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Nutrient limitation and vegetation changesin a coastal dune slack

Lammerts, E.J.1, Pegtel, D.M .2, Grootjans, A.P.2& van der Veen, A.2

IMinistry of Agriculture, Nature Management and Fisheries, P.O. Box 30032, 9700 RM Groningen, The Netherlands;
Fax +31 50 5992399; E-mail ej.lammerts@Invn.agro.nl; 2Laboratory of Plant Ecology, University of Groningen, P.O.
Box 14, 9750 AA Haren, The Netherlands; Fax +31 50 3632273

Abstract. Basiphilous pioneer species are among the most
endangered plant speciesin The Netherlands. They find most
of their refugesin young coastal dune slacks, especially onthe
Wadden Seaidands. For the purpose of naturemanagementitis
important to know which processes control the presence of
basi philous pioneer communities, and to learn about the nature
of dacks harbouring the concerning successional sequences.

Inalargedunedack ontheldand of Terschelling, weassessed
soil nutrient status and tested for nutrient limitation in four
chronosequentia stages: 2, 6, 37 and ca. 80 yr of age. Stage 2
harboured a basiphilous pioneer vegetation; inthestages3and 4 a
densevegetation of dwarf shrubsand grassesoccurred. Soil organic
matter and nutrient concentrations in each stage were measured
in 1991. In 1992 and 1993 fertilizers were applied to al stagesto
detect nutrient limitation. Rates of accumulation of organic
matter, nutrients and above-ground biomass were estimated.

When interpreted as successional stages, the different
stages represent asequence as expected on the basis of general
successional theory. There was a peak in yearly nutrient ac-
cumulation between the 6- and 37-yr old stage and a steady
state after ca. 80 yr. Between the first two and the latter two
stages a shift occurred from allogenic to autogenic succession
which correlated with a shift in emphasis from available
nutrients to light availability as limiting resources.

Basiphilous pioneer species suffered only deficiency of
nitrogen, probably because of their low phosphorus require-
ments. Itisconcluded that in duneslack habitats, in addition to
alow nutrient availability in general, avery low phosphorus
availability favours basiphilous pioneer species to species
showing co-limitation of nitrogen and phosphorusasfoundin
some grasses and dwarf shrubs. A comparison between the
effects of lime addition and the effects of nitrogen and phos-
phorus additions suggests that, in the early stages, soil buf-
fering increases the availability of nitrogen and inhibits the
availahility of phosphorus.

Sod cutting is an effective technique for restoring basi phi-
lous pioneer vegetation, when slacks are acidified only super-
ficially and buffering-mechanisms can be reactivated. Y early
mowing and removing of standing crop may prolong the life-
span of basi philous pioneer vegetation, when soil acidification
has not yet dropped below pH 6.

Keywords: Acidification; Chronosequence; Nitrogen; Phos-
phorus; Schoenus nigricans.

Nomenclature: Phanerogams: van der Meijden (1990);
Syntaxa: Schaminée et al. (1995).

Introduction

Many basiphilous pioneer species of hydroseres are
endangered in The Netherlands and have become ‘ Red
list’ species. Most of their non-coastal habitats, such as
fensand lowland brook valleys, have disappeared or are
seriously degraded (Grootjans et al. 1988; van Wirdum
1991). In Dutch coastal areas, however, basiphilous
pioneer communities with species such as Dactylorhiza
incarnata, Epipactispalustris, Liparisloesdlii, Littorella
uniflora, Parnassia palustris and Schoenus nigricans,
arestill frequent, though declining, on almost bare sandy
beach plainsor blown-out cal careous dacks (van der Laan
1979; van Dijk & Grootjans 1993; Lammertset al. 1995).
Many of them are regional endemics (van der Maarel &
van der Maarel-Verduys 1996). For the purposes of the
conservation of rare species it is important to acquire
knowledge of the environmentd factors determining the
rise and decline of these pioneer communities.

The basiphilous pioneer species build up typical
basi philous pioneer communities, such as the Samolo-
Littorelletum, the Centaurio-Saginetum and the Junco
baltici-Schoenetum nigricantis. They are, of course,
rare as well and belong to the rarity category R5 (1zco
1998), i.e. with a small geographical range, low fre-
guency of occurrence and relatively large local stands.
They requireahigh pH (>6.0) and alow nutrient avail abi-
lity (e.g. Schat 1982; Rozema et a. 1985; Jones &
Etherington 1992; Lammertset al. 1995; van Beckhoven
1995; Ernst et a. 1996; Grootjans et a. 1996; Sival
1996). According to Tilman (1988), early successional
species are comptitively superior under conditions of
high light and low availability of some soil resources
(e.g.N), while late successional species can be charac-
terized by the opposite conditions. In the dune slack
Koegelwieck on the Dutch Wadden Sea island of
Terschelling (Fig. 1) different stages of vegetation de-
velopment are present at the same time. They result
from sod cutting experiments having been executed
during the last ca. 40 yr for the purpose of periodically
regenerating pioneer stages. We compared the differ-
ences between these stagesin ecosystem production and
vegetation with some general features of succession
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(Vitousek & Walker 1987; Chapin 1993) to identify the
phase in dune slack succession in which basiphilous
communities occur.

Furthermore, regarding the specific basi philouschar-
acter of dune dlack habitats, we hypothesized that pH-
dependent mechanisms (Rozema et al. 1985; Jones &
Etherington 1992; Stuyfzand 1994; Ernst et al. 1996;
Sival 1997; Lammertset al. 1998) maintain alow nutri-
ent availability by fixation of phosphates (Rorison 1960z;
Clymo 1962; Etherington 1982). Low phosphorus re-
quirements of Carex flacca (Willis 1963) and Schoenus
nigricans (Ernst 1991) support this hypothesis. So does
the observation that on late successiona dune slack
sites, where pioneer specieshave disappeared (Lammerts
et al. 1995; Sival 1996), alarge proportion of phospho-
rus (ca. 70%) is organically bound. In this state its
availability is considerably higher than on minera soil,
especialy under anaerobic and acid conditions (Patrick
& Khalid 1974). However, in most studies on nutrient
limitation in dune slacks a primary N- and a secondary
P-limitation is reported (Willis 1963; Dougherty et al.
1990; OIff et a. 1993; Lammerts & Grootjans 1997),
probably becausethe general focusison only oneor two
successional stages, neglecting the very early pioneer
stages. We assume that the decline of basiphilous spe-
ciesinthe course of duneslack succession, starting with

Fig. 1. The study site. The
years of sod-cutting and the
location of the fertilization
experiments (A) are indi-
cated.

a rapid accumulation of organic matter (persona ob-
servations in many dune slacks), is related to a shift
from P- to N-limitation, at least to a decreasing P-
limitation. This favours rapidly growing species which
are efficient in capturing nutrientsin the organic matter
(cf. Odum 1969; Vitousek & Reiners 1975).

To specify the successional phase which harbours
basiphilous pioneer vegetation and to test the hypoth-
eses mentioned above, our investigationsin the K oegel-
wieck focused on vegetation changes in relation to
changes in buffering and nutrient status of the soil.
Besides assessing the vegetation and site factors values,
we carried out fertilization experiments in each of the
stages. Nitrogen, phosphorus and potassium were added,
both separately and in different combinations. Responses
in above-ground biomass of total vegetation and species
(groups) wererecorded. Positiveresponsesindicatewhich
nutrients, through their shortage under natural conditions,
hamper a rapid vegetation succession and thus give a
competitive advantage to low-production pioneer spe-
cies. In some plots CaCO, was added to introduce or
reinforce buffering-mechanisms in a dune slack ecosys-
tem. Theresults of these treatments, which are compared
with the effects of nutrient additions, were expected to
show the role of buffering mechanismsin controlling the
nutrient status during dune slack succession.



- Nutrient limitation and vegetation changesin a coastal dune slack - 113

Methods
The study area

The Koegelwieck is a large secondary dune slack
(ca. 50 ha) on the Wadden Sea Island of Terschelling
(53° 24' N, 5°20' E). It was formed as a blowout
between 1825 and 1865 (van Dieren 1934). Sea water
intrusions occurred up to about 1915. From then on-
wards the northern dune ridge has been carefully man-
aged. Then, plant species of relatively fresh (ground-)
water conditions colonized the mineral dune soil and
vegetation succession began. Large-scale sod cutting
experiments (covering areas of 0.5-20 ha) were carried
out in 1956, 1959, 1986 and 1990. Fertilization experi-
mentswere performed in 1992 and 1993 in the cut areas
aswell asin an uncut area. The experimental siteswere
at least 100m apart. Factorsother than vegetation devel -
opment, i.e. elevation, pedogenesis, distance from the
coastline (in relation to salt deposition), and accessibil-
ity for grazing, were very similar.

Nutrient limitation wasinvestigated in four chronose-
guential stages, where ca. 80, 37, 6 and 2 yr of vegeta-
tion development had taken place. Since about 80 yr
ago, a relatively well-developed basiphilous pioneer
vegetation has continuously been present somewherein
the slack (Westhoff 1947; Mérzer Bruijns 1951; State
Forestry Service, unpublished data). Nowadays many of
the basi philous pioneer species are still well distributed
over the area, though in small numbers.

Vegetation

The vegetation was recorded in plots of 2mx2m
using the decimal cover-abundance scale of Londo
(1976). The datawere transformed to percentage cover.
Each seral stage was recorded in duplicate or triplicate.

Soil analysis

Soil sampling occurred in 1991 in triplicate close to
the experimental sites. Samples were taken from the
litter layer, the organic layer and the upper mineral
layer. No organic layer was present in the 2-yr old stage,
sotheupper 5cm andthe 10 - 15 cmlayer weresampled.
The sampleswere analysed for pH-KCl (1 volumefresh
soil with 5volumes1 mol/l KCI), organic matter content
(ignition at 500°C), CaCO,-content (extraction for 2 h
with 0.1n HCI), total nitrogen (digestion with phenol-
H,SO, + Se and colorometric analysis of NH, using
endophenol blue with salicylate), soluble phosphates
and total phosphorus (respectively colorometric analy-
sis of PO,*- using anmonium molybdate after mixing
with water for 22 h and digestion with H,SO, + HNO,)

and total potassium (using a flame atomic adsorption
spectrometer, AAS). Bulk density was determined by
weighing 100 cc. dry soil samples.

Fertilization experiments

Nitrogen, phosphorus and potassium were added to
the experimental sites in different combinations. Slow
releasefertilizer granules (brand * Osmocote’) were used;
they release nutrientsin the course of 4-6 months: urea (39
% wiw N), calcium biphosphate (17% wiw P) and potes-
sium sulphate (37% wiw K). Quantitiesof 16 g/m? N, 16 ¢/
m2P and 16 g/m?K were used. Liming was done by
adding 300 g/m?CaCO,.

The experimental design involved 10 treatments: N,
P, K, NP, NK, PK, NPK, CaCO,, CaCO,+NPK and C
(= Contral, i.e. no addition of any nutrient). The ferti-
lizer was added at the start of the growing seasons (the
beginning of May) in 1992 and 1993. The experimental
sitesin each of the four successional stages consisted of
plots of 1mx1.5 m with five replicates for each treat-
ment. All plots were arranged in a randomized block
design. Strips of 0.5m were left untreated between the
plotsto prevent interactions. At the end of the growing
season (September) the total above-ground standing
crop was harvested from each plot, each year in a
different strip of 0.2mx1m. In 1992 the fertilization
experiment on the 37-yr sites was disturbed by the
picking of cranberry (Vaccinium macrocarpos) just be-
fore harvesting had been planned. In 1993 the 2-yr plots
could not be harvested because the experimental site
wasinundated. After drying for at least 48h at 70°C, the
biomass of each species (group) was weighed. In 1993
only total biomass was weighed in the fertilization ex-
periment in the 6-yr old stage.

Data analysis

All meansreported for soil factorsand above-ground
biomass are based on untransformed data.

Univariate one-way analyses of variance, using the
Tukey multiple comparison test, were applied to detect
differences in soil factors between sample sites and to
test differences in natural above-ground biomass be-
tween successional stages.

Overall effects of nutrients and lime additions were
tested per successional stage in two different designs. a
nutrient-design, concerning the addition of nitrogen, phos-
phorus and potassium, separately and in all possible
combinations, and alime design, concerning the addi-
tion of CaCO, with and without a full nutritional
supply of NPK. The effects on above-ground biomass
were tested with three- and two-factor univariate



114 Lammerts, E.J. et a.

analyses of variance (ANOVA). The effectson all spe-
ciespresent, considered simultaneously, were compared
with three- and two-factor multivariate analyses of va-
riance (MANOVA) using Pillai’s multivariate test. A
multivariate analysis was only executed when the re-
sponses of individual species were interdependent (tes-
ted with the Bartlett test of sphericity at a significance
level of 0.05). Significant main effects of the additions
of nutrients or lime, according to the multivariate ana
lyses, indicate shiftsin proportional biomass of the spe-
cies present. Univariate tests for each species separately,
with and without taking all other speciesascovariates(on
thebasisof apreceding covarianceanaysis), show which
speciesis (are) responsible for these shifts.

Results
Vegetation

Vegetation in the 2-yr old stage was sparse (Table 1).
The cover of ca 25% was mainly built up by Juncus
species.

In the 6-yr old stage, Schoenus nigricans was the
dominant species. Total cover was ca. 60-70%. Many
species had colonized the area, among which were
several small Littorellion species. Except for S nigri-
cans itself, few species of the plant community Junco
baltici-Schoenetumnigricantiswere presentintheherb
layer. Several characteristic moss species, however, did
occur in the vegetation, e.g. Campylium stellatum and
Drepanocladus aduncus.

Inthe37-yr old stage S. nigricansand other basiphilous
pioneer species, themossesincluded, had amost completely
dissppeared. Dwarf shrubs, mainly Oxycoccus macrocar -
pos, Erica tetralix and Salix repens, dominated this stage.
These gpecies produce athick litter layer.

In the ca. 80-yr old stage Calamagrostis epigejos
had formed a tall layer above the dwarf shrubs. Erica
tetralix had disappeared, but dense Salix repens vegeta
tionwasstill present below the C. epigejoslayer. Oxycoc-
cus macrocarpos appeared to languish in these circum-
stances, though this species still was very vigorous in
someother sitesinthe dack. Thisstagewas characterized
by tall vegetation with avery small number of species.

Soil

Themineral soil inall successional stageswasdecal-
cified (Table 2). Below the ol dest two stages (37 and ca.
80 yr) the pH-KCL values in the mineral layers were
accordingly low (4.7-4.9). In the litter and the organic
top layer of these stages (containing ca. 70% and ca. 20
% organic matter, respectively) some carbonate (not

Table 1. Floristic composition of the vegetation on experi-
mental sites. Analyses were made in 1992 with the decimal
scale of Londo (1976); data are transformed to mean % cover.

Age 2yr 6yr 37yr c.80yr
No. of analyses (n) 3 2 2 2

Juncus alpinoarticulatus 1
Juncus articulatus
Samolus valerandi

9
9
1
Carex oederi 1
1
1
1

(4]

Potentilla anserina

Hydrocotyle vulgaris

Mentha aquatica

Salix repens 1
Glaux maritima 0.7
Taraxacum officinale 0.7
Ranunculus flammula 0.7
Agrostis stolonifera 0.7
Lythrum salicaria 0.3
Trifolium pratense 0.3
Schoenus nigricans 2
Centaurium littorale

Sagina procumbens

Carex flacca

Hippophae rhamnoides
Ranunculus repens

Galium palustre

Ophioglossum vulgatum
Calamagrostis epigejos

Littorella uniflora 05

Radiola linoides 0.5

Linum catharticum 05

Equisetum palustre 0.5

Dactylorhiza incarnata 0.5

Agrostis canina 0.5

Leontodon hispidus 0.5

Plantago major 0.5

Carex arenaria 05 0.5
Prunella vulgaris 0.5

Carex panicea 0.5

Empetrum nigrum 0.5

Carextrinervis 05 1 05
Oxycoccus macrocarpos 0.5 75 65
Ericatetralix 15
Lotus corniculatus 3
Epipactis palustris 1
Phragmites australis 1
Potentilla erecta 0.5
Rhinanthus minor 0.5
Trifolium repens 0.5

AR WRRPRORLRN

[
=
o

w w
IN

0.5

0.5

PRRPRPRPRPRPRPPRO

Moss layer 15 0.5
Total cover 25 65 >95 >05

necessarily calcium carbonate) was detected. The pH-
valuesinthelitter layer (to amaximum depth of 1 cm) of
the oldest stages reached values up to somewhere bet-
ween 5.7 and 5.9 and declined again to 4.5-4.7 in the
organic layer immediately below thelitter. Inthe min-
eral top layer of the 2-yr old stage the pH reached
neutral valuesaround 7.0. The underlying mineral layer
(at adepth of 10-15 cm) showed apH of 5.2, closeto the
valuesfoundinthemineral layersbelow theoldest stages,
though probably having increased somewhat after sod-
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Table 2. Soil characteristics of experimental sites. Thefollowing soil layersare distinguished : O =litter layer; A =the humic layer;
C = minerd layer below A; C* = as C, but at the surface (one year after sod cutting). The values are means of samples taken in
triplicatein 1991. Significance levelsfor the differencesin mean values between the different stages and soil layersare given by the
charactersin superscript; mean valueswithout superscript character in common differ significantly (p <0.05) according to the Tukey

multiple comparison test.

Stage Layer Depth pH-KCl Organic N-total P-H,O P-total K-total CaCO,
(cm) metter (%) (%) (Mg/100g) (mMg/100g) (mMg/100g) (%)
2-yr Cc* 0-5 7.0¢e 0.5a 0.012 0.042 4.92 6.52 <01 2
2-yr C 10-15 5.2 0.52 0.022 <01 2
6-yr A 0-2 6.4 % 7.3% 0.18" 0.612 17.6° 812 <01 2
6-yr C 10-15 6.9¢ 0.32 0.002 <012
37-yr O 0-0.5 5.9 74.24 0.91¢ 66.5¢ 50.4 b 0.22
37-yr A 0.5-7 452 19.6¢ 0.32¢ 6.01° 25.2b 1762 0.12
37-yr C 10-15 49%® 0.52 0.002 <01 2
80-yr O 0-1 57¢ 7174 0.99¢ 75.7¢ 5750b 042
80-yr A 1-10 4.7%® 18.2b¢ 0.24 3.06% 27.1° 1472 0.22
80-yr C 15-20 4.7 0.62 0.022 <01 2

cutting. In the 6-yr old stage in this same layer the pH
had increased further to 6.9. The 2 cm organic top layer
in this stage (containing ca. 7% organic matter) showed
adecreasein pH to 6.4. This decrease may continue till
the pH reaches values as measured in the organic layers
of the oldest stages.

Organic matter content and nitrogen, phosphorus
and potassium concentrations in the top layers of the
different stages showed similar patterns (Table 2). The
2-yr old stage gave the lowest figures, the 6-yr old stage
showed intermediate values and high concentrations
were found in the organic and the litter layers of the
oldest stages. Especially the amount of soluble phos-
phateswas significantly larger in the third stage thanin
the previous stages. Hardly any nitrogen could be detec-
ted in the mineral subsoil.

Fertilization experiments in four successional stages

A general picture

A univariate analysis of variance indicated signifi-
cant differencesin total above-ground biomassin Con-
trol plots between the younger two stages (ca. 50 and
150 g/m2 in respectively the 2- and 6-yr old stage, cf.
Table 3) and each of the elder two stages (ca. 1500 g/m?
in the 37-yr old stage and ca. 800 g/m? in the ca. 80-yr
old stage). The difference between the latter two was
also significant. For the 6- and ca. 80-yr old stages, all
experimental resultsin 1992 and 1993 werevery similar
(Tables 3, 4 and 5).

The effects of nutrient addition

In the 2-yr old stage, main effects of nitrogen and
phosphorus addition on biomass production were clear
(Table 4). The dominant species Juncus alpinoarticulatus
increased by separate addition of both nitrogen and phos-

phorus (Tables 3 and 4). Phosphorus addition caused an
increase in biomass of the small group of ‘other’ species,
i.e. al species which could not be distinguished in the
biomass analysis (cf. Tables 1 and 3). The combined
addition of N and P gave a higher yield of Juncus
alpinoarticulatus biomass only up to the level which
may be expected from the effects of the separate supplies.
the NxP interaction was not significant (Table 4).

In the 6-yr old stage, total biomass increased after
nitrogen addition, while no effect of phosphorus addi-
tion on total biomass was found (Table 4). However,
phosphorus addition, alone and when combined with
nitrogen addition, led to shifts in the proportional bio-
mass of species (Table 4). The positive effects of phos-
phorus addition on Calamagrostis epigejos, Salix re-
pens and Agrostis stolonifera were mainly responsible
for theseresults(Tables3 and 4). Theaddition of nitrogen
alone led to hiomass increases of Juncus alpinoarticula-
tus, Calamagrostis epigejos, Oxycoccus macrocarpos,
some Carex spp. and the group of other species (many
basi philous pioneer species, cf. Table 1).

In the 37-yr old stage a main effect of nitrogen
addition on total biomass and on C. epiggos and O.
macrocar pos biomasswasdetected. Theaddition of phos-
phorus alone caused alarger biomass production of other
species(Tables3and4). Themultivariateanal ysesshowed
that responses of individua species did not lead to sig-
nificant shiftsin proportional biomass (Table 4).

In the ca. 80-yr old stage, nitrogen addition in-
creased total biomass production only in 1992, In 1992
and 1993, however, nitrogen addition caused changes
in the proportional biomass of occurring species.
This response was caused by positive effects on C.
epigejos and, in 1992, on Carex species (here C.
trinervis, see Table 1). Carex trinervis also increased
with the addition of phosphorus, especially when ap-
plied together with nitrogen.
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Table 3. Biomass of the vegetation and constituent species (g/m?) in al stages after performing the experimentsin 1992 and 1993.
Mean values and population standard deviations of five replicates are given. The treatment ‘lime' represents CaCO,-addition, the
treatment ‘lime*’ represents the combined addition of CaCO; and NPK. A.sto. = Agrostis stolonifera; C.ep. = Calamagrostis
epigejos;, C.sp. = Carex species; E.tet. = Erica tetralix; J.ap. = Juncus alpinoarticulatus; Jart. = Juncus articulatus, O.m. =
Oxycoccus macrocarpos; S.nig. = Schoenus nigricans; S.rep. = Salix repens.

2-yr (1992) Jart. sd. Jalp. sd. Other sd. Totad sd.
Cc 220 199 293 191 26 23 539 179

N 106 183 1016 919 31 29 1153 1026
P 144 245 1039 591 81 112 1264 671
K 64 67 363 201 13 09 440 210
NP 314 545 1514 1428 242 315 2069 1384
NK 11,2 127 85 767 39 20 1015 710
PK 79 53 84,1 477 186 244 1106 70,0
NPK 36,2 333 3000 177,7 20,7 250 3569 1941
Lime 164 164 651 436 13,7 181 951 474
Lime* 189 233 1458 721 408 324 2054 570

6-yr (1992) Jap. sd. Snigg sd Cep. sd Om. sd Srep. sd Csp. sd Asto. sd Other sd Tota sd.
c 95 67 98 98 37 42 04 07 100 180 44 31 67 47 155 73 1469 1183

N 404 216 91,7 1035 147 21,9 49 67 252 133 349 274 174 121 783 252 3074 780
P 297 175 142 119 176 144 69 93 218 194 38 09 30 42 242 228 1210 736
K 287 105 936 82 58 56 00 00 184 250 33 29 52 56 96 78 1645 1191
NP 403 98 741 766 579 9,2 42 54 516 466 182 140 688 459 598 348 3748 106,2
NK 249 133 80,7 801 257 270 107 221 78 64 348 309 110 115 520 465 2476 1433
PK 266 115 397 387 48 38 32 36 743 665 94 178 65 77 470 338 2116 1266
NPK 358 155 1509 1208 781 1087 O1 02 96 145 133 136 951 998 586 24,0 4415 1545
Lime 158 68 293 295 125 179 140 204 1386 1551 199 216 57 58 743 729 3101 2511
Lime* 175 46 957 1223 146 170 37 33 573 427 108 25 342 272 2002 1761 4342 1448
6-yr (1993) Tota  sd.
c 131,1 1499
N 381,0 161,7
P 240 94
K 700 892
NP 2356 120,0
NK 178,6 101,5
PK 408 29,3
NPK 217,3 109,5
Lime 836 524
Lime* 317,8 104,5

37-yr (1993) C.ep. sd. Om. sd. Srep. sd Etet. sd Other sd Tota sd.
c 764 530 9491 2668 552 325 2757 1542 814 13314378 2909

N 2037 788 8716 1153 30,7 173 1065 786 536 35912660 823
P 2042 3431 6968 2839 490 460 167,1 1214 1184 104512355 2473
K 615 10,9 9930 1269 425 134 1452 889 487 23312909 1266
NP 1379 728 9338 2853 654 292 1832 1956 151,1 71814715 190,3
NK 1506 159 9763 259,7 59,9 14,6 3111 2608 1108 32,81608,7 166,9
PK 388 194 6113 2291 476 250 379,7 1306 80,7 48011582 1865
NPK 1380 49510419 2918 636 279 2038 2268 1322 71015795 1753
Lime 1250 1591 717,7 1427 716 384 2146 2341 594 16711882 189,2
Lime* 1241 445 8206 1249 739 649 806 1612 604 27011596 1214

80-yr (1992) Cep. sd. Om. sd Srep. sd Csp. sd Other sd. Tota sd.
Cc 156,1 37,6 2336 111,7 2699 1767 494 336 836 369 7927 2548

N 2250 93,0 2398 150,1 2146 339 293 302 843 484 7930 2237
P 1030 36,2 2910 2074 2793 1223 481 434 748 92 7962 510
K 187,3 106,2 1858 121,1 320,8 1495 444 300 641 265 8024 2000
NP 297,7 916 3482 1108 1913 1063 632 478 936 59,0 9939 1330
NK 337,3 1019 2585 1822 3298 2024 21,1 157 952 46210419 2316
PK 1275 675 1809 34,8 2956 1504 188 183 572 9,6 6800 1603
NPK 2546 100,2 230,7 1369 3672 1851 1353 831 959 38910836 1696
Lime 1504 72,3 3254 1232 4395 1926 46,6 431 727 38910345 2118
Lime* 2477 878 3368 994 2735 1071 512 331 886 61,7 9977 839

80-yr (1993) Cep. sd. Om. sd Srep. sd Othe sd Totd sd.
Cc 1295 196 3089 132,7 2446 569 117,5 111,2 8005 240,0

N 3140 1270 2884 177,0 1814 244 1467 615 930,6 1750
P 106,8 615 3141 3130 286,6 1608 1251 943 8326 3774
K 1445 70,7 1893 1464 267,0 1938 151,7 201,7 7526 3477
NP 300,1 659 2937 1484 2159 1756 1546 442 9643 523
NK 3458 1214 2384 1372 2600 1614 1435 925 9877 1771
PK 1141 36,6 2866 154,5 469,2 257,3 121,0 109,8 990,8 336,1
NPK 3017 86,0 1564 1420 3710 2410 1082 19,1 9373 3013
Lime 1506 92,5 3401 176,1 419,2 4150 1375 44,41047,4 3919

Lime* 2365 728 2936 1133 1549 631 1052 380 7902 2220
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Table 4. Test results for the effects of nutrient addition. The significances of the main effects on total and species biomass of the
addition of each nutrient and of their interactions are given as an outcome of the application of a3-way ANOVA. Symbolsin bracket
point to cases where results for aspecies are only significant if al other species are taken as covariates. The significance of changes
in vegetation composition results from applying a 3-way MANOVA on the effects of nutrient addition on all species (groups)
simultaneously. Test results are given as - =not significant; * =p <0.05; ** =p <0.01; *** =p <0.001.

2 yr- stage 6 yr-stage

37 yr-stage ca. 80-yr stage

N P K NxP NxK PxK NxPxK N P K NxP NxK PxK NxPxK N P K NxP NxK PxK NxPxK N P K NxP NxK PxK NxPxK

Results 1992
Total biomass *k k% _ L . _ . P

Vegetation composition *EOKK L L L L L RRk kR L kK

Juncus articulatus L

Juncus alpinoarticulatus ~ ** ** - - - - . *
Schoenus nigricans
Calamagrostis epigejos
Oxycoccus macrocar pos
Salix repens I

Carex spec. kL
Agrostis stolonifera **k kL

Other species T, xxx

Results 1993

Total biomass xxE
Vegetation composition

Calamagrostis epigejos

Oxycoccus macrocar pos

Salix repens

Ericatetralix

Other species

(*;*)(*_*) : (*_*) :
¢ - -

Kk K *
*)
*kk
(*) * *k
*k * -
*kk
(*) *kk

The effects of lime addition

In the 2-yr old stage the addition of only limehad no
effect on biomass production (Table 5). Anincreasein
biomass of Juncusal pinoarticulatusoccurred after joint
addition of lime and NPK, but this increase was much
larger after addition of only NPK (Table 3). A
multivariate analysis was not carried out here, because,

according to Bartlett test of sphericity, the effectsonthe
vegetation components were not interdependent.
Inthe6-yr old stage, theaddition of limedid not cause
a change in total biomass production (Table 5). The
relative biomass of composing species was influenced
by the separate additions of [ime and NPK aswell as by
their interaction, when added together (Table5). Juncus
alpinoarticulatus and Calamagrostis epigejos biomass

Table5. Test resultsfor the effects of lime addition. The main effects of the addition of lime and nutrients (acomplete gift of N, Pand K)
were considered by comparing control plots with plots where CaCO,, NPK and CaCO, +NPK were added. For further exp lanations see

Table 4 (here a2-way ANOVA and a2-way MANOVA were used).

2-yr stage 6-yr stage

37-yr stage 80-yr stage

NxPxK  Lime NPK x NPK  Lime NPK x NPK  Lime NPK x NPK  Lime NPK x

Lime

Lime Lime Lime

Results 1992

Total biomass *kk R R *
V egetation composition i
Juncus articulatus - -

Juncus alpinoarticulatus ** - * *%
Schoenus nigricans

Calamagrostis epigejos

Oxycoccus macrocar pos

Salix repens

Carex species _
Agrostis stolonifera *
Other species * - -

Results 1993

Total biomass *
V egetation composition

Calamagrostis epigejos

Oxycoccus macrocar pos

Salix repens

Ericatetralix

Other species

(*-* ) (*-* ) (*-*) *

*k

*

*k
*k
*k

**)
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Table6. Yearly increasein organic matter and macronutrients
in the soil compartment and of above-ground biomass in the
periods between the chronosequential stages. All data are
expressed in g/m2/yr.

Period 2-6yr 6-37yr 37-80yr
Organic matter 256 271 99
N-total 6.56 397 0.67
P-total -0.11 0.29 0.19
K-total -0.87 0.23 0.06
Biomass 23 42 -15

increased after both lime addition and NPK addition
(Tables 3 and 5). When added up, the biomass of these
species did increase less than expected on the basis of
the separate additions (Table 3), thus indicating a sig-
nificant interaction between both treatments in relation
to these species (Table 5). Salix repens and the group of
other species produced significantly more biomass after
lime addition (Tables 3 and 5).

In the 37-yr old stage, lime addition significantly
reduced total biomass production (Tables 3 and 5), espe-
cially of Oxycoccus macrocarpos, the dominant species,
and of the group of other species (Table 5). No
multivariate anaysis was carried out here because of the
lack of interdependence between species.

Intheca 80-yr old stage, addition of CaCO, showed
no significant effectson total biomass or on the biomass
of individual species (Table5).

Changes in soil organic matter, nutrient pools and
biomass production

The chronosequence in the Koegelwieck showed a
coherent set of directional changes in the soil com-
partment (Fig. 2). Accumulation of organic matter clearly
coincided with increasing poolsof nitrogen, phosphorus
and potassium, probably causing the simultaneous in-
creases in above-ground biomass, at least until the third
stage. However, organic matter and nutrient pools did
not accumulate synchronoudly. Table 6 shows that the
organic matter content of the top layer increased at
about the same average speed between the 2- and 6-yr
old stage asbetween the 6- and 37-yr old stage; accumu-
lation slowed down between the 37- and ca. 80-yr old
stage. The average rate of increase of the nitrogen pool
was largest until the 6-yr old stage, declining sharply
after the 37-yr old stage. Phosphorus and potassium
started to accumulate well after the 6-yr old stage; the
average growth speedsof their poolsslowed down again
after the 37-yr old stage. Theaverage net yearly producti-
on of above-ground biomass was largest between the 6-
and 37-yr old stage but was negative after the 37-yr old
stage.

Discussion

The Koegelwieck sod-cutting experiments can only
beinterpreted as successional phasesif they have expe-
rienced largely similar abiotic conditionsin the pioneer
phase and similar environmental influences during their
further development. All cut areas are located at about
the samedistance from the coastline and adjacent dunes.
Their atitude and mineral soil conditionsare very simi-
lar. Their histories, of course, are somewhat different
because the devel opment of each stage covers different
periods of the 20th century. In the whole of the last
century the area was rather stable, geomorphologically
and otherwise. Only nitrogen availability may have
been smaller in the earlier cut stages than in the latter
ones due to an increasing atmospheric deposition of
nitrogen compounds. We assume that this effect led to
only small differences in successional speed, because
atmospheric deposition is still relatively small compa-
red to the mainland (Sival 1997). Therefore we con-
clude that the chronosequence represents ca. 80 yr of
succession.

Oxycoccus macrocar pos, being dominantly present
in the older stages, is a neophytic species, unintention-
aly introduced on the island of Terschelling around
1840 (Van Dieren 1934). It nowadays establishes and
spreads spontaneously throughout dune slacks on the
Islands of Terschelling and Vlieland. Therefore we con-
sider the species as a natural element in this century’s
dune slack succession.

Ecosystem succession and vegetation change

Successional change in ecosystem production in the
Koegelwieck seems to fit the general scheme of Vitou-
sek & Reiners (1975) describing the relation between
nutrient retention and ecosystem succession: a normal
curve skewed with a peak in the early stages. A com-
plete picture for the Koegelwieck is not available be-
cause of the lack of data on below-ground biomass and
plant tissue nutrient concentrations. However, the avai-
|able data on net above-ground biomass production and
onthe devel opment of soil nutrient pools(Table6) show
afast increasing net ecosystem production in the begin-
ning, peaking between the 6- and 37-yr old stage, and
gradually decreasing until asteady stateisreachedinthe
oldest stage (cf. Gorham et a. 1979). Basiphilous pio-
neer vegetation only occurs in the early two stages of
increasing net ecosystem production and has disappea-
red before net ecosystem production has reached its
peak. The actual organic matter content of the soil was
low and nutrient pools were small in the early two
stages, increasing rel atively fast between the second and
third phase (Fig. 2).
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Fig. 2. Changesin soilsin the Koegelwieck chronosequence.
O.M. = organic matter; N, = total nitrogen content; P, =
total phosphorus content; K, = total potassium content. pH is
measured in the organic top layer. The pH-value in the 2-yr
stage, marked by an asterisk, isin fact measured in amineral
soil sample because no organic matter was present yet.

The fertilization experiments indicated that both ni-
trogen and phosphorus limit biomass production in the
first two stages. In the latter two stages P-limitation
playsonly aminor role. N-addition till led to increasing
biomass production. Simultaneousvegetation changewas
characterized by areplacement of annuals, rosette plants
and low productive perennias (Schoenusnigricansand a
few small Carex and Juncus species) by dwarf shrubs as
Oxycoccus macrocarpos and Erica tetralix and/or high
productive grasses as Calamagrostis epigejos. The spe-
cies from the first two phases, compared to the species
of the older phases, have physiological traits advanta-
geous in early primary succession, such as small seeds
and a high relative growth rate by investing in pro-
ductive tissue (Chapin 1993). The species of the older
stages mainly invest in supportive, non-productive tis-
suelifting their photosynthetically active partstothetop
layer of the vegetation. This change in physiological
traits represents a shift from allogenic to autogenic
succession, i.e. from succession controlled mainly by
environmental factors (e.g. soil nutrient status) to suc-
cession mainly controlled by vegetation processes as
competition and facilitation (van Andel et al. 1993).

401 +N/lime +P
-lime

other

1001 N
-lime

Oxm

% cover

T T T
2-yr 6-yr 37-yr c.80-yr

Fig. 3. Abundance changes of plant species (groups) in the
K oegelwieck chronosequence. Cae= Calamagrostisepigej os;
Jal = Juncusal pinoarticulatus; Scn = Schoenusnigricans; Ags
= Agrostis stolonifera; Crx = Carex spp; Sar = Salix repens;
Oxm = Oxycoccus macrocarpos; other species, see Table 1.
Significant changes (p <0.05) in productivity, caused by the
fertilization experiments, are denoted above or below the
graphs by + (biomass increase) or — (biomass decrease)
followed by the mineralsinvolved (interactions not indicated).

This shift is correlated with a shift in limiting resources
from nutrients to light as may be expected in the course
of successional change (Tilman 1988, 1990).

The nature of the dune slack environment

The specific dune slack conditions determining the
rise, presence and decline of basiphilous pioneer veg-
etation can beinferred from differencesin species com-
position between stages and, in the fertilization experi-
ments, from differences in responses of different spe-
cies and of the same speciesin different stages (Fig. 3).

Co-limitation of N and P applied to the dominant
species in the first stage and to grasses in the second
stage. In the second stage, however, N-addition alone
and not P-addition led to an increasing production of
total biomass and of the biomass of Carex species (C.
flacca and C. oederi in this phase) and the group of other
species (including many characteristic basiphilous spe-
cies). Willis (1963) aso found a clear limitation of only
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nitrogen for small Juncus and Carex species in dune
slacks. He found a small phosphorus requirement for
Carexflacca. If thisistruefor moresmall pioneer species
known to be basiphilous, a strong phosphorus deficiency
may be crucia for a longer maintenance of Caricion
davallianae vegetation by inhibiting vigorous growth of
grasses. The observation of a large increase of readily
available, water-soluble phosphates in the soil between
the second and third stage (Table 2) supportsthis view.

Thelow nutrient requirement of Schoenus nigricans
(Ernst 1991; van Beckhoven 1995) al so fitsthis descrip-
tion. The fertilization experiments, however, did not
reveal any nutrient limitation at all for Schoenus nigri-
cans. This may be due to its low relative growth rate
(Boatman 1972; Grime & Hunt 1975) and to its ability
to release oxygen from the roots under waterlogged
conditions (Schat 1982; Ernst & van der Ham 1988; van
Beckhoven 1995), also known from several other wetland
pioneer specieswith well devel oped aerenchyma (Arm-
strong 1982). This oxygen loss may, in a calcareous
environment, lead to arapid decomposition of organic
matter (cf. Roelofs et al. 1984, reporting on Littorella
uniflora), under which conditionsnitrification on avery
local scale and, further away from the roots, denitri-
fication occurs (Reddy & Patrick 1984; Engelaar 1994).
In thisway Schoenus nigricans probably fulfilsits own
nitrogen requirements under nutrient-poor conditions
and at the same time stabilizes a nutrient-poor pioneer
phase for other basi philous species.

A possible role of buffering mechanisms in main-
taining N and P co-limitation in dune slacks appears
from the results of the addition experiments with lime.
Thebiomass of Juncusal pinoarticulatus and the group
of ‘other’ speciesin the 6-yr old stage, both limited by
nitrogen only, increased after lime addition (Fig. 3),
just as expected. A rise in pH is known to reinforce
nitrogen mineralization, more precisely nitrification
(Etherington 1982). The group of other speciesin the
37-yr old stage (mainly consisting of Lythrum sa-
licaria, Potentilla anserina and Lotus corniculatus)
showed a decrease in biomass after lime addition as
was expected for phosphorus-limited species. In the
presence of lime, up to 50% of the inorganic phospho-
rus may be fixed in mineral phosphates (Etherington
1982). The observed response of phosphorus-limited
species may beinterpreted asthe opposite effect of the
rapid growth these species show after acidification of
the habitat. This also explains the biomass decrease of
Oxycoccus macrocar pos after lime addition in the 37-
yr old stage, though this species only showed a secon-
dary phosphorus limitation here (Tables 3 and 4). The
significant NPK x CaCO; interactions (Table 5), re-
sulting in a decrease in biomass production of Juncus
alpinoarticulatus and Calamagrostis epigejos in the

first two stages (Table 3), also confirm the idea that a
high pH causes phosphorus limitation: the excessive
biomass production after NPK -addition decreased after
additional lime addition, possibly because of adecreas-
ing phosphorus availahility.

Other effects of the addition of CaCO,, e.g. the
nutritional effects of mineral calcium (Clymo 1962;
Rorison 196043, b), can also play arole, but generally they
cannot be distinguished from the mechanisms mentioned
above. Theresponse of Salix repensin the 6-yr old stage,
however, may be understood as such, i.e. the biomass of
this species, though showing phosphorus limitation,
increased significantly after l[ime addition.

Our results stress the importance of phosphorus
(co-)limitation in early phases, suggesting a relation with
pH-buffering. Assuchthey may beconsideredtoreinforce
theideathat buffering mechanisms make dune slack envi-
ronments very suitable habitats for basiphilous pioneer
vegetation (cf. Sival et d. 1997). The life span of such
communities in dune dacks is relatively short, certainly
when compared to stable fen habitats (Boyer & Wheder
1989; van Wirdum 1993). Thereare, however, differences
between dune dack types depending on differences in
active buffering-mechanisms and in speed of organic mat-
ter accumulation (Lammerts & Grootjans 1998).

Consequences for nature management

Maintaining suitable conditions for basi philous pio-
neer species in dune slacks implies the maintenance of
N and P co-limitation, especially of P-limitation. A low
amount of accumulated organic matter and a soil pH >
6.0 appear to becrucial inthisrespect. When, by natural
causes or otherwise, these conditions have disappeared,
basi philous pioneer vegetation can be restored by sod-
cutting, at least when buffering mechanisms are able to
raise low soil-pH values to neutral or basic again. Sod-
cutting appears to be effective not only in the
K oegelwieck but alsoin other slackson the Wadden Sea
Islands and along the Dutch mainland coast (van Dijk &
Grootjans 1993; Ernst et al. 1996). When standing crop
increases and organic matter starts to accumulate under
conditions of no acidification, mowing and removal of
biomass are good measures to keep nutrient availa-
bilities low and to prolong the life-span of basiphilous
pioneer vegetation (pers. observations in several dune
slacksin the Dutch coastal ared). Consolidation or rein-
forcement of the active buffering-mechanisms in dune
slack environments are beneficial for basiphilous pio-
neer species. However, measuresfor thispurpose, mostly
in the field of water management, are sometimes diffi-
cult to specify and even moredifficult to realize (Groot-
janset al. 1996; Sival et al. 1997).
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