 13° 4° 29°  10°
Species number 35 36 38 41 34 36 46 36 39 44 30 55
Soil depth (cm) 9.0 15.5%*% 10.0 12.5%** 80 21.0* 9.0 23.5% 15.0 11.0%* 40.0 >40%*
pHio 8.0 74*¥* 79  79%% 7.8  7.4% 7.7  5.8% 7.8  6.0% 78 1.7
pHkci 7.1 48%* 70  62%¥* 7.0  6.5% 6.9  43% 6.9  4.5% 74  6.6%
CaCO; (% m/mpg_pw) 31.2  0.5%** 146 14*** 40 0.1* 1.8  0.3* 37  0.3* 80.8 10.8*
C, (% m/mgg_pw) 5.9  53%k*% 66  5.7FF 42 45" 42 29" 4.0 44™  0.0* 21"
N (% m/mgg_pw) 0.52  0.43*** (059 048*** 036 0.36™ 035 022" 031 035" 034 023"
Co/N (m/mps.pw)° 11.4  12.1%% 11.0 11.9*** 11.7 13.0™ 11.6 13.3™% 128 12.7%% 123 13.4*
NO; gss (nmol/grs.pw) 315 14%** 77 3.4% 7.4 09" 264 4.3% 20.6 0.2* 427  44.0*
Skeleton material (% V/Vy)  28.4 0.7%** 19.4  7.9%%%*
Fine soil density p (kgpw/l) 0.73  1.02%** 0.81 0.94%**
Water content © (% V/Vgs) 25.7 44.0%** 34,0 41.7*%%*
DOC (u1g/grs.pw) 243 30.8* 23.8  30.3*%*
CECf (mmol /100 grspw) 16.7  14.3%** 183  16.6%**
BS (% CEC.s) 100 99.0*** 100  99.5%**

Indexes refer to the results of Mann—Whitney U tests for the comparison of CC plots and CF plots at each site

HASL height above sea level, C, organic carbon, DOC dissolved organic carbon, BS base saturation, CEC,4 effective cation exchange
capacity, ESS equilibrium soil solution, FS fine soil, DWW dry weight, ¢ total

(n.s. P>0.05, *P<0.05, ¥¥P<0.01, ***P<0.001)
#See text
®For site VI C/N

of six cases appears a pHy0>7.0. The pHyy varied
more strongly. CC soils exhibited values between 7.4
and 6.9. The CF soils fall into two groups: One group
with pHgc; values <4.8, and another group with pH
values >6.2.

Although the C,/N ratios were generally very low,
they were higher in the CF soils than in the CC soils,
except for site V. The concentrations of NO5 in the
ESS of the CC plots always exceeded those of the
corresponding CF plots, in median for all study sites
16-fold. Exceptionally high values for the CC plots at
site IV and site VI, where soil samples were taken
only once, can possibly be attributed to the high
temporal variability of the microbial mineralization
rate. Nevertheless, the NO3; concentrations in the
plots were quite low, spanning a range of 0.2 to
427 nmol gpw ! (corresponding to 0.1 to 213.5 uM
measured in the ESS).

Several soil parameters were investigated only at
the two main sites (Table 3). The CF soils contained
less coarse material than the CC soils, and their fine

soil density was higher. The volumetric water content
©, which was measured several times throughout the
year, was always lower in the CC soils. The median ©
in the CF soils exceeded that of the CC plots by 71%
(site I) and by 23% (site II), respectively. The lowest
O (<15%) was found at site II after a 3 weeks of
drought period in the middle of May (data not
shown). However, similar or even lower extreme
values are to be expected in the very shallow CC soil
at site L.

The DOC in the ESS of the CC plots, which fall
below the values of the CF plots, were in accordance
with C, and © of the fine soil. Lower C, and higher
DOC in the CF soils could be due to higher O,
favouring the microbial degradation of organic mate-
rial. Based on differences between total and inorganic
carbon, no C, could be calculated for the CC plot at
site VI. Since the carbonate content of the fine soil at
this site is very high, the organic carbon content may
be masked by inaccuracy of the inorganic carbon
measurement.
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The CEC.g in the fine soils of the CF plots at site |
and site II showed a tendency toward slightly lower
values. However, the CEC in the CF soils of site II
was nearly equal to the CEC of the CC soil at site I
(Table 3). The base saturations of the CC plots
exceeded only slightly, but significantly, the values
of the CF plots.

Fe fractions and soil acidity

No seasonal trend of the pH or of the Fe concentration
was observed in the ESS of the main sites in the
course of the year (Fig. 1). The CF soil at site I
exhibits a much more variable pH than the other soils,
in accordance with its much lower CaCO; content
and, consequently, its lower buffering capacity. At the
same time, the median Fe concentration of the fine
soil in the CF plot at site I exceeds that of the CC soil
by about 64%, despite their nearly identical median
pH values.

The H,O- and Ferrozine-extractable Fe contents,
representing dissolved and easily soluble Fe, general-
ly indicate a higher plant Fe supply at a CF variant
compared to the corresponding CC plot. The DTPA,
NTA and oxalate extracts show similar patterns,
except for two cases (Fig. 2).

Differences between the sites are similarly
reflected by the various extracts: The CF soils of
the sites I, IV and V, characterised by low pHgcy
values, generally exhibit relatively high Fe contents,
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except for the ESS of the CF soil at site I. The
Ferrozine-, DTPA- and oxalate-extractable Fe frac-
tions are strongly correlated with the pHyc; (Fig. 3;
Table 4). The regressions show that the group of CF
soils with pHyc values <4.8 clearly contrasts with
the CC soils and the group of CF soils with higher
pHxcr values.

The water soluble Fe fraction deviates from the
other fractions as it is more strongly correlated with
the pHyo than with the pHy ¢ (Fig. 4; Table 4). In
accordance with the known dependency of dissolved Fe
(IIT) species from solution pH, all soils in the pHy»o
range between 7.0 and 8.0 exhibited very low Feyao
contents, whereas the highest water soluble soil Fe
content was found in the CF soil at site IV where the
pHioo was lowest. At the study site I the median
pHino values of 7.4 (CF) and 8.0 (CC) correspond to
an eightfold Fe concentration in the aqueous extracts of
the CF soil.

Phosphate fractions

The sequential P extractions for the soils of the study
sites I and II do not indicate a higher P availability in
the CF plots (Fig. 5). Quite the reverse, the content
of the easily accessible P, significantly exceeds
that in the CC soils. The content of NaHCO;-
extractable Olsen-P is higher in the CF soil at site
I, but lower in the CF soil at site II. At both sites the
sum of P, and Prapcos in the CC soils tends to
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Fig. 1 Median Fe concentrations (nmol - g[‘,\',\,; bars) and pH (square dots) of the ESS of CC soils (white) and CF soils (black) at

study sites I and II over the course of the year 1998 (n=8)
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Fig. 2 Median Fe concentrations in fine soil material
(,umol gB\],V) of CC plots (white bars) and CF plots (black
bars) of the study sites I-VI extracted with H,O, Ferrozine,
DTPA, NTA and sodium oxalate/oxalic acid. Indexes refer to the

exceed the content of these fractions in the CF soils.
The contents of the less easily accessible NaOH-
extractable fraction was higher in the CF soil at site |
but not at site II , and the contents of the HCl-soluble
fraction was considerably lower at both sites in the
CF soils than in the CC soils.

As aresult, a comparison of CF soils and CC soils
at the supplementary sites was restricted to the P
concentrations of the ESS. These concentrations
were only significantly higher in CF soil than in
CC soil at site IV, whereas at the other sites no
significant concentration differences were found
(Fig. 6). Again, the P contents of CF soils at some
sites were lower than the contents of CC soils at
other sites.
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results of Mann—Whitney U tests for comparisons of CC plots
and CF plots at each site (n=4, n=8 for H,O and Ferrozine
extracts from sites I-1I; n.s.P>0.05, *P<0.05, ***P<0.01, P<
0.001)

Discussion

Quantification of plant-available Fe and P
in calcareous soils

The Fe pool in the soil includes a multitude of solid
and dissolved inorganic and organic fractions of ferric
and ferrous iron. Hydrolysis of Fe oxides, Fe
hydroxides and Fe oxyhydroxides (denoted here as
Fe (oxy/hydrjoxides), chelation of Fe’", as well as
reductive mobilisation and reoxidation of Fe*" depend
on the soil pH. Thus, soil acidity is the key factor
determining Fe speciation and, therefore, the Fe
solubility in the soil. In principle, Fe solubility is
minimal around a pH of 8, i.e. within the buffer range
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Fig. 3 Dependency of different Fe fractions on pHkc in fine soils of CC plots (white symbols) and CF plots (black symbols) of the

study sites I-VI

of calcareous soils, and increases with decreasing pH.
However, depending on the texture and water content
of the soil, the microbial activity and the redox
potential, the quality and quantity of inorganic and
organic material (i.e. the concentration of Fe com-
plexing compound) can vary, causing different Fe
solubilities at a given pH.

The general pH dependency of Fe solubility is
reflected by the results of our investigations of the
ESS (Fig. 4; Table 4). When the results of all Fe
analyses are plotted against the pH (Fig. 7), the course
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of the regression function is in principal similar to that
presented by Lindsay (1979) for inorganic ferric iron.
However, since these extracts contain also Fe?" and
organic Fe-complexes, the mean Fe concentrations in
the ESS are higher.

In contrast to Feyo, which depends primarily on
the pHyo, the other Fe fractions show a stronger
correlation with pHgc, (Fig. 3; Table 4). This is
plausible because they result ultimately from the pH-
dependent weathering of Fe minerals, and because the
pHxc reflects the maximal acidity that occurred
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Fig. 4 Dependency of Feypo on pHypno and pHkc in fine soils of CC plots (white symbols) and CF plots (black symbols) of the study

sites I-VI
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Table 4 Adjusted coefficients of determination <r§dj_
fractions, respectively

) for linear regressions of pHyjpo vs. pHk e and for quadratic regressions of Fe

pHmzo pHkcl Femo Fererro Feprpa Fentp
pHkc 0.808*** - - - -
Femo 0.946%** 0.695%** - — —
Fererro 0.760%** 0.958%** 0.540%* — —
Feprpa 0.652** 0.759%%** 0.416™* 0.751%%%* —
Fenta 0.210™ 0.423* 0.101™* 0.479** 0.835%*%*
Feoxal 0.268™ 0.728%** 0.131™* 0.576** 0.571** 0.583**

The data refer to analyses of field-moist fine soil homogenates from all investigation sites

(n.s. P>0.05, *P<0.05, **P<0.01, ***P<0.001)

during the course of weathering in these soils (Ulrich
1986).

Similarly to Fe, the speciation of P in the soil is
primarily a function of pH (Lindsay et al. 1989).
However, plant P availability is much less correlated
with the pH and CaCOj; content of the soil. The
precipitation of Ca phosphates and the formation of
apatites is promoted by high pH and Ca*" concen-
trations, whereas orthophosphate anions can be des-
orbed from exchange sites of inorganic and organic
soil constituents by the high activities of OH and
HCOj3 typical for calcareous soils (Hinsinger 2001).
Accordingly, we measured higher mean Py, contents

in CC soils despite higher pH than in CF soils (Fig. 5).

Does Fe and/or P nutrition affect the occurrence
of C. vulgaris in semi-arid calcareous grasslands?

At each individual site, the Fey,o content of the CF
soil is higher than that of the corresponding CC soil.

However, a comparison between the study sites
reveals that the upper pH ranges of CF soils and CC
soils overlap to a great degree (Table 3), and that the
Fe solubility in some CC plots exceeds that in the CF
plots at other sites (Fig. 2).

When using Ferrozine as extractant, not only
dissolved but also adsorbed and weakly bound Fe*"
ions are determined (Fithner 2005). Fegey, is only
loosely correlated with the Feyso (R2=O.540;
Table 4). Nevertheless, it shows a similar distribution
pattern: At each site the Fege,, content of the CF plot
exceeds that of the corresponding CC plot, but at
some sites the CC soils show higher contents of
Feperro than the CF soils at other sites (Fig. 2). The
same applies to the fractions of Feprps, Fenta and
Feoxal- Thus, the analyses of all Fe fractions in field-
moist fine soil do not support the hypothesis that a
higher Fe supply enables C. vulgaris and other
calcifuge plant species to grow in calcareous grass-
lands.

a
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Fig. 5 P fractions (/Jmol gg\l,\,) determined by sequential P
analyses of air-dry fine soil from CC plots and CF plots at study
sites I and II (means + SD, n=16). Indexes refer to the results of

cC CF

Student-t-tests for site-specific CC/CF comparisons (n.s. P>
0.05, **P<0.01, ***P<0.01, P<0.001)
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Fig. 6 Mean P concentrations (,umol gg\l,\,) of aqueous
extractions of CC soils (white bars) and CF soils (black bars)
of study sites [-VI. a Extracts from air-dry ground soil, using
H,O and anion exchanger resin (n=16). b ESS from field-moist

No indications of a higher P availability in the CF
soils compared to the CC soils were found. On the
contrary, the P, contents, characterising the most
easily available fraction, indicate a higher availability
in the CC soils of the extensively investigated main
sites I and II (Fig. 5). The Pnancos contents and the
Pnaon contents exhibit a non-uniform distribution,
and the Py contents, characterising a fraction which
would become available in the long term due to
weathering, are much higher in the CC soils. The
differences between the P contents in the ESS of the
CC soils and CF soils at the supplementary sites III to
VI are inconsistent and for the most part insignificant
(Fig. 6). They do not provide an argument for a
decisive role of P availability in the spatial distribu-
tion of C. vulgaris and the moderately calcifuge

v \' Vi

sieved soil (n=4). Indexes refer to the results of Mann—Whitney
U tests CC vs. CF (n.s. P>0.05, *P=0.050, **P=0.010, ***P<
0.001)

species at the study sites. Thus, the primary hypoth-
esis that the distribution of C. vulgaris and other
calcifuge plant species in calcareous grasslands is
influenced by the P supply is not supported by the
results.

Secondary effects on plant Fe and P nutrition
at the study sites

Even if the contents of the investigated Fe and P
fractions do not differ substantially between CC soils
and CF soils, interferences with other soil properties
could result in different availabilities of these
nutrients. Properties which are always higher in CC
soils than in CF soils are the CaCO;5 and the NO5;
contents, whereas, as measured at the main sites, the

-3,0
4,0 1
S 501
"m
.
o
D
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c(Fe) = 1.0 10° pH? + 2.0 10™ pH + 0.008
r* (adj.) = 0.663, p < 0.001, n=249
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Fig. 7 Non-linear regression for log ¢(Feyno) vs. pHno based
on all measurements in ESS of CC soils (white symbols) and
CF soils (black symbols). Hatching indicates the pH range of
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volumetric water contents and the soil densities are
lower (Table 3).

Higher moisture and higher density reduce soil
aeration and can thus increase the reductive formation
of dissolved Fe*". Moreover, higher soil moisture can
favour microbial activity and, thus, the dissolution of
Fe(III) by organic ligands in CF soils compared to CC
soils of similar pH (Fig. 7). Contrary physical
conditions in CC soils could reduce the formation of
plant available Fe by inhibiting microbial activity, as
indicated by the lower DOC and higher C, contents
(Table 3). However, in view of the fact that the
contents of the various Fe fractions are higher in some
CC soils than in some CF soils, this cannot be of
general significance for the occurrence of calcifuges
at the sites investigated.

In systems saturated with calcite the HCO;5;
concentration is positively and the pH negatively
correlated with the partial pressure of CO, (Loeppert
1988). Consequently, plant and microbial respiration
can result in a drop of the pH and, in the process,
enhanced dissociation of Fe-(oxy/hydr)oxides in the
rhizosphere of plants on calcareous soils. Moreover,
Fe(Ill) reduction and formation of organic Fe com-
plexes could be favoured, additionally improving the
Fe supply to the plants. However, negative effects
could result from the production of HCO;3 in the
course of CaCOj dissolution. HCO5 can reach high
concentrations, especially, if the gas exchange is
reduced by higher densities and/or moisture contents
of the soil (e.g. Misra and Tyler 1999). Since HCO;~
in combination with its buffering capacity to neutral
or slightly alkaline pH interferes with external and
internal mechanisms of Fe acquisition in several ways
(Doney et al. 1960; Lee and Woolhouse 1969b;
Toulon et al. 1992; Mengel 1994, Romera et al.
1997; Romheld 2000), it could, theoretically, result in
a reduced Fe supply to plants in CaCOs-rich CC soils
compared to CaCOs-poorer CF soils, even at similar
soluble Fe contents. Our investigations do not allow a
definite decision as to whether such HCO; effects
play a role in the exclusion of C. vulgaris and the
moderately calcifuge species from the CC soils. Lee
and Woolhouse (1971) have shown that selected
calcifuge species are more susceptible to HCO;  than
the calcicole species selected for comparison. Leake
et al. (1990) found that C. vulgaris with Hymenoscy-
phus ericae as mycorrhizal fungus suffers from
decreasing Fe uptake in nutrient solutions at pH 7.0

when the CO;> concentrations exceed 2.5 mM. But,
special studies into the effects of realistic HCOz
concentrations on this species have not yet been
performed.

The CaCO; contents of CF soils are still sufficient
to keep the pH within the carbonate-buffer range.
Concurrently, the higher density as well as the higher
mean moisture content could favour the enrichment of
HCO; in CF soils. As a consequence, it seems
unlikely that HCO5; affects the Fe supply to C.
vulgaris in CF soils less than in CC soils. Thus,
HCO;5; is probably not decisive for the species’
exclusion from the CC plots.

In addition to HCOs, NO5; is also known to
interfere with the Fe utilisation of plants (Mengel
1994). Theoretically, this could be another factor that
prevents calcifuge species from growing in CC soils
as higher concentrations were always found in those
soils than in CF soils. However, apart from the fact
that the existence of a higher susceptibility to NO3™ in
calcifuge species than in calcicole ones has not yet
been established, such an effect is improbable because
the absolute NO5; concentrations in the soil extracts
were always in a nanomolar to micromolar range,
whereas detrimental effects were established in
nutrient solutions with NOs  concentrations in the
millimolar range.

Effects of HCO; and NOs; on the uptake and
utilisation of P are not known. Theoretically, anions
could improve P availability due to the desorption of
phosphates from anion exchangers, and higher soil
moisture could improve the diffusive translocation of
P to the root surface (Hinsinger 2001). These
processes would favour the plant P supply in CF
soils. But their practical significance in the case of C.
vulgaris is doubtful because this species’ P acquisi-
tion is supported by the associated mycorrhiza and the
network of mycelial hyphae in the soil that diminishes
the relative importance of a diffusive translocation.

Therefore, an exclusion of C. vulgaris from the
investigated calcareous soils by Fe or P deficiency
appears rather improbable, even if secondary effects
are considered.

A scenario of the connections between topography,
pedogenesis and the occurrence of C. vulgaris

The CF plots differ from the CC plots by a lower
slope and/or a more northerly exposition (Table 3).
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Consequences of these characteristics, such as lower
insolation and probably lower surface run-off and
higher soil moisture, have led to a more intense
weathering and, thus, to the deeper solum, to the
lower contents of CaCO5; and HCl-extractable P, and,
at the level of individual sites, to the higher actual and
particularly higher potential acidity of the CF soils. A
lower evaporative demand and a more continuous soil
water availability may have favoured the establish-
ment of C. vulgaris, whereas contrary conditions at
CC plots may have prevented moisture-demanding
seed germination (Pons 1989) and the establishment
of the species’ seedlings, which are very susceptible
to drought (Gimingham 1960). Once established, C.
vulgaris may have accelerated soil acidification and
may have contributed to the phenomenon that
unusually low pH values, reflected by potential soil
acidities down to pHy | 4.3 were temporarily reached
in these soils (Ulrich 1986) despite the originally high
CaCOj contents. The soil-acidifying effect of C.
vulgaris is a well known phenomenon (Grubb et al.
1969; Grubb and Suter 1971).

The current degree of coverage of this species
appears insufficient to produce soil acidification down
to pH 4.3. However, according to oral information
from the local shepherd and the nature conservation
representative, the CF plots at sites I and II had a
closed and high C. vulgaris cover in former times. In
the second half of the last century the cover of C.
vulgaris at the study sites declined continuously,
coinciding with a decrease in grazing intensity and a
simultaneous increase of aerial N input as well as
increasing competition from upcoming bushes, which
are now removed periodically by public conservation
actions. Competition from grasses and bushes, pro-
moted by atmospheric N deposition, is probably the
main cause of the still ongoing decline of C. vulgaris.
Increased drought sensitivity as a consequence of
high N supply (Gordon et al. 1999) could be
additionally involved. Controlled burning as used in
heathland management on acid soils and moorland
under more oceanic climates in order to reduce
ecosystem N pool and N turnover (e.g. Nilsen et al.
2005; Pilkington et al. 2007), was not applied at our
study sites. Damages to C. vulgaris through detri-
mental effects of the increased N supply on its ericoid
mycorrhiza is unlikely because Johansson (2000)
found no effects of fertilizations as high as 70 kg N
ha ! year ' in the form of ammonium nitrate.

@ Springer

Inhibition of ericoid mycorrhizal infection of C.
vulgaris roots in moorland peat by ammonium
sulphate and nitric acid fertilization, observed by
Yesmin et al. (1996), were due to simultaneous soil
acidification and are not relevant at the sites investi-
gated here.

Under the current conditions, buffering processes
obviously exceed acidifying processes in the CF
plots, resulting in a pHyyo well above the pHgc.
But the latter provides evidence of much stronger
acidification of the CF soils in the past, exceeding the
buffering rate for a long time (Ulrich 1986). Since this
is most probably an effect of C. vulgaris, the causal
chain of our initial hypothesis becomes reversed:
Higher soil acidity and higher Fe availability are
consequences of and not preconditions for the
establishment of C. vulgaris, at least in the semi-arid
calcareous grasslands of the main sites. But, a similar
development can be assumed at the other CF plots.

We assume, therefore, that local moisture condi-
tions were decisive for the initial establishment of C.
vulgaris and that weathering remained much weaker
at the CC plots because the establishment of C.
vulgaris was prevented there by drought. The estab-
lishment of other moderately calcifuge species in the
CF plots could then be favoured by the soil acidifying
effect of C. vulgaris.

In the present state, C. vulgaris occurs at our study
sites on soils with pHp,o values up to 7.9 and with
pHkcr values up to 6.6. Correspondingly, the base
saturation of CF soils amounts to 99.5%. Its growth
under these conditions emphasises that the calcifuge
distribution of this species is not caused by a
physiological inability to cope with high pH and high
Ca contents of the substrate. Apparently, C. vulgaris,
regarded as a strictly calcifuge species and given the
reaction value 1 by Ellenberg et al. (1992), is able to
grow on calcareous soils with high pH values, even if
the species has its main occurrence on Ca-poor and
very acidic soils. Therefore, the reaction value 1
(strong acidity indicator, never occurring on slightly
acid to alkaline soils) does not appear to be
appropriate.
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