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Abstract. Soil organic matter (SOM) and pH are key ecosystem drivers, influencing resilience to environ-
mental change. We tested the separate effects of pH and SOM on nutrient availability, plant strategies, and
soil community composition in calcareous and acidic Grey dunes (H2130) with low, intermediate, and/or
high SOM, which differ in sensitivity to high atmospheric N deposition. Soil organic matter was mainly
important for biomass parameters of plants, microbes, and soil animals, and for microarthropod diversity
and network complexity. However, differences in pH led to fundamental differences in P availability and
plant strategies, which overruled the normal soil community patterns, and influenced resilience to N depo-
sition. In calcareous dunes with low grass-encroachment, P availability was low despite high amounts of
inorganic P, due to low solubility of calcium phosphates and strong P sorption to Fe oxides at high pH. Cal-
careous dunes were dominated by low-competitive arbuscular mycorrhizal (AM) plants, which profit from
mycorrhiza especially at low P. In acidic dunes with high grass-encroachment, P availability increased as
calcium phosphates dissolved and P sorption weakened with the shift from Fe oxides to Fe-OM complexes.
Weakly sorbed and colloidal P increased, and at least part of the sorbed P was organic. Acidic dunes were
dominated by nonmycorrhizal (NM) plants, which increase P uptake through exudation of carboxylates
and phosphatase enzymes, which release weakly sorbed P, and disintegrate labile organic P. The shifts in P
availability and plant strategies also changed the soil community. Contrary to expectations, the bacterial
pathway was more important in acidic than in calcareous dunes, possibly due to exudation of carboxylates
and phosphatases by NM plants, which serve as bacterial food resource. Also, the fungal AM pathway
was enhanced in calcareous dunes, and fungal feeders more abundant, due to the presence of AM fungi.
The changes in soil communities in turn reduced expected differences in N cycling between calcareous and
acidic dunes. Our results show that SOM and pH are important, but separate ecosystem drivers in Grey
dunes. Differences in resilience to N deposition are mainly due to pH effects on P availability and plant
strategies, which in turn overruled soil community patterns.
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INTRODUCTION

Soil organic matter (SOM) and pH are major
ecosystem drivers that influence soil communi-
ties, plant-available nutrients, and vegetation in
many ways (Ellenberg et al. 1974, Swift et al.
1979). In coastal dune grasslands, which belong
to the priority habitat Grey dunes (H2130) of the
EU habitat directive (European Union 1992), pH
and SOM may be especially important. In many
ecosystems, pH and SOM change together dur-
ing succession, but in Grey dune areas, these fac-
tors may be clearly separated. Older dunes with
acidic topsoils alternate with younger calcareous
dunes, both consisting of mosaics of low and
high SOM, due to differences in eolian activity
(Aggenbach et al. 2017). Also, in the dunes all
soils are sandy, which precludes differences in P
sorption (Shen et al. 2011) and microbial commu-
nity composition (Hassink 1994) due to texture.
In industrialized countries, pH and SOM are also
important to Grey dunes because different dune
zones respond in a different way to high atmo-
spheric N deposition (Bobbink et al. 2010, Kooij-
man et al. 2017). Grass-encroachment, that is, the
dominance of tall graminoid species and associ-
ated loss of plant diversity, is generally higher in
acidic than in calcareous Grey dunes, and more
pronounced on soils with high than with low
SOM (Fig. 1; Remke et al. 2009a, b, Kooijman
et al. 2017).

Soil organic matter and pH may influence resi-
lience to high N deposition in Grey dunes
through differences in soil community composi-
tion, which in turn affect microbial respiration
and N cycling (Swift et al. 1979). Soil organic
matter is a food resource for bacteria and fungi,
which are in turn eaten by protists and
microarthropods, and soil communities usually
increase during succession in microbial biomass,
microarthropod diversity, and network interac-
tion strength (Kaufmann 2001, Frouz et al. 2008,
Morri€en et al. 2017). Soil pH is probably more
important in shaping microbial communities
(Fierer and Jackson 2006, Lauber et al. 2009), as
calcareous soils are usually dominated by bacte-
ria and acidic soils by fungi (Blagodatskaya and
Anderson 1998, B�a�ath and Anderson 2003, Mul-
der et al. 2005, Kooijman et al. 2008, Rousk et al.
2009, 2010). Calcareous, bacteria-dominated soils
are generally associated with higher respiration

and biological activity than acidic, fungi-domi-
nated soils (Aerts and Chapin 2000, Schimel and
Bennett 2004, De Vries et al. 2011, Kooijman et al.
2016). However, because N immobilization is
higher for bacteria than for fungi, net N mineral-
ization, which is a proxy for N availability to the
vegetation, may actually show the opposite pat-
tern (Z€ottle 1960, Davy and Taylor 1974, Verho-
even et al. 1990, Kooijman et al. 2008, 2016).
Bacteria have higher N demand and lower C:N
ratios than fungi (Moore et al. 2005), due to their
faster life cycles and use of amino acids for
osmoregulation rather than carbohydrates (Mea-
sures 1975, Kuehn et al. 1998). This may imply
that availability of N to the vegetation is lower in
calcareous than in acidic Grey dunes, which may
explain why grass-encroachment is higher in the
latter.
Soil pH and SOM may also influence resilience

to high N deposition through their effects on P
nutrition (Kooijman et al. 1998, 2017). Phospho-
rus is an essential nutrient for plant growth,
which may reduce effects of high N deposition
when this is a limiting factor. However, different
forms of P, such as inorganic P in primary and
secondary minerals, sorbed P, organic P, and col-
loidal P systematically change during succession
and soil development (Walker and Syers 1976,
Hinsinger 2001, Shen et al. 2011). This means that
P availability to the vegetation may change with
pH and/or SOM. In calcareous dunes, primary
and secondary calcium phosphates may be abun-
dant (Walker and Syers 1976, Kooijman et al.
1998), but P availability to the vegetation may
still be low due to their low solubility at high pH
(Lindsay and Moreno 1966). During bedrock
weathering and pedogenetic development, P is
released from primary and secondary minerals
(Walker and Syers 1976). In calcareous dunes,
this process is especially important around pH
6.5, when calcium phosphates dissolve together
with calcium carbonates (Lindsay and Moreno
1966) and become available to the vegetation
(Kooijman and Besse 2002, Kooijman et al. 2017).
In acidic dunes, iron phosphates may occur, but
P availability to the vegetation may be restricted
by their low solubility around pH 4 (Lindsay and
Moreno 1966). Besides being part of primary and
secondary minerals, orthophosphate can also be
sorbed to amorphous Fe and Al (hydr)oxides or
complexes of Fe and Al with SOM, with Fe and
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Al acting as bridging agents (Walker and Syers
1976, Hamad et al. 1992, Gerke 2010). The dis-
tinction between these forms of Fe (and Al) in the
soil is important, as sorption of P to Fe oxides is
stronger than to Fe-OM complexes (Kooijman
et al. 2009, Gerke 2010), but it is unknown how
they are influenced by pH and SOM. In acidic
dunes, soils with low SOM were dominated by
Fe oxides and soils with high SOM by Fe-OM
complexes (Kooijman et al. 2009), but this has
not yet been studied in calcareous dunes. Phos-
phorus can also be organic, due to uptake by
plant roots and microorganisms (Turner et al.

2007). Organic P can again be mineralized to
orthophosphate, but also be sorbed or precipi-
tated (Celi et al. 2003, Prietzel et al. 2016). It is
unknown to which extent organic P, or its miner-
alization by microbial communities, is influenced
by pH and SOM, although it is likely that the
importance of organic P increases with higher
SOM. A relatively unknown P fraction is formed
by colloidal P, that is, nanoparticles and fine col-
loids smaller than 0.5 µm which move through
the soil solution (Bol et al. 2016, Missong et al.
2017). Influences of pH and SOM on colloidal P
in dune soils are also still unknown.

Fig. 1. Characteristic vegetation in different coastal dune grasslands (Grey dunes; H2130) in the Amsterdamse
Waterleidingduinen, the Netherlands. (A) Calcareous dunes with low soil organic matter content (SOM). (B) Cal-
careous dunes with intermediate/high SOM. (C) Acidic dunes with low SOM. (D) Acidic dunes with intermedi-
ate/high SOM. Photographs (A–C) were taken by Mark van Til and photograph (D) by Leo van Breukelen,
Waternet Amsterdam.
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Differences in P fractions and availability over
pH and SOM gradients may in turn lead to dif-
ferences in plant strategies (Lambers et al. 2008).
While nitrate and ammonium are usually taken
up by plant roots through mass flow, P uptake is
restricted by low mobility of the phosphate ion
in the soil (Walker and Syers 1976, Hinsinger
2001). Cooperation with mycorrhizal fungi may
improve P uptake, but different groups of mycor-
rhizal plants exploit different P sources (Cairney
and Meharg 2003, Read and Perez-Moreno 2003,
Smith and Read 2008, Smith et al. 2011). In
coastal dune grasslands, arbuscular mycorrhizal
(AM), ericoid mycorrhizal (ErM), and nonmycor-
rhizal (NM) plants may all occur (Ernst et al.
1984, Van Til and Mourik 1999), but distribution
patterns probably change with pH and SOM.
The AM and NM plants mainly use inorganic P
and can be found at both high pH and low pH
(Emmerton et al. 2001, Read and Perez-Moreno
2003, Smith and Smith 2011, Cardoso et al. 2017).
For AM plants, mycorrhizal benefits are espe-
cially high when P is a limiting factor (Hoeksema
et al. 2010). However, predominance of AM
plants does not necessarily lead to high biomass
production, as high rates of mycorrhizal infection
are usually associated with low relative growth
rates (Koziol and Bever 2015), due to the high
costs to support the fungal network. Ericoid
mycorrhizal plants primarily use organic nutri-
ents and occur especially at low pH, due to their
tolerance to heavy metals (Cairney and Meharg
2003).

The general aim of this study was to disentan-
gle the separate effects of SOM and pH on differ-
ent ecosystem compartments in Grey dunes such
as vegetation, soil nutrients, and soil communi-
ties. The more specific aim was to better explain
differences in resilience to high N deposition
between dune zones and unravel whether they
were due to differences in P availability and
plant strategies, differences in N availability and
soil communities, or both. The study consisted of
two separate, but complementary parts: a P
nutrition and a soil community study. For each
study, we selected plots in calcareous and acidic
dunes with low, intermediate, and/or high SOM,
albeit in different locations. Both studies ana-
lyzed basic soil properties, vegetation patterns,
mycorrhizal plant strategies, and microbial
cycling of C and N. The P nutrition study further

concentrated on different fractions of P, including
in nanoparticles and fine colloids, and distribu-
tion of amorphous Fe (and Al) over Fe oxides
and Fe-OM complexes. The soil community
study further concentrated on soil community
composition, microarthropod diversity, and
plant–animal networks. The research questions
were as follows: (1) What are the separate effects
of pH and SOM on different ecosystem compart-
ments? (2) How can these effects help explain dif-
ferences in resilience to high N deposition
between dune zones?

MATERIALS AND METHODS

Site selection
The study was conducted in the Amsterdam

Water Supply Dunes (AWD), which belong to
the lime- and iron-rich dunes of the Netherlands
(Eisma 1968). Initial lime content is 4–8%, and
sand grains are coated with amorphous Fe oxi-
des, with values of 6 mmol Fe/kg (Kooijman
et al. 1998). The study area consists of calcareous
and acidic dune zones, with SOM gradients in
both, due to differences in eolian activity (Aggen-
bach et al. 2017). Calcareous sites were mainly
located in the outer dunes close to the sea, which
formed in the 17th century, and still have calcare-
ous topsoils (Van Til and Mourik 1999). Acidic
sites were located in the inner dunes, which
formed in the 11th century, and have become
decalcified to more than a meter depth. In all
sites, groundwater tables are several meters
below the soil surface.
Atmospheric N deposition along the Dutch

coast currently ranges around 15 kg N�ha�1�
yr�1, but values amounted to 30 kg N�ha�1�yr�1

in the 1990s (Kooijman et al. 2017). Critical N
loads, above which negative effects occur, are
15 kg N�ha�1�yr�1 for calcareous Grey dunes
and 10 kg N�ha�1�yr�1 for acidic Grey dunes
(van Dobben and van Hinsberg 2008). In the last
decade, approximately 10% of the grasslands
was covered with tallgrass vegetation in calcare-
ous dunes, but approximately 80% in acidic
dunes (Kooijman et al. 2017).

Plot selection and field survey
In the P nutrition study, five replicate plots of

approximately 3 9 3 m were selected according
to stratified random sampling procedures
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throughout calcareous and acidic dunes zones
with low, intermediate, and high SOM. The loca-
tion of the 30 sampling points was determined
with GPS (Appendix S1: Table S1). Samples for P
nutrition (2009), chemical and physical fractiona-
tion (2010), and nanoparticle and fine colloid
analysis (2017) were collected in different years,
but within the same plots, and the same period
of April–May. Also, pH, SOM, and/or bulk den-
sity were measured in different campaigns, to
test that samples of the same plot were indeed
similar. Interannual variations in temperature
and soil moisture may have influenced the
results to some extent, but we assumed that dif-
ferences between sites were more important.

In the soil community study, five replicate
plots of approximately 2 9 2 m were selected
according to stratified random sampling proce-
dures in particular calcareous and acidic dune
areas with low and high SOM. The location of
the 20 sampling points was determined with
GPS (Appendix S1: Table S1). All parts of the
study were conducted within the same year
(2011), but aboveground vascular plant biomass
was sampled in 2012 as well, to reduce variation
in biomass production between dry and wet
years.

Vegetation sampling
In both the P nutrition and the soil community

study, with plot sizes of 3 9 3 and 2 9 2 m,
respectively, plant species composition was
recorded in each plot in May. Cover of bare sand,
vascular plants, and cryptogam layer were esti-
mated in percentage. Nomenclature followed
van der Meijden (2005) for vascular plants, van
Tooren and Sparrius (2007) for bryophytes, and
Aptroot et al. (2011) for lichens. Vascular plants
were listed as AM, ErM, ectomycorrhizal (EcM)
plants, or NM species according to various
sources (Read et al. 1976, Ernst et al. 1984, Wang
and Qiu 2006, Brundett 2009). However, ErM
and EcM plants did generally not occur, except
for some Salix repens in some of the calcareous
plots of the P nutrition study with intermediate
or high SOM.

Aboveground vascular plant biomass was
sampled for the analysis of its nutrient content in
both studies, and for estimates of standing crop
in the soil community study. In the P nutrition
study, aboveground vascular plant biomass was

collected in each of the 30 plots in April. In the
soil community study, aboveground vascular
plant biomass was collected in each of the 20
plots in July, in 25 9 25 or 50 9 50 cm plots,
depending on the amount of vegetation. In addi-
tion, healthy leaf samples were collected for
Carex arenaria, a NM plant present in all 20 plots,
although with high cover values only in acidic
dunes. In the soil community study, collection of
aboveground vascular plants was repeated one
year later, but only for estimates of the standing
crop.

Soil sampling
In the P nutrition study, topsoil samples (0–

10 cm) were collected in each of the 30 plots in
April, in metal rings for the analysis of basic soil
characteristics, fractionation of C, P, Fe, and Al,
and laboratory incubation experiments. Organic
layers were absent, even in the most acidic sites.
Topsoil samples (0–10 cm) were also collected
for the analysis of P, Fe, and Al in nanoparticles
and fine colloids <0.5 µm, which technically
belong to the soil solution (Missong et al. 2017).
As this is a relatively new and elaborate method,
a subset of 18 of the 30 plots was used, consisting
of three of the five replicate plots per situation.
In the soil community study, topsoil samples

(0–5 cm) were collected in each of the 20 plots, in
May and October. Sampling depth was lower
than in the P nutrition study, because the topsoil
included most of the SOM, microorganisms, and
microfauna, which would otherwise become too
diluted. For soil mesofauna, however, a standard
depth of 7.5 cm was used (Jagers op Akkerhuis
et al. 2008). For bulk density, additional samples
were collected in metal rings of 5 cm depth and
100 cm3 volume. Organic layers were absent,
even in the most acidic sites.
In the soil community study, both May and

October samples were used for the analysis of
basic soil parameters, phospholipid-derived fatty
acid (PLFA) analysis of the microbial community,
and laboratory incubation experiments. In May,
samples were further used for microscopic
counting of bacteria, fungi, amoeba, and flagel-
lates, measurements of bacterial activity, and
determination of microarthropods such as
Collembola and Acari. In October, samples were
further used for determination of microbial C
and N.
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Analysis of soil samples and aboveground
biomass

For both the P nutrition and the soil community
study, vegetation and soil samples were stored at
4°C until further analyses, except for the subsam-
ples for PLFA analysis (Frosteg�ard et al. 1991),
which were frozen the same day. Vegetation sam-
ples were dried (48 h at 70°C), weighed, and
ground. For aboveground vascular plant biomass,
data of the two sampling years in the soil commu-
nity study were combined to one mean value for
each of the 20 plots. The soil samples for bulk den-
sity were dried (48 h at 105°C), and gravimetric
moisture content and bulk density were deter-
mined. After homogenization by hand, pH values
were determined in demineralized water, using a
1:2.5 weight:volume ratio. Lime content of the soil
was measured with a Shimadzu TOC-VCPH ana-
lyzer (Shimadzu, Kyoto, Japan). Vascular plant C
and N contents were determined with a Vario EL
cube Elementar CNS analyzer (Vario EL cube, Ele-
mentar GmbH, Langenselbold, Germany), and P
content, after microwave destruction with HNO3,
with Optima-8000 ICP-OES (Perkin Elmer, Wal-
tham, MA, USA). Analyses of C, N, and P were
conducted for bulk aboveground plant material
and C. arenaria leaves. For plant N:P ratios, values
around 15 g/g are characteristic for balanced N
and P uptake, values around 10 g/g for N limita-
tion, and values around 20 g/g for P limitation
(Olde Venterink et al. 2003).

Soil C content was measured with loss on igni-
tion (LOI) at temperatures of 375°C, at which
organic matter disappears, but calcium carbonate
not yet, and/or with an Elementar CNS analyzer. If
not measured simultaneously, SOM was assumed
to consist of 50% of organic C. For the 30 plots of
the P nutrition study, both LOI and CNS methods
were applied. For the 20 plots of the soil commu-
nity study, the May samples were analyzed with
LOI and the October samples with a CNS analyzer.
Carbon contents per kg soil were converted to val-
ues per m2 in the upper 5 (soil community study)
or 10 cm (P nutrition study) of the topsoil with help
of bulk density, which showed average values of
1.34 (�0.06) g/cm3 for soils with low organic matter
content, 1.17 (�0.09) g/cm3 for soils with intermedi-
ate organic matter content, and 0.97 (�0.06) g/cm3

for soils with high organic matter content. Soil N
content was measured with an CNS analyzer in the
P nutrition study and the October samples of the

soil community study, and with H2SO4/H2O2/Se
destruction in the May samples of the soil commu-
nity study. In the soil community study, soil C con-
tent slightly differed between May and October
(P = 0.038), possibly due to differences in method
and/or exact sampling location within the plot.
However, pH, N content, and C:N ratio did not dif-
fer between sampling periods, and response pat-
terns with respect to pH and SOM were the same.
For the data analysis of the soil community study,
samples of May and October were combined to
one mean value per plot.

Fractionation of soil organic matter
Physical fractionation of SOM was conducted

according to van Mourik and Blok (2008) in the P
nutrition study and Cerli et al. (2012) in the soil
community study. On average, the light fraction
accounted for 54% of total organic C in the first
and 63% in the latter study, probably due to the
sandy soils, which restrict formation of heavy
clay–humus complexes. However, as values did
not consistently differ between pH and SOM
classes, the data are not further treated.
Analysis of humin, humic acids, and fulvic

acids was applied in the P nutrition study, as
humic acids may increase P availability (Du et al.
2013). Humic acids are polymeric complexes with
ions such as Fe and Al, and are important to P
sorption. Insoluble humin was separated from
humic and fulvic acids in 0.1 mol/L NaOH solu-
tion (Stevenson 1994). Separation of humic and
fulvic acids was done by precipitation with 2 mol/
L H2SO4. Humin and humic acids were frozen,
dried, weighed, and ground, and C contents were
determined with an Elementar CNS analyzer. For
fulvic acids, which remained in liquid, organic C
was measured with an Skalar SA 1074 autoana-
lyzer (Skalar Analytical B.V., Breda, the Nether-
lands). For calcareous soil, inorganic C was
measured with a Shimadzu TOC-VCPH analyzer.

Selective extraction of P
Selective extractions of P were applied to

dried and ground soil samples of the 30 plots
in the P nutrition study. The data should be
treated as potential rather than actual amounts,
because selective extractions give only a rough
indication of different forms, and reactive sur-
faces are increased due to grinding of the labo-
ratory samples.
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Total P was determined after heating 1 g of
ground soil sample at 500°C in order to digest
organic matter (Westerman 1990, Kooijman et al.
1998, 2009). Samples were subsequently
extracted with 50 mL 0.5 mol/L H2SO4. Total P
was measured spectrophotometrically with a
Cecil CE1010 spectrometer (Akribis Scientific
Limited, Pickmere, UK) with a sulfuric acid/am-
monium molybdate/ascorbic acid/potassium
antimonyl tartrate solution at 880 nm. Inorganic
P was extracted in the same way as total P, but
with non-heated samples. Organic P was calcu-
lated as the difference between total P and inor-
ganic P. The fraction of P sorbed to amorphous,
poorly crystalline Fe and Al was determined
according to Schwertmann (1964), by extraction
in the dark with 0.073 mol/L ammonium oxalate
and 0.05 mol/L oxalic acid at pH 3. This method
yields P sorbed to Fe and Al oxides, but also to
organic Fe-OM and Al-OM complexes, which
differ in binding strength (Kooijman et al. 2009,
Gerke 2010).

Total P consisted of inorganic and organic P,
which each consisted of solid and sorbed P frac-
tions. These fractions could not be measured
directly, but minimum and maximum estimates
could be calculated, based on the measured
amounts of inorganic, organic, and sorbed P (Kooi-
jman et al. 2009, 2019). In calcareous dunes, inor-
ganic P was generally larger than sorbed P, which
means that at least part of the inorganic P belonged
to the soil solid phase, probably as calcium phos-
phates (Hinsinger 2001). In this case, the minimum
estimate of solid inorganic P was the surplus of
inorganic P. When inorganic P was smaller than
sorbed P, the minimum estimate of solid inorganic
P was zero. The maximum estimate for solid inor-
ganic P was the amount of inorganic P itself. In
acidic dunes, sorbed P was generally larger than
inorganic P, which means that at least part of the
sorbed P was organic. In this case, the surplus of
sorbed P represented the minimum estimate for
sorbed organic P. When sorbed P was smaller than
inorganic P, the minimum estimate for sorbed
organic P was zero. The maximum estimate for
sorbed organic P was sorbed P itself.

Weakly sorbed P was determined according to
Mehlich (1984), using 0.015 mol/L ammonium flu-
oride, 0.20 mol/L glacial acetic acid, 0.25 mol/L
ammonium nitrate, and 0.013 mol/L nitric acid.
This method usually yields lower amounts of

sorbed P than the oxalate extraction by Schwert-
mann (1964) used above. Mehlich extraction was
applied on 26 of the 30 soil samples, because four
samples, from calcareous and acidic dunes with
low or high SOM, were used for a pioneer study
on colloidal P (Missong et al. 2017). Two calcare-
ous samples with low and intermediate SOM
showed much higher values than the others and
were discarded. One of them also showed unreal-
istic values for many microbial parameters, possi-
bly due to fertilization with animal excrements.

Selective extraction of amorphous Fe and Al
Total amorphous Fe and Al were measured for

the 30 plots of the P nutrition study with the oxa-
late extractions for sorbed P described above (Sch-
wertmann 1964). One calcareous sample with low
SOM, which also showed extreme values for Meh-
lich-extractable P, showed unrealistically low val-
ues for oxalate-extractable Fe, and all variables
related to this were discarded. Organic Fe and Al,
which belongs to complexes of Fe and Al with
SOM, were measured according to McKeague
et al. (1971) by alkaline Na pyrophosphate/NaOH
extraction at pH 9.8. Inorganic amorphous Fe and
Al, which belongs to Fe and Al oxides, was calcu-
lated as the difference between total amorphous
and organic Fe and Al. As already mentioned,
selective extractions should be used with some
care. Part of the organic Fe and Al may consist of
small inorganic Fe and Al particles, especially in
podzol soils with mobilization and precipitation
of Fe (Jeanroy and Guillet 1981). However, in the
acidic dunes of this study, podzolization did not
yet occur.

Water-dispersible nanoparticles and fine colloids
The chemical composition of nanoparticles

and fine colloids, which technically belong to the
water-soluble fraction in the soil solution, was
only determined in the P nutrition study. For
each of the 18 plots, gravimetric moisture content
of the topsoil was determined, and water-dis-
persible colloids extracted according to Missong
et al. (2017). Field-fresh soil was suspended in
deionized water in a ratio of 1:2 (w:v) and sha-
ken. The suspension was diluted fourfold and
left to sediment for 10 min and the supernatant
soil extract decanted. Part of the supernatant was
centrifuged for 5 min at 4000 g to obtain water-
dispersible colloids smaller than 500 nm.
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Another part was centrifuged at 10,000 g, after
which the remaining colloid-free electrolyte
phase was decanted, and the residue freeze-dried
and weighed to calculate the average colloid
weight of the extracts.

The nanoparticles and fine colloids were size
separated with Postnova Analytics asymmetric
field-flow fractionation, which was coupled
online to an Agilent 750 ICP-MS (Agilent, Santa
Clara, CA, USA), to analyze P content of the dif-
ferent colloidal fractions, as well as the main P-
binding constituents Fe and Al (Missong et al.
2017). Particle size resolution of the applied FFF
separation was checked by analyzing latex stan-
dards of the sizes 21, 64, 100, and 600 nm under
the same conditions. The particles were focused
in the flow chamber for 12 min at a cross flow of
2.5 mL/min. After focusing, the cross flow
decreased for 30 min, which allowed the parti-
cles to be separated according to size, with the
smallest nanoparticles coming first. The largest
particles were released when the cross flow was
zero, which lasted for 30 min. However,
nanoparticles were rare and most particles
belonged to fine colloids of 200–300 nm, so dif-
ferent size fractions were combined to one col-
loidal fraction. Total P, Fe, and Al in the bulk
sample were also analyzed with ICP-MS, and
soluble fractions were calculated by subtraction
of colloidal from total values.

Microbial cycling of C, N, and P
Potential net mineralization of N was mea-

sured in laboratory incubation experiments in
both the P nutrition and the soil community
study, but net mineralization of P only in the
first. Fresh, homogenized samples were put into
large petri dishes, brought to optimal moisture
levels, and stored at 20°C in the dark for six
weeks (P nutrition study) or four weeks (soil
community study). Ammonium, nitrate, and
phosphate concentrations of fresh and incubated
samples were extracted with 50 mL 0.05 mol/L
K2SO4 solution and measured with a Skalar seg-
mented flow autoanalyzer. Net N and P mineral-
ization were calculated from differences between
incubated and fresh samples. For the soil com-
munity study, net N mineralization per g C did
not differ between the May and October samples,
and values were combined in one mean value for
each of the 20 plots.

Microbial C, N, and P were measured in the 30
plots of the P nutrition study with the chloroform
fumigation extraction procedure (Brooks et al.
1985). In the 20 plots for the soil community
study, microbial C and N were measured with
the same procedure, but only for the October
samples. Fumigated samples were flushed for
24 h with chloroform and extracted with
0.05 mol/L K2SO4 immediately afterward, to pre-
vent microbial regrowth. Dissolved organic mat-
ter, ammonium, nitrate, total N, and phosphate
were measured in fumigated and non-fumigated
samples at the start and end of the incubation
period, using a Skalar segmented flow autoana-
lyzer. Microbial C, N, and P concentrations were
calculated from the differences between fumi-
gated and non-fumigated samples.
In the P nutrition study, the net increase in

microbial C, N, and P during the incubation exper-
iment was used as a proxy for microbial uptake.
Also, total (net) microbial C, N, and P release was
calculated as the sum of the net mineralization of
C, N, and P and their microbial uptake. Microbial
C:N, C:P, and N:P ratios were calculated as well.
For microbial N:P ratios, values around 3.1 g/g
indicate balanced availability of N and P, while
clearly higher values point to P limitation (Cleve-
land and Liptzin 2007). One calcareous sample
with low SOM, which also showed extreme values
for Mehlich-extractable P and oxalate-extractable
Fe, had unrealistic microbial values in fresh soil,
and was discarded for all microbial parameters.
For three calcareous samples, microbial P and/or
N was very low after incubation, and the associ-
ated nutrient ratios were discarded.
Microbial respiration was determined in both

the P nutrition and the soil community study,
albeit with different methods. In the P nutrition
study, respiration was measured at the start and
end of the incubation experiment by measuring
CO2 concentrations in the headspace with a
Carlo Erba Varian gas chromatograph according
to Tietema (1992). In the soil community study,
in the May samples, respiration was based on the
amount of oxygen used during the incubation
experiment (Bloem et al. 2006). In the October
samples, respiration was measured with a respi-
cond (Nordgren 1988), in which the cumulative
amount of CO2 over the incubation period was
measured via the decrease in electrical conduc-
tivity in the KOH solution due to the formation
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of K2CO3. In the soil community study, respira-
tion rates did not differ between May and Octo-
ber, and values were combined to one mean
value for each of the 20 plots.

With microbial nutrient contents, net mineral-
ization, and respiration, proxies for microbial
efficiency could be calculated. Respiration quo-
tient was calculated as respiration per unit micro-
bial C. Net N mineralization per unit C respired
was calculated as a proxy for microbial N use
efficiency; high values correspond with low
microbial immobilization and vice versa (Kooij-
man et al. 2008, 2016).

Microbial community composition
Microbial community composition was only

determined in the soil community study. In May,
bacterial biomass was determined by confocal
laser scanning microscopy (Bloem et al. 1995) and
fungal biomass by microscopic counting after
staining with fluorescent dyes (Bloem and Vos
2004). In addition to hyphal length, percentages
of active hyphae and unstained hyphae were
determined using epifluorescence alternated with
transmitted light illumination. Part of the
unstained fungi were melanized fungi. Melanized
fungi are light yellow to dark brown and contain
the pigment melanin, which is considered as
adaptation to stress (Butler and Day 1998).

In addition to direct counting, bacterial activity
was measured by incorporation rates of [14C]leu-
cine, an amino acid used for protein synthesis,
and [3H]thymidine, a precursor of thymine which
is one of the four base components of DNA
(Bloem and Bolhuis 2006). Leucine incorporation
is thus reflecting bacterial protein synthesis and
thymidine incorporation bacterial growth rate.

In both May and October, microbial community
composition was determined by analysis of PLFAs,
which are essential membrane components of all
living cells, but absent in storage products or dead
cells (Frosteg�ard et al. 1991). We used PLFA analy-
sis rather than quantitative PCR (Rousk et al.
2010), because we focused on living microbial bio-
mass. Lipids were extracted with a solution of
chloroform, methanol, and citric acid buffer, and
fractionated into neutral lipids, glycolipids, and
phospholipids on silica gel columns. The phospho-
lipids were hydrolyzed to fatty acids and collected
by liquid extraction with hexane, dried, redis-
solved, and stored at �20°C prior to analysis.

In total, 17 different PLFAs were used, with
one characteristic for fungi (18:2n6c) and eleven
for bacteria (Gram-positive bacteria: i-15:0, i-16:0,
a-15:0, i-17:0, and 17:0; Gram-negative bacteria:
16:1n7, cy17:0, and cy19:0; other bacteria: 14:0,
16:0, and 18:0). Unfortunately, we did not mea-
sure 16:1x5c, which is characteristic for AM
fungi. The total amounts of Gram-positive and
Gram-negative bacteria were calculated, as well
as their relative proportion. The latter may be
influenced by protist grazing, as Gram-positive
bacteria are slightly larger than Gram-negative
bacteria (Griffiths et al. 1999, Rønn et al. 2002),
but also by pH, as Gram-positive phyla such as
Actinobacter and Fimicutes are more tolerant to
acidic conditions (Chodak et al. 2015). The relative
proportion of Gram-positive bacteria was calcu-
lated as Gram-positive/(Gram-positive + Gram-
negative). Fungal:bacterial (F:B) ratios were calcu-
lated, based on the amount of fungal and bacterial
PLFAs. Potential differences in microbial commu-
nity composition between May and October were
tested with principal component analysis (PCA;
Ter Braak 1988), but were very small, and for each
PLFA, the May and October values were combined
to onemean value for each of the 20 plots.

Microfauna and mesofauna
The numerical abundance of soil animals was

only measured in the soil community study. The
main bacterivores are often protists (amoeba and
flagellates), which are small in size, but large in
numbers, and can grow as rapidly as their prey.
Protists were enumerated by the most probable
number method after Rønn et al. (1995) with the
use of fourfold dilution series in 1/10 Tryptic Soy
Broth medium. The same soil suspension as pre-
pared for bacterial and fungal counts was used,
diluted in microtiter plates; after 2 and 4 weeks
of incubation at 18°C, these were checked micro-
scopically for the presence of amoebae and flag-
ellates. Nematodes were not sampled, because
they were thought less important in coastal dune
soils, which was supported by the general
absence of nematode predators.
Microarthropods (Acari and Collembola) con-

stitute an important part of the soil fauna and
prefer particular food resources (Siepel and
Maaskamp 1994, Coleman and Hendrix 2000).
Many Collembola feed on fungal hyphae,
although they may change diet when necessary
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(Sauer and Ponge 1988, Endlweber et al. 2011).
Microarthropods were extracted during one
week with the Tullgren method and determined
with gel-based subsamples (Jagers op Akkerhuis
et al. 2008). Taxa consisted of species, genera, or
families, depending on which extent determina-
tion was possible. In total, 65 different taxa were
distinguished: 55 mites and 10 Collembola.
Microarthropod taxa were grouped into ten dif-
ferent feeding guilds (Siepel and de Ruiter-Dijk-
man 1993, Jagers op Akkerhuis et al. 2008):
herbivores (grazers and browsers), fungivores
(grazers and browsers), predators (of arthropods,
nematodes, or in general), and opportunists (om-
nivores, herbofungivorous grazers, and oppor-
tunists). Browsers digest cell content only, while
grazers digest both cell content and cell walls.
Nematode predators were only found in small
numbers in one plot and combined with the gen-
eral predators. Soil macrofauna was not sam-
pled, because earthworms are rare in dry sandy
dune soils (Nijssen et al. 2014).

Statistical analysis
For variables measured in both the P nutrition

and the soil community study, three-way general
linear models were applied, with study type (P
nutrition or soil community), pH class (calcare-
ous and acidic), and SOM class (low, intermedi-
ate, and/or high) as independent parameters
(Cody and Smith 1987). The model was as fol-
lows: response variable = study, pH, SOM,
study 9 pH, study 9 SOM, pH 9 SOM, and
study 9 pH 9 SOM. Even though the studies
were conducted in different locations, and dif-
fered in depth of the soil samples, plot size for
vegetation relev�es, and sampling period of vas-
cular plant biomass, this was done to test poten-
tial responses to pH and SOM in the most
vigourous way. For this analysis, the high SOM
plots of the soil community study were assigned
to the intermediate SOM class, because the
amount of soil organic C was more comparable
with the intermediate SOM plots of the P nutri-
tion study than with the high SOM plots. Differ-
ences were significant for P values < 0.05, and
differences between individual groups were post
hoc-tested with LS means tests.

For variables only measured in one of the stud-
ies, two-way general linear models were applied,
with pH (calcareous and acidic) and SOM class

(low, intermediate, and/or high) as independent
parameters. The model was as follows: response
variable = pH, SOM, and pH 9 SOM. Differ-
ences were significant for P values < 0.05, and
differences between individual groups were post
hoc-tested with LS means tests.
In the P nutrition study, relationships between

different fractions of P and Fe and/or pH were
tested with Spearman correlation tests, and cor-
relations were significant when P < 0.05 (Cody
and Smith 1987). To test how much of the vari-
ance in the percentage of organic Fe would be
explained by pH and SOM, a stepwise multiple
linear regression was performed, with the actual
pH and SOM content as independent variables
(Cody and Smith 1987). The model was as fol-
lows: organic Fe = pH SOM/forward. To further
test relationships between pH, SOM, P fractions,
and AM and NM plants, a correlation-based net-
work analysis was conducted, based on Spear-
man correlation tests for individual sets of
parameters. This was done with actual pH and
SOM values, eleven variables related to P nutri-
tion (total P, inorganic P, minimum estimates of
solid inorganic P, inorganic Fe, organic P, organic
Fe, minimum estimates of sorbed organic P,
weakly sorbed P, colloidal P, and P released by
microorganisms), and AM and NM plant species
number or relative cover. To test which of the P-
related variables were most important for AM
and NM plants, stepwise multiple linear regres-
sions were applied with the eleven P-related
variables as independent variables. The model
was as follows: AM species, NM species, or AM
(or NM) relative cover = total P, inorganic P, min-
imum estimates of solid inorganic P, inorganic
Fe, organic P, organic Fe, minimum estimates of
sorbed organic P, weakly sorbed P, colloidal P,
and P released by microorganisms/forward.
For the soil community study, a correlation-

based network analysis was applied to test rela-
tionships between the actual pH and SOM val-
ues, AM and NM plant cover, seven different
functional groups in the soil community (bacte-
ria, fungi, bacterial feeders, fungal feeders, herbi-
vores, omnivores, and predators), soil
respiration, and net N mineralization. The rela-
tive importance of different factors was tested
with stepwise multiple linear regression, with
pH, SOM content, and AM and NM plant cover
as independent variables. The model was as
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follows: bacteria, fungi, bacterial feeders, fungal
feeders, herbivores, omnivores, predators, soil
respiration, or net N mineralization = pH, SOM
content, AM plant cover, and NM plant cover/
forward.

In order to identify key players in the hypo-
thetical causal relationships between soil com-
munities and pH or SOM, d-separation tests
were performed (Shipley 2000, 2003). The causal
parents and children were chosen from our
hypothetical directed acyclic graph (DAG), in
which no feedback loops are allowed. Model A
tested whether pH could be a causal factor to the
relative abundance of AM plants (a) and bacte-
rial growth rates (b), measured as incorporation
of thymidine (pmol�g�1�h�1), which in turn could
affect numbers of amoeba in the soil (c). Model B
tested whether SOM could be a causal factor for
bacterial growth rates (a) and the relative abun-
dance of active fungi (b), which both in turn
could affect net N mineralization (c and d). The
causal parents and children were then trans-
formed into a basis set of d-separation claims,
stating only those components that were d-sepa-
rated by another component in the DAG. The d-
separation claims were then transformed into
statistical claims. For the hypothetical causal
relationships, we assumed linear relations, and
the correlations between our d-separation claims
were tested. The residual errors of these correla-
tions were then added and tested with a Fisher’s
C test, with two times the number of claims as
degrees of freedom. If the P value was lower than
0.05, there was too much unexplained variation
in the causal model to hold, and the null model
was rejected. However, when the P value was
above 0.05, the null model was accepted. When
the model was accepted, we could calculate the
individual parameters that represent the slope of
the relation between the components in the
DAG. Library ggm and piecewiseSEM were used
in R3.5.1 (R Core Team 2018).

For individual plant species and microarthro-
pod taxa, interactions between them were tested
in a correlation-based network analysis accord-
ing to Morri€en et al. (2017). This was done for the
26 plant species and 38 microarthropod taxa pre-
sent in at least 3 of the 20 plots. The Spearman
rank correlation matrix was calculated on the
whole dataset, using pairwise comparisons, but
excluding zeros. The obtained matrix was filtered

and loaded in Cytoscape 3.6.1 to visualize inter-
actions with R-values > 0.6. K-means clustering
on the correlation matrix was used to divide the
species into 8 corresponding clusters, with speci-
fic behavior regarding the habitat conditions.
Differences in total network structure between
the four dune sites with different pH and/or
SOM were made visible by only using species
present in those habitats.
Principal component analysis was applied

within the program Canoco (Ter Braak 1988), to
analyze mutual relationships between plant and
soil characteristics. This analysis was applied for
the P nutrition and the soil community study
separately. For the P nutrition study, 63 plant and
soil variables as described in the previous sec-
tions were used to construct the PCA axes, and
for the soil community study 48. Missing values,
which are not accepted by the program, were
replaced by mean values for the other replicates
in the group. For each variable, values were stan-
dardized because they differed in size and mag-
nitude, but otherwise PCA was used with
standard options. Variables related to pH and
SOM were used as environmental factors, to test
correlations with the PCA axes after they had
been extracted, as independent test of the relative
importance of pH and/or SOM. Because analysis
of soluble and colloidal fractions in the P nutri-
tion study was based on three instead of five
replicates, and the two missing values in each
group replaced by their means, PCA was also
applied without them. However, this did not
change the main patterns, and they were
included in the final analysis.

RESULTS

Basic soil characteristics
The P nutrition and soil community studies

did not differ with respect to lime content or pH
in the soil (Table 1; Appendix S1: Table S2). As
expected, in both studies, calcium carbonate was
only present in calcareous dunes and pH of the
topsoil was significantly higher in calcareous
than in acidic dunes. Soil C content did also not
differ between studies when expressed as a per-
centage, although values in kg/m2 were higher in
the P nutrition study, due to differences in soil
depth. In both studies, soil C and N showed a
significant increase from low to high SOM, in
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both calcareous and acidic dunes. Soil C:N ratios
were higher in the soil community than in the P
nutrition study, possibly because the shallower
samples contained more fresh organic material,
which generally has a higher C:N ratio than
more decomposed forms. However, in both stud-
ies, C:N ratios were also significantly influenced
by pH and showed significantly lower values in
calcareous than in acidic dunes. Chemical frac-
tionation of SOM was only applied in the P nutri-
tion study and was especially influenced by pH.
Humin contents were higher in calcareous
dunes, but humic acids in acidic dunes. Humic
acids, aromatic complexes with metal ions such
as Fe and Al, accounted for only a few percent of
soil organic C in calcareous dunes, but increased
to 30–36% in acidic dunes.

Vascular plant strategies
In both the P nutrition and the soil commu-

nity study, plant species composition and strate-
gies clearly differed between calcareous and
acidic dunes (Table 2). Arbuscular mycorrhizal

species such as Viola curtisii and Galium verum
were present especially in calcareous dunes.
Nonmycorrhizal species such as Rumex acetosella
and Luzula campestris were, however, more com-
mon in acidic dunes. The NM species C. arenaria
was found in almost all 50 plots, but with low
cover values in calcareous dunes, while it domi-
nated the vegetation in acidic dunes.
Plant species numbers were generally higher

in the P nutrition than in the soil community
study, probably due to the larger plot size
(Fig. 2; Appendix S1: Table S3). However, in
both studies, the total number of vascular plant
species was significantly higher in calcareous
than acidic dunes. This was also the case for
AM plants. The relative number of AM plant
species accounted for approximately 75% of the
vascular plant species in calcareous dunes, but
only around 30% in acidic dunes. The number
of NM species did not change with pH, but the
relative number increased from calcareous to
acidic dunes. Nonmycorrhizal species
accounted for only approximately 25% of the

Table 1. Topsoil characteristics in different coastal dune grasslands in the Netherlands.

Site
Lime

content (%) pH
Soil C
(%)

Soil C (kg
m�2)

Soil N
(g/m2)

C:N ratio
(g/g)

Humin (%
soil C)

Humic acids (%
soil C)

P nutrition study (0–
10 cm)
C1 1.4 (0.7)A 7.2

(0.7)C
0.9

(0.3)B
0.9 (0.3)A 98 (33)B 9.6 (2.7)A 66 (12)B 16 (7)C

C2 1.7 (0.7)A 7.5
(0.2)C

1.4
(0.2)C

1.6 (0.3)B 168 (34)C 9.7 (0.3)A 76 (4)C 8 (4)B

C3 4.1 (3.9)A 7.5
(0.7)C

3.3
(0.5)E

2.7 (0.2)D 261 (27)D 10.3 (0.9)A 87 (10)D 1 (1)A

A1 . . . 5.8
(0.7)B

0.4
(0.0)A

0.5 (0.1)A 40 (7)A 13.2 (1.9)B 45 (4)A 30 (5)D

A2 . . . 4.1
(0.2)A

1.3
(0.3)B

1.3 (0.6)B 109 (49)B 12.3 (0.5)B 46 (4)A 35 (2)DE

A3 . . . 4.0
(0.1)A

2.5
(0.4)D

2.2 (0.2)C 173 (6)C 12.8 (1.3)B 45 (6)A 36 (4)E

Soil community study
(0–5 cm)
C1 2.9 (1.2)A 8.2

(0.2)D
0.9

(0.2)A
0.6 (0.2)A 46 (9)A 12.6 (0.6)A . . . . . .

C2 1.8 (1.1)A 7.1
(0.7)C

2.0
(0.5)B

1.2 (0.2)B 97 (17)C 13.2 (1.8)A . . . . . .

A1 . . . 5.2
(0.6)B

1.1
(0.4)A

0.7 (0.3)A 44 (17)A 16.9 (2.8)B . . . . . .

A2 . . . 3.8
(0.1)A

2.0
(0.4)B

1.2 (0.2)B 75 (14)B 16.2 (1.6)B . . . . . .

Notes: C1, calcareous soil with low soil organic matter (SOM); C2, calcareous soil with intermediate SOM; C3, calcareous soil
with high SOM; A1, acidic soil with low SOM; A2, acidic soil with intermediate SOM; A3, acidic soil with high SOM. Values
given are means (n = 5) and standard deviations. Different letters indicate significant differences for a particular parameter in a
particular study between the soil types (P < 0.05).
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vascular plant species in calcareous dunes, but
around 70% in acidic dunes.

In the P nutrition study, vascular plant cover
was slightly higher than in the soil community
study, and cryptogam cover slightly lower,

probably due to differences in sampling locations
(Fig. 3). In both studies, vascular plant cover sig-
nificantly increased from low to higher SOM.
Aboveground vascular plant biomass was only
measured in the soil community study, but also

Table 2. Plant species composition in different coastal dune grasslands in the Netherlands.

Plant species Type

P nutrition study Soil community study

C1 C2 C3 A1 A2 A3 C1 C2 A1 A2

Phleum arenarium AM 3 . . . . . . . . . . . . . . . 4 . . . . . . . . .

Erodium lebelii AM 5 5 . . . 1 . . . . . . 5 5 . . . . . .

Festuca rubra AM 5 4 . . . . . . . . . . . . 4 . . . . . . . . .

Myosotis ramossissima AM 5 3 . . . . . . . . . . . . . . . . . . . . . . . .

Sedum acre AM 3 1 . . . . . . . . . . . . 4 2 . . . . . .

Viola curtisii AM 3 1 . . . . . . . . . . . . 2 4 2 . . .

Syntrichia ruralis Moss 5 4 . . . 2 . . . . . . 4 3 . . . . . .

Cladonia ciliata Lichen 2 3 . . . . . . . . . . . . . . . . . . . . . . . .

Saxifraga tridactylitis AM 2 2 . . . . . . . . . . . . . . . . . . . . . . . .

Ononis repens AM . . . . . . . . . . . . . . . . . . 3 3 . . . . . .

Koeleria macrantha AM . . . . . . . . . . . . . . . . . . 1 2 . . . . . .

Rubus caesius AM . . . . . . . . . . . . . . . . . . 1 5 . . . . . .

Cynoglossum officinale AM 5 5 1 . . . . . . . . . 1 4 1 . . .

Jacobea vulgare AM 5 5 4 . . . . . . . . . 1 5 . . . 1
Veronica arvense AM 2 3 1 . . . . . . . . . . . . 5 . . . . . .

Galium verum AM 1 5 4 . . . . . . . . . 1 3 . . . 1
Veronica officinalis AM 1 1 2 . . . . . . . . . . . . . . . . . . . . .

Glechoma hederacea AM . . . 3 3 . . . . . . . . . . . . . . . . . . . . .

Salix repens AM . . . 3 2 . . . . . . . . . . . . . . . . . . . . .

Taraxacum officinale AM . . . 3 3 . . . . . . . . . . . . . . . . . . . . .

Cerastium fontanum NM . . . 2 3 . . . . . . . . . . . . . . . . . . . . .

Carex flacca NM . . . . . . 5 . . . . . . . . . . . . . . . . . . . . .

Potentilla reptans AM . . . . . . 5 . . . . . . . . . . . . . . . . . . . . .

Thymus pulegioides AM . . . . . . 5 - . . . . . . . . . . . . . . . . . .

Viola canina AM . . . . . . 4 - . . . . . . . . . . . . . . . . . .

Fissidens adianthoides Moss . . . . . . 4 - . . . . . . . . . . . . . . . . . .

Pseudoscleropodium purum Moss . . . 2 4 2 2 1 . . . . . . . . . . . .

Hypnum cupressiforme Moss 3 5 3 5 5 2 1 5 1 4
Cladonia foliacea Lichen 4 3 . . . 3 1 . . . 4 4 5 1
Cerastium semidecandrum NM 5 4 . . . 3 . . . . . . 4 5 4 . . .

Carex arenaria NM 5 5 4 5 5 5 5 5 5 5
Luzula campestris NM 1 4 3 . . . 2 3 . . . 3 . . . 3
Calamagrostis epigejos AM 1 5 4 1 5 4 . . . . . . 1 3
Festuca ovina AM . . . 1 5 3 4 4 . . . . . . . . . . . .

Rumex acetosella NM . . . 3 1 3 3 3 . . . . . . 5 1
Corynephorus canescens NM . . . . . . . . . 5 . . . . . . . . . . . . 5 1
Teesdalia nudicaulis NM . . . . . . . . . 3 . . . . . . . . . . . . . . . . . .

Hypochaeris radicata AM . . . . . . . . . . . . . . . . . . . . . . . . 2 3
Aira praecox NM . . . . . . . . . . . . . . . . . . . . . . . . 3 . . .

Cladonia portentosa Lichen . . . . . . . . . 1 3 1 . . . . . . 5 5
Dicranum scoparium Moss . . . 1 1 . . . 3 5 . . . . . . 1 3
Campylopus introflexus Moss . . . . . . . . . . . . . . . . . . . . . . . . 5 . . .

Hypnum jutlandicum Moss . . . . . . . . . . . . 2 5 . . . . . . . . . . . .

Notes: C1, calcareous soil with low soil organic matter (SOM); C2, calcareous soil with intermediate SOM; C3, calcareous soil
with high SOM; A1, acidic soil with low SOM; A2, acidic soil with intermediate SOM; A3, acidic soil with high SOM; AM,
arbuscular mycorrhizal plant; NM, nonmycorrhizal plant. Values indicate the numbers of times a particular species was found
within a particular group (n = 5).
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increased with SOM. In calcareous dunes, above-
ground biomass increased from 52 (�34) g/m2 at
low SOM to 159 (�118) g/m2 at higher SOM. In
acidic dunes, biomass was significantly higher
than in calcareous dunes, and increased from 93
(�31) g/m2 at low SOM to 248 (�98) g/m2 at
higher SOM.

The cover of AM plants increased from low to
higher SOM, but especially changed with pH,
and was in both studies significantly higher in
calcareous than in acidic dunes. The relative AM
plant cover was approximately 80% of the vascu-
lar plant cover in calcareous dunes, but approxi-
mately 20% in acidic dunes. Cover of NM plants

also significantly increased with SOM but was
especially high in acidic dunes. The relative NM
plant cover increased from approximately 20% of
the vascular plant cover in calcareous dunes to
approximately 80% in acidic dunes.

Vascular plant nutrient contents
Vascular plant N and P contents were

slightly higher in the P nutrition than in the
soil community study, probably because vegeta-
tion samples were collected earlier in the grow-
ing season. However, in both studies, plant N
and P contents were significantly higher in cal-
careous than in acidic dunes, probably

Fig. 2. Number of plant species in coastal dune grasslands in calcareous and acidic dunes with different soil
organic matter (SOM) in the Netherlands. Herb species are vascular plant species; arbuscular mycorrhizal (AM)
species, AM plant species; and nonmycorrhizal (NM) species, NM plant species. Light green bars are low SOM;
green bars, intermediate SOM; and dark green bars, high SOM. Values given are means (n = 5) and standard
deviations. Different letters in the upper row indicate significant differences for a particular parameter between
calcareous and acidic dunes (P < 0.05). Different letters in the lower row indicate significant differences for a par-
ticular parameter between all four-six soil types.
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associated with the predominance of AM plants
(Fig. 4). Nevertheless, in both calcareous and
acidic dunes, foliar N:P ratios pointed to bal-
anced availability of N and P to the AM- or
NM-dominated vegetation, with values of 13–
14 g/g in the P nutrition study and 12–13 g/g
in the soil community study. In contrast, for the
NM plant C. arenaria, which was sampled in all
plots of the soil community study, foliar N:P
ratios largely differed between dune zones. This
NM species showed low plant P contents in
calcareous dunes, and N:P ratios of 22–25 g/g,
which clearly point to P limitation. In acidic
dunes, however, plant P contents were signifi-
cantly higher than in calcareous dunes, and N:

P ratios decreased to 15–16 g/g, which points to
balanced supply of N and P.

Different fractions of P
Different forms of P clearly differed between

dune zones (Appendix S1: Table S4, Fig. S1).
Total P did not differ with SOM, but this fraction
was significantly higher in calcareous than acidic
dunes, with average values of 20.4 and 15.2 g/
m2, respectively. In both calcareous and acidic
dunes, inorganic P significantly decreased from
low to high SOM, due to conversion of inorganic
to organic P. However, inorganic P was more
strongly influenced by pH and especially
decreased from calcareous to acidic dunes, due

Fig. 3. Absolute cover values of the vegetation in coastal dune grasslands in calcareous and acidic dunes with
different soil organic matter (SOM) in the Netherlands. Herb species are vascular plant species; arbuscular myc-
orrhizal (AM) species, AM plant species; and nonmycorrhizal (NM) species, NM plant species. Light green bars
are low SOM; green bars, intermediate SOM; and dark green bars, high SOM. Values given are means (n = 5)
and standard deviations. Different letters in the upper row indicate significant differences for a particular param-
eter between calcareous and acidic dunes (P < 0.05). Different letters in the lower row indicate significant differ-
ences for a particular parameter between all four-six soil types.
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to dissolution of calcium phosphates. Inorganic P
thus gradually decreased from 11.6 g/m2 in cal-
careous dunes with low SOM to 4.1 g/m2 in
acidic dunes with high SOM. In calcareous
dunes, inorganic P was higher than sorbed P,
which means that at least part of the inorganic P
belonged to the soil solid phase, probably as cal-
cium phosphates (Fig. 5). With the measured val-
ues of inorganic and sorbed P, minimum and
maximum amounts of solid inorganic P could be
estimated. Both estimates for solid inorganic P
clearly decreased from calcareous to acidic
dunes.

Organic P did not differ between calcareous
and acidic dunes, but significantly increased
from low to high SOM, due to conversion of inor-
ganic to organic P. On average, organic P

accounted for 36% of total P at low SOM, 56% at
intermediate SOM, and 67% at high SOM.
Sorbed P did also not differ between dune zones,
but its relative importance increased from 29% of
total P in calcareous dunes to 44% in acidic
dunes. Also, in acidic dunes, sorbed P was higher
than inorganic P, especially at intermediate and
high SOM, which means that at least part of the
sorbed P consisted of organic P. With the mea-
sured values of inorganic and sorbed P, mini-
mum and maximum estimates could be
calculated for the amount of sorbed organic P
(Fig. 5). The maximum estimates for sorbed
organic P did not differ between dune zones, and
only increased with SOM. However, the mini-
mum estimates showed that at least some of the
sorbed P was organic in acidic dunes with

Fig. 4. Vascular plant nutrient contents and ratios in coastal dune grasslands in calcareous and acidic dunes
with different soil organic matter (SOM) in the Netherlands. Plant N and P contents and N:P ratios are based on
arbuscular mycorrhizal plant-dominated vegetation in calcareous dunes and nonmycorrhizal plant-dominated
vegetation in acidic dunes. The NM plant Carex arenaria occurred in both dune zones. Light green bars are low
SOM, and dark green bars are high SOM. Values given are means (n = 5) and standard deviations. Different let-
ters in the upper row indicate significant differences for a particular parameter between calcareous and acidic
dunes (P < 0.05). Different letters in the lower row indicate significant differences for a particular parameter
between all four-six soil types.
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intermediate and high SOM. In these places,
sorbed organic P amounted to at least 24–26% of
total organic P, or at least 16–19% of total P.

Mehlich-extractable P, a fraction of weakly
sorbed, plant-available P, was significantly higher
in acidic than calcareous dunes, with average val-
ues of 1.0 and 0.6 g/m2, respectively. Colloidal P,
which technically belongs to the soil solution, was
also significantly higher in acidic than in calcare-
ous dunes, with average values of 0.10 and
0.05 g/m2, respectively. Colloidal P accounted for
approximately half of total dissolved P in all dune
zones, which means that total dissolved P also
increased from high to low pH.

Different fractions of Fe and Al
For total amorphous Fe, values in g/m2 were

on average four times higher than for Al
(Appendix S1: Table S5, Fig. S2). For both Fe and
Al, inorganic and organic fractions showed dif-
ferent distribution patterns over dune zones.
Inorganic Fe, which consists of poorly crystalline,
amorphous Fe oxides, was not influenced by
SOM, but significantly higher in calcareous than
in acidic dunes. On average, inorganic Fe
showed values of 60.1 g/m2 in calcareous dunes
and 16.6 g/m2 in acidic dunes. Inorganic Al did
not differ with pH, but was significantly influ-
enced by SOM, albeit in an unsystematic way.
The two fractions combined mainly differed
between dune zones, with significantly higher
values for inorganic Fe + Al in calcareous than in
acidic dunes.
Organic Fe, which is part of organic Fe-OM

complexes, significantly increased from low to
high SOM, but especially from high to low pH,
in accord with the higher amount of humic acids.
On average, organic Fe showed values of 18.6 g/
m2 in calcareous dunes and 53.0 g/m2 in acidic
dunes. Organic Al and organic Fe + Al showed
similar patterns and were significantly higher in
acidic than in calcareous dunes, especially at
intermediate and high SOM. In the colloidal and
truly dissolved fraction, Fe and Al also increased
from high to low pH. Colloidal Fe and Al
accounted for 52–54% of the total dissolved Fe
and Al in all soil types. For Al, the total amount
and the soluble and colloidal fractions were sig-
nificantly higher in acidic than in calcareous
dunes. For Fe, these patterns were less clear, but
soluble Fe was also higher in acidic than calcare-
ous dunes.
For P sorption to the soil solid phase, Fe is gen-

erally more important than Al. For P sorption, it

Fig. 5. Relationships between pH and inorganic P
minus sorbed P, minimum (green) and maximum (red)
estimates for solid inorganic P, and minimum (green)
and maximum (red) estimates for sorbed organic P. All
correlations were significant (P < 0.05), except for the
maximum estimates for sorbed organic P.
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is also important whether amorphous Fe consists
of Fe oxides or Fe-OM complexes, as sorption to
the first is stronger than to the latter. In contrast
to expectations, the percentage of organic Fe dif-
fered with pH rather than with SOM. In a step-
wise multiple linear regression, pH explained
73% of the variance in the percentage of organic
Fe, but SOM only 5%. Organic Fe accounted for
approximately 10% of the amorphous Fe at pH 8,
but increased to approximately 90% at pH 4
(Fig. 6). This means that sorbed P is mainly
strongly sorbed to Fe oxides in calcareous dunes,
but relatively weakly to Fe-OM complexes in
acidic dunes. These patterns were supported by
Mehlich-extractable P, which consists of weakly
sorbed P, and indeed showed a positive relation-
ship with the percentage of organic Fe.

Microbial cycling of C, N, and P
The P nutrition and soil community study dif-

fered in microbial C and N in fresh soil, as well
as respiration during the incubation experi-
ments, probably due to differences in soil depth
(Appendix S1: Table S6). Also, microbial C
showed a clear increase during the incubation
period in the P nutrition study, while the soil
community study showed a slight decrease.
Nevertheless, microbial C and N were signifi-
cantly higher in calcareous than in acidic dunes
and increased from low to higher SOM (Fig. 7).
Respiration and net N mineralization were not
generally influenced by pH and SOM, although
they showed significantly higher values for
acidic than calcareous dunes in the soil commu-
nity study. Nitrification amounted to 90–100%
of net N mineralization, irrespective of pH or
SOM (data not shown). Respiration quotient
was significantly higher at low than at higher
SOM, probably due to the larger amount of
fresh organic matter. However, net N mineral-
ization per unit C respired, which is a proxy for
microbial N use efficiency and immobilization,
did not differ between any of the studies or soil
types.

Changes in microbial N and P during incuba-
tion, measured in the P nutrition study, differed
between calcareous and acidic dunes (Fig. 8;
Appendix S1: Table S7). In fresh samples, micro-
bial C:N ratios were similar in the two dune
zones, even though microbial C and N were both
higher in calcareous dunes. However, microbial

C:N strongly increased during incubation in cal-
careous dunes, but remained the same in acidic
dunes. In calcareous dunes, even though micro-
bial C clearly increased during incubation,

Fig. 6. Relationships between different forms of Fe
and P: pH and organic Fe, as percentage of total amor-
phous Fe, the percentage of organic Fe and Mehlich-
extractable P, and the amount of inorganic Fe and
Mehlich-extractable P. All correlations were significant
(P < 0.05).
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microbial N more or less decreased, perhaps
because AM fungi were no longer supported by
plant roots. In acidic dunes, microbial N
increased together with microbial C. Net N min-
eralization and total microbial N release did not
differ between calcareous and acidic dunes.
However, in calcareous dunes, almost all of total
N release was used for net N mineralization,
while in acidic dunes, a large part went into
microbial growth.

Cycling of microbial P also differed between
calcareous and acidic dunes. In fresh soil, micro-
bial P was higher, and C:P ratios lower, in cal-
careous than in acidic dunes. In calcareous
dunes, microbial C:P ratios showed relatively
low values around 35 g/g in fresh soil, probably

due to the presence of AM fungi. In acidic dunes,
microbial C:P ratios amounted to 77 g/g in fresh
soil, which points to P limitation for the microor-
ganisms in the presence of plant roots. However,
these patterns were converted during the incuba-
tion period. In calcareous dunes, microbial P
only slightly increased during incubation, per-
haps because AM fungi were no longer sup-
ported by plant roots. As a result, average
microbial C:P ratios in calcareous dunes
increased from 35 to 65 g/g. In acidic dunes,
microbial P uptake during incubation was signif-
icantly higher than in calcareous dunes, and
average microbial C:P ratios decreased from 77
to 31 g/g. Total microbial P release over the incu-
bation period was also higher in acidic than in

Fig. 7. Microbial characteristics in coastal dune grasslands in calcareous and acidic dunes with different soil
organic matter (SOM) in the Netherlands. Light yellow bars are low SOM; yellow bars, intermediate SOM; and
orange bars, high SOM. Values given are means (n = 5) and standard deviations. Different letters in the upper
row indicate significant differences for a particular parameter between calcareous and acidic dunes (P < 0.05).
Different letters in the lower row indicate significant differences for a particular parameter between all four-six
soil types.
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calcareous dunes, which points to higher decom-
position of organic P. Most of the P was used for
microbial uptake rather than net P mineraliza-
tion, to relieve the P stress inherited in the pres-
ence of plant roots.

P nutrition and plant strategies
In the correlation-based network analysis, the

actual amount of SOM content showed positive
correlations with total P, organic P, sorbed P, and
organic Fe, and a negative one with inorganic Fe
(Fig. 9). However, pH had much stronger effects
on P nutrition and showed significant positive
and negative correlations with two groups of
variables. Positive correlations with pH were
found for the high-pH group, consisting of total
P, inorganic P, minimum estimates of solid inor-
ganic P, and inorganic Fe. These parameters also
mostly positively correlated which each other

(data not shown). Negative correlations with pH
were found for the low-pH group, consisting of
organic Fe, minimum estimates of sorbed organic
P, Mehlich-extractable P, and colloidal P. These
parameters also mostly positively correlated
with each other.
The variables in the high-pH group in turn

positively correlated with the number of AM
plant species and the relative cover of AM
plants. However, AM plants showed negative
correlations with the low-pH group, as well as
with total microbial P release during the incu-
bation experiment. In a stepwise multiple linear
regression, 82% of the variance in the number
of AM plant species was explained by inor-
ganic P, with positive effects on AM plants, and
by total microbial P release, with negative
effects (Table 3). For the relative cover of AM
plants, colloidal P and inorganic P explained

Fig. 8. Characteristics of microbial cycling of N and P in coastal dune grasslands in calcareous and acidic
dunes with different soil organic matter (SOM) in the Netherlands. Light yellow bars are low SOM; yellow bars,
intermediate SOM; and orange bars, high SOM. Values given are means (n = 5) and standard deviations. Differ-
ent letters in the upper row indicate significant differences for a particular parameter between calcareous and
acidic dunes (P < 0.05). Different letters in the lower row indicate significant differences for a particular parame-
ter between all six soil types.
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Fig. 9. Correlation-based network analysis of different variables related to P nutrition and arbuscular mycor-
rhizal (AM) and nonmycorrhizal (NM) plant strategies. Only significant correlations are indicated (P < 0.05). (A)
Positive (green) and negative (red) correlations with pH, soil organic matter content (SOM), variables related to P
nutrition, and number of AM and NM plant species. (B) Positive (green) and negative (red) correlations with pH,
SOM SOM, variables related to P nutrition, and the relative cover of AM and NM plant species, as percentage of
total vascular plant cover.
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70% of the variance together, with negative
effects on AM plants for the first and positive
effects for the latter.

The number of NM species was not signifi-
cantly correlated with any variable related to P
nutrition. In a stepwise multiple linear regres-
sion, Mehlich-extractable P, with positive effects
on NM plant species, only explained 24% of the
variance. However, the relative cover of NM
plants showed significant positive correlations
with the variables of the low-pH group and with
total microbial P release and negative ones with
the high-pH group. As for the relative cover of
AM plants, colloidal P and inorganic P explained
70% of the variance together, but with positive
effects on NM plants for the first and negative
effects for the latter.

Soil community composition
Soil organic matter and pH were both impor-

tant to soil communities (Appendix S1: Table S8).
In accord with expectations, bacteria and fungi
significantly increased from low to higher SOM
(Fig. 10). Fungi were also more abundant in
acidic than in calcareous dunes, in both PLFA
analyses and counts. In addition, melanized
hyphae, which generally develop under stressed
conditions, were more abundant in calcareous
than in acidic dunes, and showed values of 31–
51% of total fungal biomass in the first, but only
6–12% in the latter.

Bacterial community composition differed
between dune zones, with more Gram-negative
bacteria in calcareous dunes and more Gram-
positive bacteria in acidic dunes. However, con-
trary to expectations, total bacterial biomass was
not higher in calcareous than in acidic dunes, but

did not differ between dune zones. Bacterial
growth rates, measured as incorporation of
labeled thymidine, were even higher in acidic
than in calcareous dunes. As a result, differences
in F:B ratios were lower than expected. Fungal:
bacterial ratios were significantly higher in acidic
than calcareous dunes, but actually only in acidic
dunes with low SOM. In acidic dunes with
higher SOM, F:B ratios did not differ from those
in calcareous dunes.
Many groups of soil animals significantly

increased in abundance from low to higher SOM,
such as herbivores, fungivores, omnivores, and
predators (Fig. 11). However, bacterivores,
which consisted of protists such as amoeba and
especially flagellates, were not influenced by
SOM. Bacterial feeders were significantly more
abundant in acidic than in calcareous dunes, in
accord with the higher bacterial growth rates. In
contrast, fungivores were more abundant in cal-
careous than in acidic dunes, despite the lower
amount of fungi. This was especially true for fun-
givorous browsers, which were the dominant
fungivores in all soil types.

Soil community composition and plant strategies
In the correlation-based network analysis, the

actual amount of SOM had positive effects on
almost all functional groups of soil organisms,
except bacterivores (Fig. 12). Bacteria, fungi,
fungivores, herbivores, omnivores, and preda-
tors showed significant positive correlations
with this factor. Correlations with actual pH
values were only negative and significant for
the amount of fungi, bacteria, and omnivores.
The cover of AM plants was positively corre-
lated with SOM content, and in turn with

Table 3. Stepwise multiple linear regression of the relationships between P nutrition and AM and NM plants,
with eleven variables related to P nutrition as independent variables.

Response factor Independent factor Partial R2 F Total R2

AM plant species Inorganic P 0.56 13.76**
Total microbial P release 0.26 13.77** 0.82

NM plant species Mehlich-extractable P 0.24 3.40 0.24
AM or NM cover† Colloidal P 0.50 11.19**

Inorganic P 0.20 6.66*
Minimum estimate sorbed organic P 0.07 2.85* 0.77

Notes: AM, arbuscular mycorrhizal; NM, nonmycorrhizal. Only significant contributions are given.
*P < 0.05; **P < 0.01.
† Percentage of herb layer.
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fungivores and predators. The cover of NM
plants was negatively influenced by pH, but
NM plants in turn positively correlated with
bacteria, fungi, and omnivores. Most functional
groups except bacterivores correlated with
other groups, and only in a positive way. Bacte-
ria correlated with fungi, and both with omni-
vores, which included some herbofungivores.
Fungivores and herbivores correlated with
omnivores and predators. Omnivores showed
correlations with all other groups except bac-
terivores, and predators with fungivores, herbi-
vores, and omnivores.

The soil community thus correlated with
SOM content and pH directly, but also indi-
rectly via the cover of AM and NM plants. In
the stepwise multiple linear regression, for most
functional groups, the four factors together
explained 61–66% of the variance (Table 4).
However, for fungi, bacterivores, and

herbivores, only 29–40% of the variance was
explained. Soil pH was the most important fac-
tor for fungi and bacterivores, which both
showed higher values at low pH. Soil organic
matter content was most important for bacteria,
herbivores, and predators, and on a secondary
level for omnivores, which all increased with
higher SOM. The cover of AM plants was most
important for fungivores, which increased with
AM plants, and on a secondary level for bacte-
ria, which decreased with AM plants. The cover
of NM plants was most important for omni-
vores, and on a secondary level for bacteria,
predators, and fungivores. Bacteria, omnivores,
and predators increased with NM plants, but
fungivores decreased with NM plants.
Relationships between functional soil groups

and cycling of C and N were less consistent. Res-
piration positively correlated with fungi and bac-
terivores, which together explained 41% of the

Fig. 10. Characteristics of bacteria and fungi in coastal dune grasslands in calcareous and acidic dunes with
different soil organic matter (SOM) in the Netherlands. Light yellow bars are low SOM; yellow bars, higher
SOM. Values given are means (n = 5) and standard deviations. Different letters in the upper row indicate signifi-
cant differences for a particular parameter between calcareous and acidic dunes (P < 0.05). Different letters in the
lower row indicate significant differences for a particular parameter between all four soil types.
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variance. Net N mineralization only showed a
positive relationship with bacterivores, which
explained 25% of the variance.

In the analysis of causal relationships between
soil communities and pH, significant cause and
effect relationships were found for pH with the
relative abundance of AM plants, and with bac-
terial growth rates, which in turn influenced
abundance of amoeba (Fig. 13, Table 5). D-sepa-
ration tests revealed that high pH stimulated the
relative abundance of AM plants and fungi and
thus increased the relative importance of the fun-
gal channel, but reduced bacterial growth rates,
and importance of the bacterial channel. Low pH
did the opposite and reduced abundance of AM
plants and fungi, but increased importance of the
bacterial channel. Higher SOM mainly fed the
bacterial channel through higher bacterial
growth rates, which in turn led to higher rates of

net N mineralization. The relative abundance of
active fungi was, however, negatively influenced
by high SOM.

Microarthropod diversity
Microarthropod diversity was influenced by

SOM rather than pH (Table 6). The number of
taxa increased especially from low to higher
SOM, and many taxa were only found at higher
SOM, more than half of them being predators.
Most taxa were found in both calcareous and
acidic dunes. However, taxa such as the herbo-
fungivore Scutovertex minutus, the fungivore
Paratullbergia callipygos, and predators such as
Anystidae and Hypoaspis were only found in cal-
careous dunes.
Distribution patterns of microarthropods and

their relation to vascular and cryptogam plant
species were further studied in a co-occurrence

Fig. 11. Functional groups in the soil community in coastal dune grasslands in calcareous and acidic dunes
with different soil organic matter (SOM) in the Netherlands. Light yellow bars are low SOM; yellow bars, higher
SOM. Values given are means (n = 5) and standard deviations. Different letters in the upper row indicate signifi-
cant differences for a particular parameter between calcareous and acidic dunes (P < 0.05). Different letters in the
lower row indicate significant differences for a particular parameter between all four soil types.
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network analysis. In the network analysis, plant
species and microarthropod taxa were divided
into eight network clusters (Fig. 14). Clusters 1,
2, and 3 contained plants and animals of calcare-
ous dunes, and clusters 6 and 7 animals and/or
plants of acidic dunes. Clusters 4 and 5 contained
only animal taxa, including herbivores, fungi-
vores, and predators. Cluster 8 had no connec-
tion to particular dune areas and consisted of a
few common animal taxa.

The four dune areas clearly differed in net-
work density and importance of these clusters. In
both calcareous and acidic dunes, dense and
complex networks were mainly found at higher
SOM. Connectance ranged around 8% of all pos-
sible connections in most dune types, but was
5% in acidic dunes with low SOM.

Calcareous dunes with low SOM had a rela-
tively small network, consisting of 39 nodes and
55 connections. They mainly belonged to cluster 1
with pioneer plants, cluster 2 with AM
plants + fungivorous browsers, and fragments of

the animal clusters 4 and 5. Calcareous dunes
with higher SOM had denser and more complex
networks, with 50 nodes and 95 connections. The
network consisted of four main clusters, such as
cluster 2 with AM plants + fungivorous browsers,
cluster 3 with older dune plants + predators, and
the animal clusters 4 and 5.
In acidic dunes, the number of nodes was

slightly higher than in calcareous dunes, but
the number of connections was lower. Acidic
dunes with low SOM had very small and partly
isolated networks, with only 29 nodes and 18
connections. Only cluster 7 with acidic pioneer
plants was important, and a small network
existed of fragments of the animal clusters 4
and 5, and cluster 6 with acidic plants + fun-
givorous browsers. Acidic dunes with high
SOM, however, had a dense and complex net-
work with 42 nodes and 71 connections in three
main clusters, consisting of the animal clusters
4 and 5, and cluster 6 with acidic plants and
animals.

Fig. 12. Correlation-based network analysis of soil community characteristics and arbuscular mycorrhizal
(AM) and nonmycorrhizal (NM) plant cover. Only significant correlations are indicated (P < 0.05). Positive corre-
lations are given in green and negative correlations in red.
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Principal component analysis
Mutual relationships between plant strategies,

P nutrition, microbial nutrient cycling, and soil
communities were further tested in principal
component analyses (PCAs). As the sampling
sites and measured parameters differed between
the P nutrition and soil community studies, PCA
was conducted for each study separately. For
both PCAs, variables directly related to pH and
SOM were included as “environmental” vari-
ables, to independently test the importance of
each factor. In both analyses, pH and SOM
strongly correlated with the first or second PCA
axis, but not with the other. In the P nutrition
study, the first axis was explained by pH, with R-
values of 0.90–0.95 for pH class and the actual
pH values, and the second axis by SOM, with R-
values of 0.83–0.94 for SOM class and the actual
amounts of SOM. In the soil community study,
the first axis was explained by SOM, with R-val-
ues of 0.75–0.86, and the second by pH, with R-
values of 0.70–0.91. Together, the two axes
explained 83% of the cumulative variance of the
species–environment relationship in the P nutri-
tion study and 90% in the soil community study.

Many of the variables related to vegetation, P
nutrition, and soil community correlated with
either SOM or pH, in both positive and negative
ways (Fig. 15). High SOM was mainly related to

biomass of plants, microorganisms, and soil ani-
mals. High correlations with high SOM were
thus found for vascular plant cover, above-
ground vascular plant biomass, bacteria, and
most groups of microarthropods. Total N,
organic P, and organic Fe in the soil were also
associated with high SOM. In contrast, only few
variables were characteristic for low SOM, such
as the cover of bare sand, and the relative
amount of inorganic P.
High and low pH mainly correlated with plant

and animal strategies and different forms of P
and Fe. The number of vascular plant species,
AM plant species, relative AM plant cover,
microbial P, and fungivorous browsers all
increased with high pH. High values for total P,
inorganic P, inorganic Fe, and the N:P ratio of the
NM plant C. arenaria were characteristic for high
pH as well. In contrast, low pH was character-
ized by high relative number and cover of NM
plants. This was associated with variables related
to high P availability, such as high relative
amount of sorbed P, organic Fe and humic acids,
high minimum estimates of sorbed organic P and
colloidal P. Microbial C:N and C:P ratio were also
higher at low pH, as was the decrease in micro-
bial C:P ratio during incubation. In the soil com-
munity, both fungi (based on counts) and
flagellates were characteristic for low pH.

Table 4. Stepwise multiple linear regression of the relationships between different characteristics of the soil com-
munity, with pH, soil organic matter content, and AM and NM plant cover as independent variables.

Response factor Independent factor Partial R2 F Total R2

Fungi based on PLFA (g/m2) pH value 0.40 11.89** 0.40
Fungivores (no./m2) AM plant cover 0.56 23.34***

NM plant cover 0.09 4.65* 0.66
Bacteria based on PLFA (g/m2) Soil OM content 0.33 11.62**

NM plant cover 0.14 7.68*
AM plant cover 0.13 4.39* 0.61

Bacterivores (no./m2) pH value 0.17 3.59
NM plant cover 0.17 4.40 0.34

Herbivores (no./m2) Soil OM content 0.29 7.21* 0.29
Omnivores (no./m2) NM plant cover 0.48 16.71***

Soil OM content 0.18 9.22** 0.66
Predators (no./m2) Soil OM content 0.50 18.12***

NM plant cover 0.11 5.16* 0.64
Respiration (g/m2) Fungi 0.22 4.08*

Bacterivores 0.19 5.66* 0.41
Net N mineralization (g/m2) Bacterivores 0.25 6.01* 0.25

Notes: AM, arbuscular mycorrhizal; NM, nonmycorrhizal; PLFA, phospholipid-derived fatty acid. Only significant contri-
butions are given.

*P < 0.05; **P < 0.01; ***P < 0.001.
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DISCUSSION

The aim of this study was to disentangle the
effects of SOM and pH on vegetation, soil

nutrients, and soil communities in Grey dunes, in
order to better explain differences in resilience to
high N deposition between calcareous and acidic
dunes. The results were surprising and showed
that SOM mainly influenced biomass parameters,
but that pH led to fundamental differences in P
nutrition and plant mycorrhizal strategies, which
in turn overruled the normal patterns in soil com-
munity composition and N cycling.

SOM and plant biomass
For the vegetation, SOM was especially impor-

tant to vascular plant cover and aboveground bio-
mass. Although vascular plant biomass may
increase SOM in the form of litter input, it may
also respond to SOM due to availability of nutri-
ents. Although net mineralization of N and P was
not influenced by SOM directly, organic P and
sorbed P clearly increased with SOM. High SOM
may also lead to higher water-holding capacity,
which is important in an area where temperatures
at the soil surface on sunny days may increase to
60°C (Stoutjesdijk and Barkman 1992). In the
study area, volumetric soil moisture content at
field capacity was approximately 5% in dune soils
with low SOM but increased to 25% in soils with
high SOM (Y. Fuyita, unpublished data).

Fig. 13. D-separation tests conducted as a form of piecewise structural equation modeling. Model A tested
whether pH could be a causal factor to the relative abundance of arbuscular mycorrhizal (AM) plants (a) and
bacterial growth rates (b), measured as incorporation of thymidine (pmol�g�1�h�1), which in turn could affect
numbers of amoeba in the soil (c). Model B tested whether soil organic matter (SOM) could be a causal factor for
bacterial growth rates (a) and the relative abundance of active fungi (b), which both in turn could affect net N
mineralization (c and d). Both models were valid as cause and effect model (model A: Fisher’s C test: 4.490854,
df: 4, P: 0.34633; model B: Fisher’s C test: 2.938, df: 4, P: 0.568).

Table 5. Characteristics of the models used in the d-
separation tests described in Fig. 14.

Model Estimate Adjusted R2 F df P

Model A
a 0.5964 0.1008 3.13 18 0.0938
b �1.126 0.3326 10.47 18 0.0045
c 0.2220 �0.04195 0.235 18 0.6337

Model B
a 0.1349 �0.02316 0.57 18 0.46
b �0.15011 0.06958 2.421 18 0.1371
c 0.09759 �0.08418 0.2624 17 0.7723
d 0.27949 �0.08418 0.2624 17 0.7723

Notes: Model A tested whether pH could be a causal factor
to the relative abundance of AM plants (a) and bacterial
growth rates (b), measured as incorporation of thymidine
(pmol�g�1�h�1), which in turn could affect numbers of
amoeba in the soil (c). Model B tested whether soil organic
matter could be a causal factor for bacterial growth rates (a)
and the relative abundance of active fungi (b). In turn, net N
mineralization could be affected by bacterial growth rates (c)
and active fungi (d). Both models A and B were significant as
cause and effect model (model A: Fisher’s C test: 4.490854,
df’s: 4, P: 0.34633; model B: Fisher’s C test: 2.938, df’s: 4, P:
0.568). In model A, individual regressions were significant for
pH and bacterial growth rates (P < 0.05). In model B, the indi-
vidual regressions were not significant.
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pH and plant strategies
For plant species composition, pH was more

important than SOM. The number of plant spe-
cies was higher in calcareous than in acidic
dunes, irrespective of SOM, in accord with the

generally higher diversity for calcicole than cal-
cifuge plant species in Europe, which better sur-
vived the last ice age (Ewald 2003). Moreover,
calcareous dunes were dominated by AM plants,
and acidic dunes by NM plants, as confirmed by
our causal relation tests.
We did not measure actual root colonization

with AM fungi, but for plants capable of forming
AM, the NM condition is nearly always unnatu-
ral (Smith et al. 2011). For some species, the AM
or NM status is not entirely clear. Sedum acremay
be considered as NM because of its NM family
(Olsson and Tyler 2004) but was clearly mycor-
rhizal in the Dutch coastal dunes (Ernst et al.
1984). Also, Cyperacaeae may be more mycor-
rhizal than previously considered (Muthukumar
et al. 2004), but C. arenaria is still seen as a NM
species (Drigo et al. 2007). This was supported
by its aboveground P content in calcareous
dunes, which was much lower than in the AM-
dominated vegetation. In any case, even if some
plant species would shift in AM or NM status,
calcareous dunes would still be dominated by
AM plants and acidic dunes by NM plants. This
is supported by tree species in calcareous dunes
such as Crataegus monogyna and Euonymus eur-
opeus, which are also AM plants.

Predominance of AM plants in calcareous dunes
Arbuscular mycorrhizal symbiosis occurs in

70–80% of vascular plant families (Brundett 2009,
Smith and Smith 2011). Many AM plants and
fungi are found in calcareous habitats, such as
chalk grasslands and deciduous forests on lime-
stone (Kovacs and Szigetvari 2002, B�a�ath and
Anderson 2003). In Kooijman (2010), approxi-
mately 80% of the shrub and tree species in lime-
stone forests consisted of AM plants. Arbuscular
mycorrhizal plants may predominate in calcare-
ous habitats, because they take up inorganic P
such as calcium phosphates (Read and Perez-
Moreno 2003, Jansa et al. 2011, Smith and Smith
2011). Primary and secondary calcium phos-
phates are abundant in calcareous parent materi-
als and can be dissolved by local acidification in
the root zone (Walker and Syers 1976, Marschner
1995, Hinsinger 2001).
In our study, inorganic P was indeed higher in

calcareous than in acidic dunes. Also, in calcare-
ous dunes, at least part of the inorganic P
belonged to the soil solid phase, such as calcium

Table 6. Distribution of microarthropod taxa in soils
of different dune areas.

Microarthropod taxon Feeding guild C1 C2 A1 A2

Microtydeus HB 5 5 5 5
Nanorchestes HG 5 5 3 5
Tydeidae HB 4 5 5 5
Paratydeidae FB 4 3 5 4
Stigmaeidae PA 3 3 3 5
Eupodes OO 2 2 1 4
Leioseius bicolor PG 2 2 1 2
Xenylla FB 1 5 5 4
Tectocepheus velatus OHF 1 5 3 5
Bdella PA 1 4 5 5
Pygmephorus FB 1 . . . 1 3
Scutovertex minutus OHF 4 . . . . . . . . .

Paratullbergia callipygos FB 4 4 . . . . . .

Anystidae PA 2 1 . . . . . .

Hypoaspis PG 1 2 . . . . . .

Tyrophagus FB 5 5 3 . . .

Tetranychidae HB . . . 3 . . . . . .

Trhypochthonius tectorum HB . . . 5 1 3
Peloptulus phaenotus FG . . . 3 1 3
Speleorchestes FG . . . 2 2 1
Scutacarus FB . . . . . . . . . 5
Cryptognathidae PG 2 . . . 4 . . .

Pseudocheylidae PG 2 . . . 3 . . .

Tarsonemus HB 1 3 . . . 4
Cunaxidae PA 1 3 . . . 3
Brachychthoniidae FG 1 2 . . . 5
Liochthonius lapponicus FG 1 2 . . . 2
Amblyseius PA . . . 4 . . . 1
Zercon triangularis PG . . . 3 . . . 1
Microppia minus FG . . . 3 . . . 3
Erythraeidae PA . . . 2 . . . 2
Entomobrya nivalis OHF . . . 1 . . . 4
Asca bicornis PG . . . 1 . . . 4
Isotoma FB . . . 1 . . . 3
Hypoaspis aculeifer PG . . . 1 . . . 3
Rhagidia PA . . . 1 . . . 3
Oppiella nova FG . . . 1 . . . 2
Pseudisotoma sensibilis FB . . . 1 . . . 2

Notes: C1, calcareous soils with low soil organic matter
(SOM); C2, calcareous soils with high SOM; A1, acidic soils
with low SOM; A2, acidic soils with high SOM; HB, herbivo-
rous browser; HG, herbivorous grazer; FB, fungivorous brow-
ser; FG, fungivorous grazer; PA, predator on arthropods; PG,
general predator; OHF, herbofungivorous omnivore; OO,
opportunistic omnivore. Numbers indicate the amount of
times that a taxon was present in plots of a particular site
(n = 5). Only taxa found in at least three plots are included.
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Fig. 14. Network analysis between plant species and microarthropod taxa in calcareous and acidic dunes with
low and high soil organic matter (SOM). (A) Entire network based on all 20 plots. (B) Networks for particular
dune areas, based on the taxa occurring there. The names and positions of the taxa in B are the same as in A.
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phosphates. Arbuscular mycorrhizal fungi may
have little direct access to calcium phosphates
themselves, but the external mycelium may be
associated with phosphate-solubilizing bacteria,
which act as mycorrhizal helpers (Frey-Klett
et al. 2007). The AM fungi have a special affinity

for phosphate (Cardoso et al. 2017) and scavenge
this from large volumes of soil (Smith et al.
2011). This was supported by the much higher
microbial P content in calcareous than in acidic
dunes, as well as the lower microbial C:P ratios.
The P transfer by the symbiotic fungi can be

Fig. 15. Principal component analyses (PCAs) of variables related to vegetation characteristics, P nutrition,
and soil communities. Separate PCAs were conducted for the P nutrition and soil community study, but in both
cases, pH and soil organic matter (SOM), tested as environmental variables, strongly correlated with the first or
second axis. Variables with correlations (R) with the first or second axis higher than 0.6 or lower than �0.6 were
grouped according to their preference for high or low SOM or pH.
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quite effective and accounts for as much as 70%
of the P acquired by the plant (Wang et al. 2017).
In our study, vascular plant P contents were
indeed higher for the AM-dominated vegetation
in calcareous dunes than for the NM-dominated
vegetation in acidic dunes. Also, foliar N:P ratios
indicated that P was not a limiting factor for AM
plants (Olde Venterink et al. 2003).

However, AM benefits for the plant are often
inversely related to P availability in the soil
(Johnson et al. 1997, Smith and Read 2008, Hoek-
sema et al. 2010). The P uptake benefits for the
host plant will outweigh the costs of carbon sup-
ply to the fungus mainly when P availability lim-
its plant growth. In calcareous dunes, P
availability to the vegetation is low, due to low
solubility of calcium phosphates at high pH (Lin-
day and Moreno 1966, Hinsinger 2001). Calcium
phosphates can be dissolved by local acidifica-
tion in the root zone, but often reprecipitate
again. Also, in our calcareous dunes, P sorption
was probably relatively strong. Sorbed P was pri-
marily sorbed to Fe oxides, which constitutes a
relatively strong form of binding (Gerke 2010,
Yan et al. 2016). In calcareous dunes, the amount
of total and inorganic Fe even increased from
low to high SOM, which points to actual forma-
tion of Fe oxides. Also, the dominant form of
phosphate in calcareous soils is HPO4

2� (Hin-
singer 2001, Shen et al. 2011), which is more
strongly bound than H2PO4

�. At high pH, the
phosphate ion may even be bound to Fe oxides
in bidentate and binuclear fashion (Kim et al.
2011, Fink et al. 2016). In contrast, more plant-
available P fractions such as Mehlich-extractable
P, colloidal P, and total microbial P release during
incubation were lower than in acidic dunes.

Low P availability in calcareous dunes was
supported by the P concentrations in the NM
plant C. arenaria, which were significantly lower
than in acidic dunes. Also, N:P ratios of C. are-
naria were 22–25 g/g in calcareous dunes, which
clearly point to P limitation (Olde Venterink et al.
2003). Predominance of AM plants in calcareous
dunes may thus be explained by high amounts
of inorganic P, their main P source, but especially
by the low availability of P due to low solubility
of calcium phosphates at high pH, strong P sorp-
tion to Fe oxides, and low amounts of plant-
available P in general, which increases the myc-
orrhizal benefits.

Predominance of NM plants in acidic dunes
In our study, acidic dunes were dominated by

NM plants. A shift from AM to NM plants in
mineral soils with high and low pH was also
noticed by Olssen and Tyler (2004). These
authors found mainly AM plants on limestone
rocks in southern Sweden, but predominance of
NM plants on acidic rock types, which they
attributed to differences in exchangeable soil
phosphate.
Despite these findings, predominance of NM

plants in acidic dunes was rather surprising. On
a global scale, NM plants in dry habitats are
especially known from highly weathered, acidic,
Fe-rich, and P-impoverished soils, which use
adaptations such as proteoid and cluster roots to
increase P uptake (Lambers et al. 2008). Also, in
the temperate climates of NW Europe, acidic
soils in open habitats are usually occupied by
ErM plants, such as Calluna vulgaris and Empe-
trum nigrum (Ellenberg et al. 1974). However,
ErM fungi mainly use organic nutrient sources
(Emmerton et al. 2001, Cairney and Meharg
2003) and may not establish when organic layers
on top of the mineral soil have not yet devel-
oped. In the dunes of our study, organic layers
were still absent, and the ErM plant C. vulgaris is
only found in much older dunes, which formed
several thousands instead of hundred years ago
(Van Til and Mourik 1999).
Arbuscular mycorrhizal plants may be less

common in acidic dunes, because arbuscular
fungi are sensitive to low pH (Van Aarle et al.
2002). However, AM plants and fungi do occur
in acidic soils (Kluber et al. 2012), especially in
tropical climates (Cardoso et al. 2017). In tropical
soils, inorganic P may be present in Fe or Al
phosphates, but their availability is restricted
due to low solubility at low pH (Lindsay and
Moreno 1966, Hinsinger 2001). Also, in acidic
tropical soils, phosphate ions may be strongly
sorbed to Fe oxides and even become occluded
(Walker and Syers 1976, Fink et al. 2016). Like in
calcareous soils, inorganic P is present in acidic
tropical soils, but its low availability may
increase mycorrhizal benefits for AM plants
(Hoeksema et al. 2010).

Less inorganic P in acidic dunes
Predominance of NM plants in acidic dunes

may thus be due to pH-induced changes in P
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availability rather than sensitivity of the AM
fungi to acidic conditions. Calcium phosphates
generally dissolve below pH 6.5 (Lindsay and
Moreno 1966, Hinsinger 2001), which would
reduce the amount of inorganic P in acidic soils,
but also the mycorrhizal benefits for AM plants
(Hoeksema et al. 2010). In acidic dunes, the
amount of inorganic P was indeed lower than in
calcareous dunes. Some AM plants may persist
in acidic dunes, such as Calamagrostis epigejos, but
this is a fast-growing species with high relative
growth rates, which usually have low rates of
mycorrhizal infection (Koziol and Bever 2015).

More weakly sorbed P in acidic dunes
While inorganic P decreased from calcareous

to acidic dunes, sorbed P became more impor-
tant. This favors NM plants, which have different
strategies for P uptake than AM plants (Lambers
et al. 2008, Richardson et al. 2009, Raven et al.
2018). Nonmycorrhizal plants exudate large
amounts of carboxylates, small organic mole-
cules, such as citrate and oxalate, which release
sorbed P by ligand exchange. This is a highly
effective mechanism (Gerke et al. 2000, Johnson
and Loeppert 2006, Gerke 2015), which can also
release sorbed P in acidic dunes.

In our study, the proportion of sorbed P
increased from 29% of total P in calcareous dunes
to 44% in acidic dunes. Also, the amount of
weakly sorbed Mehlich-extractable P increased
from calcareous to acidic dunes, which means
that sorbed P became more weakly bound. This
was partly due to the shift in the dominant form
of phosphate from HPO4

2� to H2PO4
� (Hin-

singer 2001, Shen et al. 2011). However, the shift
from strong P sorption to Fe oxides in calcareous
dunes to weak sorption to Fe-OM complexes in
acidic dunes played a role as well (Kooijman
et al. 2009, Gerke 2010, Yan et al. 2016), especially
because Fe is generally more important to P sorp-
tion than Al or calcite (Hamad et al. 1992, Shang
et al. 1992). Organic acids may block or eliminate
part of the P sorption sites (Daly et al. 2001), and
with H2PO4

� and Fe-OM complexes, phosphate
ions can only be bound in monodentate fashion
(Kim et al. 2011, Fink et al. 2016).

Shift from Fe oxides to Fe-OM complexes with pH
Although Fe-bound P is usually measured in P

fractionation methods, differences in the form of

amorphous Fe and the implications for P binding
are often ignored (Gerke 2010). The shift from Fe
oxides to Fe-OM complexes with pH becomes
especially clear when other Fe-rich dunes in the
Netherlands are included (Kooijman et al. 1998,
2009). The compiled dataset consisted of more
than 120 dune plots and showed an R2 value of
0.76 for the relationship between pH and the pro-
portion of organic Fe (Fig. 16). The proportion of
organic Fe increased from close to zero at pH 8,
to approximately 100% at pH 4, irrespective of
SOM. In Kooijman et al. (2009), plant-available P
increased when the proportion of organic Fe was
higher than 50% of total amorphous Fe, which is
below pH 5.5 according to this figure.
The shift from Fe oxides to Fe-OM complexes

is probably caused by higher sorption of organic
molecules to Fe oxides at low pH. In Gu et al.
(1994), sorption of organic molecules to Fe oxides
was much higher at pH 4 than at pH 7. At low
pH, the hydroxyl groups of the Fe oxides become
protonated, which attracts organic anions, which
then replace the protonated hydroxyl groups,
and transform Fe oxides into Fe-OM complexes
(Fink et al. 2016). The shift from Fe oxides to Fe-

Fig. 16. Relationship between pH and organic Fe in
calcareous and acidic coastal dunes, given as percent-
age of total amorphous Fe. Red dots represent values
from the present study, and blue and green dots from
earlier studies in Fe-rich coastal dunes (Kooijman et al.
1998, 2009). The correlation between pH and the per-
centage of organic Fe was significant (P < 0.05).
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OM complexes from high to low pH may even
explain why the total amount of sorbed P did not
differ between dune zones, even though sorption
became weaker. P sorption capacity may be
higher for Fe oxides than for Fe-OM complexes,
but also increases from high to low pH (Yan et al.
2016). In the latter study, the total amount of P
sorbed to goethite at pH 7 did not differ from P
sorbed to complexes of goethite and humic acids
at pH 3.

Predominance of Fe-OM complexes over Fe
oxides at low pH may especially occur in temper-
ate climates, where decomposition of organic
matter and weathering of primary minerals is
retarded due to the relatively low temperatures
(Blume et al. 2016).

Fe-OM complexes may also be common in
organic soils such as peatlands (Kooijman
et al. 2019). However, formation of Fe-OM
complexes may be restricted in tropical soils
with high Fe and low organic matter content.
In the tropical soils of Thaymuang et al.
(2013), poorly crystalline iron was approxi-
mately six times higher than in our temperate
zone dune soils, which are considered Fe-rich
(Eisma 1968, Kooijman et al. 1998). However,
organic C contents in the tropical soils were
approximately seven times lower. This may
restrict formation of humic Fe-OM complexes
and stimulate strong P binding to Fe oxides,
which may explain why many acidic tropical
soils are dominated by AM rather than NM
plants (Cardoso et al. 2017).

Part of the weakly sorbed P in acidic dunes is
organic

In acidic dunes, at least part of the sorbed P
consisted of organic P, which accounted for at
least 24–26% of total organic P or 16–19% of total
P. This is important for NM plants, which do not
use organic P directly, but can release the phos-
phate ion from labile organic P by exudation of
phosphatase enzymes (Richardson et al. 2009,
G€usewell 2017, Raven et al. 2018). In calcareous
dunes, part of the sorbed P may also have been
organic, but this could not be determined. In any
case, this fraction would probably be more
strongly sorbed than in acidic dunes, due to the
high amount of Fe oxides.

We did not measure different forms of organic
P, but most of it probably consists of inositol

hexakiphosphate, or IHP (Turner et al. 2007).
This is a principal storage form of P in vegetation
and seeds, and consists of cyclic acids, saturated
with up to six phosphate groups. With so many
phosphate groups, IHP is generally strongly
bound to the soil solid phase (McKercher and
Anderson 1989, Celi et al. 2003) and may be
incorporated in high molecular humic substances
or in complexes with Ca, Fe, and Al (Shang et al.
1992, Celi et al. 2003, Prietzel et al. 2016). The
stronger affinity of IHP for Al than for Fe (Shang
et al. 1992) may even explain why most Al was
organic, even in calcareous dunes.
However, IHP is not a suitable P source for

NM plants (P�erez Corona et al. 1996, G€usewell
2017). In G€usewell (2017), Carex spp. showed
high exudation of phosphatases for labile organic
P and grew well on this P source, but not at all
on the more complex IHP. Labile P is probably
present in the sorbed fraction, as this is less
strongly bound than IHP (McKercher and
Anderson 1989). Also, labile organic P is bound
preferentially to Fe rather than Al (Shang et al.
1992), which means that labile organic P is
weakly bound in acidic dunes, due to predomi-
nance of Fe-OM complexes (Gerke 2010, Fink
et al. 2016). As already indicated, this is espe-
cially useful for NM plants, which not only exu-
date carboxylates to release weakly sorbed P
(Lambers et al. 2008, Raven et al. 2018), but also
produce enzymes to disintegrate labile organic P
(G€usewell 2017).
In our study, NM plants indeed showed effi-

cient P uptake in acidic dunes. The NM plant
C. arenaria was clearly P-limited in calcareous
dunes, but its N:P ratios decreased from 22–25
to 15–16 g/g in acidic dunes, which indicates
that P was not a limiting factor any longer
(Olde Venterink et al. 2003). The NM-domi-
nated vascular plant vegetation even showed
N:P ratios of 12–13 g/g, which point to N limi-
tation and excess P. Efficient P uptake by NM
plants in acidic dunes was supported by the
microbial community, which was P-limited in
the presence of plant roots. The microorganisms
showed high total P release during the incuba-
tion experiment, probably due to high availabil-
ity of weakly sorbed labile organic P. However,
in fresh soil, in the presence of plant roots,
microbial N:P ratios were much higher than the
critical value of 3.1 g/g (Cleveland and Liptzin
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2007). Microbial C:P ratios were also high, and
the average values of 77 g/g of the present
study were comparable to the 69 g/g for fresh
acidic dune soil found in earlier research (Kooij-
man et al. 2009).

More colloidal P in acidic dunes
Colloidal P has mainly been studied in stream

waters, because it largely contributes to P trans-
port (Bol et al. 2016), and soils have received less
attention (Missong et al. 2017). However, in con-
trast to less mobile forms of P, colloidal P with
size below 0.5 lm can travel with the water flow.
Fine colloids consist for a large part of organic
matter (Missong et al. 2018) and can be seen as
small Fe-Al-OM complexes, to which P is weakly
sorbed. It is thus not surprising that colloidal P,
as well as the total amount of colloids, was sig-
nificantly higher in acidic than in calcareous
dunes. Also, like weakly sorbed P, colloidal P
consisted partly of organic P (A. Missong, unpub-
lished data), which can be disintegrated by the
phosphatase enzymes exudated by NM plants.
The increase in colloidal P thus further con-
tributes to high P availability in acidic dunes and
was the major explanatory factor for the relative
cover of NM plants.

Changes in soil communities with SOM
The soil community was influenced by SOM

more than by pH. Most microbial and soil animal
groups increased with SOM, in accord with gen-
eral changes in soil communities during succes-
sion (Kaufmann 2001, Frouz et al. 2008, Morri€en
et al. 2017). Soil organic matter may be important
to the soil community because it increases water-
holding capacity, and many soil organisms are
sensitive to drought stress (Verhoef and van Selm
1983, Xu et al. 2012). Drought stress was sup-
ported by the high proportion of drought-toler-
ant Gram-positive bacteria, which was much
higher than in alpine grasslands with a wetter
climate (Fuchslueger et al. 2014).

However, SOM may be especially important
for soil communities because it drives the food
chain. For bacteria and fungi, SOM is a major
food resource, which in turn stimulates bacterial
and fungal feeders, and then omnivores and
predators. The d-separation tests even suggest
that SOM feeds the bacterial channel more than
the fungal channel. Herbivores probably mainly

profit from SOM through the increase in plant
biomass. Network diversity and complexity also
increased with SOM, in accordance with Morri€en
et al. (2017). Also, animal–animal interactions
became more important at higher SOM and the
network clusters with only animals more obvi-
ous. These findings suggest that animal diversity
in the soil is mainly driven by food supply.

Changes in soil communities with pH
Although SOM was more important, the soil

community was also influenced by pH, espe-
cially through the changes in P availability and
plant strategies from calcareous to acidic dunes.
The influence of AM and NM plants probably
even overruled the normal patterns of bacteria-
dominated communities in calcareous soils and
fungi-dominated communities in acidic soils.
Such patterns have been firmly established for
many soil types (Blagodatskaya and Anderson
1998, B�a�ath and Anderson 2003, Mulder et al.
2005, Kooijman et al. 2008, Rousk et al. 2009,
2010), but appeared not valid for coastal dunes
in the Netherlands.
According to expectations, fungi were indeed

less common in calcareous than acidic dunes,
and more stressed, as shown by the higher per-
centage of melanized fungi (Butler and Day
1998). Melanized hyphae are unknown from AM
fungi (Treseder and Lennon 2015) but may pro-
tect saprotrophic and some EcM fungi against,
for example, drought stress. However, fungal
feeders were more abundant in calcareous than
in acidic dunes, probably due to the presence of
AM fungi. This was especially the case for fun-
givorous browsers, which only digest the cell
content, such as the mite Tyrophagus and the
collembole P. callipygos. The latter species was
characterized as fungivorous browser by Jagers
op Akkerhuis et al. (2008), even though it may
use other food than mycorrhizal fungi (Sauer
and Ponge 1988). Also, P. callipygos was clearly
incorporated in the network cluster with AM
plants. Mycorrhizal fungi are probably more
nutritious than saprophytic fungi, which was
supported by the higher microbial nutrient con-
tents in calcareous than in acidic dunes.

Bacterial pathway more important in acidic dunes
In many ecosystems, bacteria are more abun-

dant in calcareous than in acidic soils
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(Blagodatskaya and Anderson 1998, B�a�ath and
Anderson 2003, Mulder et al. 2005, Kooijman
et al. 2008, Rousk et al. 2009, 2010). However, in
our study, bacterial biomass did not differ
between dune zones, and bacterial growth rates
and the amount of bacterial grazers were even
higher in acidic dunes. As a result, bacterial bio-
mass and bacterial grazers negatively correlated
with pH instead of positively, and d-separation
tests suggested that low pH actually increased
the bacterial pathway. The deviating results of
our study may be due to differences in land use.
De Vries et al. (2012) showed that plants have the
potential to influence soil communities through
their belowground inputs, and Drigo et al. (2007)
that AM and NM plants may have different
effects. Our study was conducted in natural
grasslands, with AM plants in calcareous dunes
and NM plants in acidic dunes. In contrast,
Rousk et al. (2009, 2010) used agricultural fields
without natural vegetation, and in the Beech for-
ests of Kooijman et al. (2008, 2016), undergrowth
vegetation was also very sparse. In Mulder et al.
(2005), although natural ecosystems such as
woodlands and heathlands were included, most
plots belonged to agro-ecosystems.

In calcareous dunes, colonization of roots by
AM fungi may lead to lower total sugar output
to the rhizosphere (Jansa et al. 2011). This may
reduce the amount of bacteria, as sugar is an
important bacterial food resource. In contrast, in
acidic dunes, NM plants may have positive
effects on bacteria. Nonmycorrhizal plants gener-
ally exudate small carboxylates such as citrate
and oxalate to mobilize weakly sorbed P (Gerke
2015). However, these organic molecules may
also be decomposed by bacteria (Bruce 1934,
Hajna 1934) and thus form a bacterial carbon
source (Morris and Allen 1994). Nonmycorrhizal
plants also release phosphatase enzymes
(G€usewell 2017), which may serve as bacterial
carbon source as well (Beaman et al. 1988). These
hypotheses need to be further tested, but pre-
dominance of NM plants and associated strate-
gies for P uptake in acidic dunes may thus
strengthen the bacterial pathway. Although pH
effects were partly confounded by SOM, positive
effects of NM plants on bacteria in acidic dunes
were also noted by Drigo et al. (2007).

Bacterial community composition also chan-
ged over the pH gradient, and the proportion of

Gram-positive bacteria was higher in acidic than
in calcareous dunes, in accord with B�a�ath and
Anderson (2003). Gram-positive bacteria are gen-
erally considered to be more drought-tolerant
(Fuchslueger et al. 2014), but drought stress
probably occurs in both calcareous and acidic
dunes. The increase in Gram-positive bacteria
may also reflect an increase of acid-tolerant phyla
such as Actinobacter and Fimicutes (Chodak et al.
2015). However, grazing pressure by protists,
which prefer the smaller Gram-negative bacteria
and were more common in acidic than in calcare-
ous dunes, may have played a role as well (Grif-
fiths et al. 1999, Rønn et al. 2002).

Minor differences in net N mineralization
Although net N mineralization in calcareous

soils is often lower than in acidic soils (Z€ottle
1960, Davy and Taylor 1974, Verhoeven et al.
1990), due to higher microbial N demand and
immobilization (Measures 1975, Kuehn et al.
1998, Moore et al. 2005), differences in N cycling
in our study were remarkably low. Laboratory
incubation experiments should be seen as poten-
tial rather than actual nutrient availability in the
field (Schimel and Bennett 2004). Also, microbial
C both increased and decreased in incubation
experiments, which may have influenced net N
mineralization. In addition, in calcareous dune
samples, net N mineralization was probably
influenced by AM fungi, which were unsup-
ported by plant roots during the incubation per-
iod. Nevertheless, none of the incubation
experiments showed higher microbial N uptake
for calcareous than for acidic dunes. Also, net N
mineralization per unit C respired, a proxy for
microbial N use efficiency and immobilization
(Kooijman et al. 2008, 2016), did not differ
between dune zones in any of the incubation
experiments. This may be due to the shift in soil
communities in response to predominance of
AM and NM plants. In our study, differences in
bacterial and fungal pathways between calcare-
ous and acidic dunes were reduced by AM and
NM plants, which in turn may have reduced dif-
ferences in N cycling between the two dune
zones.

Resilience to high N deposition
In calcareous dunes, resilience to high N depo-

sition is higher than in acidic dunes, as indicated
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by lower rates of grass-encroachment (Remke
et al. 2009a, Kooijman et al. 2017) and higher crit-
ical N loads (Van Dobben and van Hinsberg
2008). Our findings suggest that these differences
in resilience are due to differences in P availabil-
ity and plant strategies, rather than differences in
soil communities and N availability. Calcareous
dunes were not dominated by bacteria, and net
N mineralization was not consistently lower than
in acidic dunes. In fact, N availability to the vege-
tation may even be higher in calcareous than
acidic dunes, due to uptake of N by AM fungi
(Johansen et al. 1994, Wang et al. 2017).

High resilience to N deposition in calcareous
dunes can be explained by low P availability to
the vegetation, due to low solubility of calcium
phosphates in the soil and strong P sorption to
Fe oxides. Both N and P are essential nutrients
(Olde Venterink et al. 2003), and if P is a limiting
factor, extra N may not lead to increased biomass
production. In calcareous dunes, AM plants
increase P uptake with help of AM fungi (Hoek-
sema et al. 2010, Smith and Smith 2011), but
plant biomass probably remains low as long as P
is a limiting factor. Mycorrhizal symbiosis costs a
lot, especially when photosynthesis is limited by
other factors such as soil moisture (Fitter 1991,
Raven et al. 2018). To support the mutualistic
interaction, up to 20% of the photoassimilates in
host plants may flow to mycorrhizal root sys-
tems (Wang et al. 2017). As a result, high mycor-
rhizal infection leads to low relative growth rates
(Koziol and Bever 2015). Mycorrhizal costs for
the host plant may be so high that the relation-
ship becomes parasitic and limits plant biomass
production (Johnson et al. 1997, Wilson et al.
2001, Koziol and Bever 2015), or may restrict for-
mation of flowers (Dixon 2000). In calcareous
dunes, AM plants may also increase resilience to
grass-encroachment with high nutrient contents
in aboveground biomass. The highly nutritious
plants may attract more rabbits, which counter-
act grass-encroachment by grazing.

In acidic dunes, high N deposition may lead to
increased plant biomass production, because P
availability is also high, especially with respect to
weakly sorbed and colloidal P. High N deposition
may even further increase P availability through
increased exudation of phosphatase enzymes for
labile organic P under N-rich conditions
(G€usewell 2017). For NM plants, increased root

exudates, which help with P uptake, would also
cost a lot of carbohydrates (Raven et al. 2018).
Exudation of organic acids may account for 2–3%
of dry root weight (Kirk et al. 1999), although it is
unknown whether such costs are higher than
mycorrhizal costs for AM plants. However, the
dominant NM species C. arenaria is a clonal plant
with high carbohydrate reserves in its rhizomes
(Noble et al. 1979). In areas with low N deposition
along the Baltic Sea, C. arenaria showed N:P ratios
of 7–8 g/g, which points to high P supply, but N-
limited growth conditions (Remke et al. 2009a, b).
In such areas, C. arenaria was present in small
amounts, and the vegetation dominated by
lichens. However, in acidic dunes with high N
deposition, C. arenaria has become a dominant
plant species, which decreased plant diversity in
many NW-European countries (Remke et al.
2009a, b, Kooijman et al. 2017).
Calcareous dunes are thus in better shape than

acidic dunes in terms of plant diversity and con-
servation of natural values, at least as long as pH
values remain high. However, in a temperate cli-
mate, calcareous dunes are sensitive to acidifica-
tion, especially when atmospheric deposition is
also high (Aggenbach et al. 2017). Dissolution of
calcium carbonates may also increase with cli-
mate change, when Dutch dunes receive more
rainfall (IPCC 2014). Acidification is a problem
for AM plants, not only because of dissolution of
calcium phosphates below pH 6.5 (Lindsay and
Moreno 1966, Hinsinger 2001), but also because
of the shift from Fe oxides to Fe-OM complexes,
and the associated increase in plant-available P
around pH 5.5.
In coastal dunes, stimulation of natural dynam-

ics and blowout activity may be a way to increase
the pH through replenishment of the soil with
fresh sand. In calcareous dunes, it should be possi-
ble to keep the pH of the topsoil high enough to
prevent dissolution of calcium phosphates, which
will safeguard the presence of AM plants and
maintain high plant diversity. In acidic dunes, such
high pH values can probably only be reached
inside the blowouts (Aggenbach et al. 2017). How-
ever, in acidic dunes, most calcium phosphates
have probably already dissolved long ago, and it
may be sufficient to increase pH to values above
5.5. At such values, the vegetation probably
already mainly consists of NM plants, but rela-
tively small ones such as the red-list species
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Corynephorus canescens and Teesdalia nudicaulis
(Van der Meijden 2005). Below pH 5.5, availability
of weakly sorbed (organic) P will increase, and the
vegetation becomes dominated by larger and fast-
growing NM plants such as C. arenaria. In that
case, only grazing of the vegetation by cattle or
sheep may help improve plant diversity, and only
if they eat it.

CONCLUDING REMARKS

The aim of this study was to separate the
effects of pH and SOM on plant diversity, nutri-
ent availability, and soil communities in the EU
priority habitat Grey dunes. The results demon-
strate that differences in pH in sandy coastal
dunes of the temperate zone lead to fundamental
changes in plant strategies, from AM plants in
calcareous to NM plants in acidic dunes. This
shift may not be due to pH directly, as AM plants
and fungi occur in acidic soils as well, but to fun-
damental shifts in P nutrition. In calcareous
dunes, P availability was low despite high
amounts of inorganic P, due to low solubility of
calcium phosphates and strong P sorption to Fe
oxides at high pH, which increases mycorrhizal
benefits for AM plants. In acidic dunes, sorbed P
became more important, consisting of both inor-
ganic and organic P, which were mainly weakly
sorbed to Fe-OM complexes. This is more favor-
able for NM plants, which in turn stimulated the
bacterial pathway. For the vegetation, SOM was
mainly important for plant cover and biomass.
For the soil community, SOM was also a main
driver for microbial biomass and numerical
abundance of soil animals, but also determined
diversity and complexity of the food web. Never-
theless, the shift from AM to NM plant strategies
with pH clearly influenced microbial community
composition, and overruled the normal bacterial
and fungal pathways in calcareous and acidic
soil. It should be noted that more research is
needed, but the findings do suggest that P nutri-
tion and associated plant strategies, as well as
their influence on soil communities and N
cycling, are crucial to understand differences
between dune zones in resilience to high N depo-
sition. Phosphorus is usually treated on a sec-
ondary level, but for coastal Grey dunes may be
even more important than C and N.
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