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the Association group! Cirsietum oleracei medio-europaeum and the types such
as those that grow on poor soil delegated as variants according to their eco-
logical relationships. The Association group is controlled by the same ecological
factors. The name Cirsietum oleracei should be retained. Association tables
showed that there was a gradient of vegetation types from the wet poorly ferti-
lised forms to the drier more fertilised Arrhenatheretum. These forms may exist
in a successional relation.

The present hierarchy of the Molinio- Arrhenatheretea should be re-ordinated
from ecological and successional data to produce a more generic classification.
In the following experimental section the vegetation units are arbitrarily dis-
tinguished as “‘wet”, “typical’’ and ““dry”’. These corresponded more or less to
the subassociations caricetosum, typicum and heracleetosum. The latter was com-
pared to a wet subassociation of the Arrhenatheretum.

The montane association which has been described as the Trollio-Cirsietum
appears to be very similar to the Cirsietum oleracei. There is a group of mon-
tane differential species, but it would be better to consider it as a variant of the
lowland association.

The meadows have a subatlantic distribution tendency and they are limited
by a continental climate. The variants in relation to climate are not so distinct
as those of the Arrhenatheretum. The disjunct distribution is due to agricultural
practises and site conditions.

Examination of the structure of the meadows showed that rarely was any one
plant dominant. The important species contributing to the physiognomy of the
community coexist in comparative equilibrium. The equilibrium appeared to be
mainly controlled by anthropogenic factors. Natural distribution of the species
combinations in nitrophilous habitats suggested that nitrogen was an important
factor controlling the stability of the meadows. In section B the nitrogen rela-
tions are examined and in section C the agricultural yield is assessed.

Section B—Soil factors

I. The importance of the nitrogen factor

Floristic analyses and phytosociological investigations have demonstrated
that the wet fertilised meadows are communities showing great overall stability.
In different parts of Europe these have come into existence in various ways.
Some have developed from alluvial vegetation on the flood plains of rivers, or
from natural seral vegetating bordering lakes, and some were originally sown.
Most have originated from forests especially after the destruction of alder, ash

1 Hauptassoziation sensu Knapp, Assoziationsgruppe sensu TUXEN.
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or oak-hornbeam woodlands. Many show evidence in the soil profile of phlough-
ing. Yet the same community is present on land with differing histories, and
even the original nature of the soil parent material has made little difference.
Besides the humidity of the soil the dominant controlling factor has been, and
still is, their agricultural management. These grasslands represent a biotic plagio-
climax vegetation and their stability is in equilibrium with their treatment.
Fertilised grasslands are either mown for hay (meadows) or grazed (pastures)
and on this dichotomy rest the floristic variations between the associations.
Grazing with animals excludes certain species which may reach their optimum
in meadowlands and other species take their place, especially those grasses
which produce a turf by lateral tillers.

Many of the species of the Cirsium oleraceum grasslands are also indicators
of the soils. Some Calthion meadows (Cirsium oleraceum Assoc. sensu lat.) are
intermittently fertilised though the better managed ones and the wetter forms
of the Arrhenatheretum may be fertilised up to three times a year. They are cut
at least once (the wettest variants) and maybe three times (drier variants) a year.

The fertilising regime has a decisive selective effect on the floristic compo-
sition of the grassland, whether it is long ley or permanent grassland. Most of
the meadows are fertilised with liquid manure made from the farm garbage and
spread by means of a large tank. KLApPp (1956) cites a typical analysis of
“Jauche” or “Giille’’. In each litre there was 4.0 g N, 1.0 g P20s5, 8.4 g K20,
1.9 g CaO and 120 g organic matter giving a ratio of N:P205:K20:CaO of
10:2.5:21:4.7. Many of the species present are indicators for nitrogen, in con-
trast to those nitrophilous species of dung heaps, and the presence of many of
the species depend on the inherent capacity of the soil for nitrification.

The nitrogen is not only supplied by the fertilisation but soluble nitrogen
substances are produced in the soil by the activity of the ammonifying and
nitrifying bacteria. Nitrification takes place in two stages:

2NHs + 302 - 2HNO2 + 2 H2O 4 79 Cal.
2HNO; + Oz — 2 HNO3 + 43 Cal.

and the second takes place at a faster rate than the first. The N source is pro-
vided by ammonium which is split off from organic N compounds by hetero-
trophic microorganisms. During denitrification the reverse process occurs.
The atmospheric nitrogen is replaced by the O of the nitrate ion in oxidising
respiratory substrates, and organic compounds such as organic acids, etc., act
as hydrogen donors in different denitrifying bacteria, though some can utilise
inorganic substances such as molecular hydrogen, sulphur, thiosulphate, etc.
Since the ammonium or nitrate content of the soil at any one time is not an
indication of the nitrogen available for plants experiments were carried out to
follow the pattern of ammonification and nitrification in the field throughout
the year and the ammonification and nitrification in the laboratory with a con-
stant temperature of 20 °C. Since the supply of ammonium or nitrate is of prime
importance to plant growth, factors determining the accumulation of ammo-
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nium or nitrate in the soil also determine productivity. Factors affecting the rate
and amount of nitrification were also studied.

There has not been a lot of work on the nitrogen supply of grasslands. Most
of the published work relates to arable land or woodlands. RICHARDSON (1938)
examined the nitrogen contents of a short ley and a pasture 59 years old, and a
pasture 200 years old in Britain and found that a greater proportion of their
mineral N was ammonium which remained fairly constant at 3-9 p.p.m. through-
out the year, but after the addition of an ammonium or nitrate fertiliser this N
disappeared and was taken up by the plants. It was inexplicable why the ammo-
nium was not totally nitrified in sites when it was incubated.

MEYER (1957) examined the nitrogen pattern in grasslands on alluvium sub-
jected to flooding near Hamburg. The associations were Phragmitetum, Glyce-
rietum, Cirsium oleraceum meadows and Arrhenatheretum. Nitrification was
measured in Winogradsky’s medium. The associations showed characteristic
patterns of nitrification, e.g. the Glycerietum showed the lowest values and a
typical Arrhenatheretum nitrified better than the wet and showed maxima in
autumn, winter and a prolonged one in spring. The lowest values were reached
in July. The wetter forms of wet fertilised meadows parallelled this. MEYER also
made determinations of ammonification and denitrification.

There also is a relative paucity of data on nitrogen supply in other natural
or seminatural communities. HARMSEN and VAN SCHREVEN (1955) emphasised
that mineralisation of nitrogen was optimal in spring and decreased gradually
during the summer. This spring optimum may result from a partial sterilisation
effect of freezing during the winter. In uncropped soil the nitrogen content was
lowest during the winter, then there was the spring flush of nitrates and high
levels were maintained during the summer. On cropped land a second minimum
in midsummer was caused by absorption of mineral nitrogen by plants. Most of
the other literature which deals with nitrification in arable soils chiefly empha-
sises the spring release of nitrates. HESSELMAN (1917) compared the nitrogen
relations of various woodlands in Sweden and suggested that the vegetation
types showed great constancy in regard to nitrogen supply. He found that nitro-
gen supply in different communities distinguished them ecologically, e.g. nitro-
gen supply in Alder wood > Beech wood > mixed dicot. wood > coniferous
wood. (Most soils HESSELMAN investigated had ammonium and not nitrate.)
Other literature relating to the nitrogen budget of the soil is reviewed in the
sections describing experimental work, e.g. ELLENBERG (1964), KocH (1911),
OLSEN (1921), QUASTEL (1946), RUSSELL (1914), and AMER and BARTHOLOMEW
(1951).

Other edaphic factors besides nitrogen were investigated, especially the sea-
sonal changes in phosphorus content and pH. Water is also an important
factor controlling the stability of the communities studied. This is implied in
the term “wet meadow’” (““Feuchtwiesen’”). The soil water was studied by record-
ing the seasonal fluctuations in water table, the content of water in the surface
soil and the water potentials developed by the soils.
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I1. Experimental sites

1. Swiss Midlands

In order to provide contrasting soil conditions three experimental areas, con-
taining ecological variants were selected. Twelve sites were chosen in the Can-
tons of Aargau and Ziirich. The descriptions of the stands are given in the
Appendix Table. The soils were all loams or clay loams with the exception of
plots S11 and S12, which were silts (Table 9). The two latter represented a flush
vegetation and water was supplied from an underground source. Site S11 was
on a slope near the water supply and site S12 at the bottom. Water tended to
accumulate at the bottom and the vegetation was invaded by Caltha palustris
and other hygrophytes. Plots S4 and S1 were wetter types characterised by the
high presence of Carex acutiformis and C. gracilis. Plot S2 was close to plot S1,
but there were differing water relations, and it appeared also that this part of
the field has been continually better fertilised. Plot S5 was a wet type but dif-
fered from the others in its affinities to a Filipenduletum, probably because it
had not been cut so often. Plot S 10 was a true Arrhenatheretum taken to provide
a comparison between the associations. The other plots were true Calthion
meadows, all with typical floristic composition. Plot S6 differed because the soil
water was considerably less and the soil of plot S9 contained high quantities of
iron salts. This bordered a stream and was occasionally flooded in winter. The
differences between plots are well illustrated by the mean N and F values of the
stands (Table 10).

Table 10 Mean F (humidity) and N (nitrogen) values of experimental plots (Swiss Midlands)
PlotNo. F N Remarks

3.94 3.19 | Same area, differing
3.42 3.80 | management

3.57 2.63

S 4 4.02 2.37

mean 3.74 2.99
Typical S5 3.55 3.21

S 6 3.39 3.50
S 7 3.56 3.00

mean 3.50 3.24
Dry S 8 3.41 3.13
S 9 3.50 3.14
mean 3.45 3.14

Arrhenatheretum S10 3.20 3.84

Wet slope S11 3.53 2.90 Top
S12 3.91 2.64 Bottom

mean 3.72 2,77

Wet

727 7]
W N -

Table 9 next page.
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2. Alsace, France

The sites in France were in the locality of Blotzheim, close to the Swiss border.
The past history of this area has had an important effect on the vegetation and
systems of management. Firstly there have been oscillations of political affinities
and these have variously affected the agricultural emphasis. Secondly the sites
were in the valley of the Rhine and since the early eighteen hundreds (especially
1817-1874), there have been corrections made and canals built, which have
affected the water levels of the soil. (The Grand Canal d’Alsace and the Canal
de Huningue were built 1928-1932.) The sites were on true alluvium, and the
fact that they were on an old bed of the Rhine is shown not only by the topog-
raphy, but by the absence of villages in a corresponding band (see the figure in
SPECKLIN, 1962). The soils were chiefly silt though in texture they approximated
to sandy soils. However, the usual limit taken for sandy soils is > 309, sand
(Table 11). The soils were also calcareous and had high pH values. Despite
variations in soil composition in the area, the sandy fractions dominate. DIRRIG
(1959) quotes a typical mechanical analysis from Village-Neuf as: clay 8.6, silt
14.0, fine sand 41.9, large sand 12.1, calcium 21.6 and organic matter 1.89,.
The unfavourable drying tendencies of this type of soil are not apparent because
the ground water table is high and the soil water lost at the surface by evapora-
tion is replaced by capillary rise. The high water table is made obvious by the
many small ““Piscineries’ in the area.

It is certain that these meadows are fragmentary and were formerly much
more extensive. The agriculture now is chiefly arable and a thriving vegetable
industry is being established. The management of the meadows is not good and
not always consistent and there is a tendency to revert to reed. Charcoal remains
in the soil profiles show that at one stage the vegetation has been burnt and
firing is still used to control Phragmites in the area.

High water in the river Rhine is in early June, but the levels of the small
drainage ditches remain high. In spring there is some flooding depositing organic
debris and iron salts on to the soil surface.

Nine plots were selected. Three supported the wet type of vegetation with
Carex acutiformis, C. gracilis, C. tomentosa and Juncus effusus. Three supported
intermediate vegetation, and three the dry containing several indicators of drier
conditions (Daucus carota, Tragopogon pratensis, Picris hieracioides, Medicago
lupulina, etc., Table 12). The N and F values were calculated, and though the
series of stands showed distinct differences in their indicators for humidity, the
differences in indicators for nitrogen were not so marked. The typical and dry
vegetation types gave similar N values (in the range 3.3-3.8) and this points to the
less intensive management (Table 13).

3. Baden-Wiirttemberg, S. Germany

The Nature Reserve at the Federsee, at Buchau, has wet meadows growing
on a predominantely black organic soil. Several centuries ago the Federsee was
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Table 12 Stand descriptions of field plots in Alsace
(May 1963, figures are cover values according to the Braun-Blanquet scale)

Plot number

F1

2

3

4

~

o0

\O

Trisetum flavescens
Arrhenatherum elatius
Anthriscus silvestris
Heracleum sphondylium
Galium mollugo
Pimpinella major
Daucus carota
Chrysanthemum leucanth.
Melandrium diurnum
Tragopogon pratensis
Leontodon hispidus
Lotus corniculatus
Veronica arvensis

Cirsium oleraceum
Deschampsia caespitosa
Bromus racemosus
Geum rivale
Filipendula ulmaria
Galium uliginosum
Lychnis flos-cuculi
Crepis paludosa
Succisa pratensis
Cirsium palustre

Lotus uliginosus
Mpyosotis palustris
Agrostis alba

Festuca arundinacea
Angelica silvestris
Equisetum palustre
Senecio aquaticus
Lysimachia nummularia

Carex acutiformis
Carex gracilis

Carex flacca

Carex panicea

Carex tomentosa
Festuca rubra
Medicago lupulina
Dactylis glomerata
Ranunculus acer
Rumex acetosa

Poa pratensis ssp. latifolia
Poa trivialis

Plantago lanceolata
Cerastium caespitosum
Holcus lanatus
Festuca pratensis
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Plot number F 1

Lathyrus pratensis
Centaurea jacea
Taraxacum officinale
Ajuga reptans

Bellis perennis
Trifolium pratense
Vicia cracca

Galium palustre
Vicia sepium

Anthoxanthum odoratum

Trifolium repens
Cardamine pratensis
Alchemilla vulgaris
Alopecurus pratensis
Avena pubescens
Veronica chamaedrys
Rumex obtusifolius
Ranunculus repens
Glechoma hederacea
Lythrum salicaria
Symphytum officinale
Potentilla erecta
Phragmites communis
Juncus effusus
Senecio jacobaea
Achillea millefolium
Silaum silaus
Knautia arvensis
Convolvulus arvensis
Potentilla reptans
Molinia coerulea
Hieracium pilosella
Valeriana officinalis
Picris hieracioides
Euphorbia verrucosa
Geranium pratense
Carex hirta

Iris pseudacorus
Lotus siliquosus
Artemisia campestris

Of rare occurrence : Phleum pratense (7), Bromus erectus (7). Salix cinerea juv. (5)
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very much larger but now occupies only a fraction of its size in the 1700’s (WALL,
1964). The meadows were all in the area which in 1731 was part of the lake
basin. The soils are characterised by high water table throughout the year (for
analyses see Table 14). The soils were truly organic. Peat is usually defined as
soil with a content of organic material of more than 409, in the top 0-25 or
30 cm of the soil profile, but these soils have matured producing a good crumb
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Table 13 Humidity (F) and nitrogen (N) values of experimental plots: Alsace

Plot Nr. F N
Wet F1 3.87 3.45
F2 3.82 3.14
F3 3.98 2.99
mean 3.89 3.19
Typical F4 3.60 3.40
F5 3.65 3.79
Fé6 3.64 3.66
mean 3.63 3.61
Dry F7 3.11 3.53
F8 3.22 3.59
F9 3.34 3.30
mean 3.33 3.47

structure. This is partly due to draining and ditching and partly due to amelio-
ration by adding gravel. The humification of the peat is good down to the under-
lying sediments, and the humification has resulted in disintegration of the peat
with subsequent decrease in porosity and increase in density.

The peat was Carex peat, and this is known to have high nitrogen content.
HoLMEN (1964) showed that tall Carex peat contained 1-3%, N and usually
more than 2.59%,. The nitrogen contents of the peat forming species is usually
high, e.g. Carex elata 1.87 (GORHAM, 1953), Eriophorum vaginatum 1.15, E. vagi-
natum after fertilising 1.52 (TAMM, 1954). Peat of tall Carex spp. (C. elata, C.
appropinquata, C. lasiocarpa) with some small carices, e.g. C. panicea, gave a
nitrogen content of 2.72-3.44%, N. The wet meadows investigated at the Feder-
see were on soils derived from this type of peat, although in the area there are
also Scheuchzeria-Sphagnum peats. The vegetation has been well described by
KunN (1961). On the basis of floristic lists she distinguished the following sub-
associations and variants of Cirsium oleraceum association (A, B) and Arrhena-
theretum (C):

(A) Sedge subassociation (with Carex panicea, C. fusca and Valeriana dioica as dif-
ferential species) with 5 variants:

Variant with Carex davalliana, Molinia coerulea and Carex lepidocarpa,

Typical variant,

Variant with Carex gracilis,

Variant with Scirpus silvaticus,

Variant with Carex brizioides and C. disticha

LRk W =

(B) Typical subassociation

(C) Arrhenatheretum subassociation with Cirsium oleraceum

The experimental sites selected corresponded to (C) (plots G 10, G9 “Arrhe-
natheretum’’), with all typical species of the Arrhenatheretum but with some
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Calthion species such as Deschampsia caespitosa and Cirsium oleraceum, to (B)
a typical admixture of Arrhenatheretum and Calthion species but with dry indi-
cators, e.g. Poa pratensis spp. angustifolium, Leontodon hispidus, Daucus carota,
etc. (plots G3, G8, ““dry”’); to (B) but with no dry indicators, and wet indicators
present in low amounts (plots G4, G5 “typical’) and to (A)3, characterised by
the presence of carices, especially C. disticha (plots G1, G2 “wet”). Plot G1
had Senecio aquaticus with a cover-abundance value of 3, and this site was
similar to the Bromus racemosus— Senecio aquaticus Association described by
TUXEN and PREISING (1951). Plots G6, G7 (“Scirpus”) corresponded to (A)4
with Scirpus silvaticus and Carex fusca, but also with high quantities of Equise-
tum palustre and Angelica silvestris. The stands of the experimental plots are
described in Table 15.

Table 15 Stand descriptions of field plots in Southern Germany
(May-June 1963. Figures are cover values according to the Braun-Blanquet scale)

Current number 1. 2 3 5 6 7 8 9 10
Plot number G10 9 3 8 4 5 1 2 6 17
Trisetum flavescens 3 3 1 2 1 2 + o+ +
Arrhenatherum elatius 2 2 1 2 1 1 +
Anthriscus silvestris 2 2 1 1 1 1 1 1
Heracleum sphondylium 2 2 2 2 2 1 + 2 1
Galium mollugo 1 2 1 1 2 1 + 4+
Pimpinella major + o+ 1 1 1 1 1+
Daucus carota 1 1 1 1 +
Phleum pratense 1+
Chrysanthemum leucanthemum 1 1 1 1
Melandrium diurnum + 1+
Poa pratensis 1 2 1 1
Leontodon hispidus 1 1 + 4+
Lotus corniculatus + + 4+
Veronica arvensis + + 1
Cirsium oleraceum 2 2 3 3 1 1 2 1 1 2
Deschampsia caespitosa 2 2 2 2 2 2 1 2 2 3
Polygonum bistorta + 3 1 1
Geum rivale 1 + 1 2 1 1 2 5 2 2
Filipendula ulmaria 1 1 2 2 1 3 2 2 1 1
Galium uliginosum + 1 1 1+ + o+
Lychnis flos-cuculi + 2 1 1 1 + 4+
Crepis paludosa + 2+ 1 2 + o+
Succisa pratensis + + 1 1
Cirsium palustre + + 2 +
Lotus uliginosus 1 + 1 1+ 1 +
Myosotis palustris 1 1 + + 4+ 2 2
Agrostis alba + 1 + + 4+
Scirpus silvaticus 2 3
Angelica silvestris 2 o+ 1 + 2 2 1 1 3 3
Equisetum palustre 1 + 2 2 2 2 3 2 3 3
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Carex acutiformis + + 1
Carex gracilis

Carex fusca

Carex panicea

Carex disticha
Dactylis glomerata
Ranunculus acer
Rumex acetosa

Poa pratensis

Poa trivialis

Plantago lanceolata
Cerastium caespitosum
Holcus lanatus
Festuca pratensis
Lathyrus pratensis
Centaurea jacea
Taraxacum officinale
Ajuga reptans

Bellis perennis
Trifolium pratense
Vicia cracca

Galium palustre

Vicia sepium
Anthoxanthum odoratum 1
Primula elatior

Trifolium repens 1
Cardamine pratensis + +
Alchemilla vulgaris
Alopecurus pratensis
Bromus mollis

Avena pubescens
Veronica chamaedrys
Rumex crispus
Ranunculus repens
Glechoma hederacea
Agropyron repens
Polygonum amphibium 1 1

Mentha aquatica + 1

Lythrum salicaria + + +

Urtica dioica + o+
Festuca rubra + + + + 1 1
Prunella vulgaris + + +
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Of rare occurrence: Molinia coerulea (8), Lamium album (9), Convolvulus arvensis (2),
Achillea millefolium (3), Trifolium dubium (1), Hypericum perforatum (9)
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The water table was high in all these plots and the better soil structure was
found in the drier types (Plots G3, G8, G9, G10). pH varied little between the
plots and the percent-CaCOj3 variations were more than likely due to calcareous
particles among the gravel used for amelioration. Calcareous muds are present
and have arisen by past sedimentation but if present are lower down in the soil
profile (see GOTTLICH, 1961). The soil texture of the Scirpus plots differed notice-
ably from the others in its high sand content. Possible this area has had a dif-
ferent history since the sand represents a band of sedimentation whereas in the
others sedimentation was a mud (Table 14). Mean N and F values showed that
the Scirpus plots approximated to the wet Cirsium oleraceum units (Table 16).

Table 16 Humidity (F) and nitrogen (N) values of experimental plots: Southern Germany

Plot No. F N
Wet G 1 4.20 2.73
G 2 4.02 2.55
Typical G 4 3.73 3.35
G S5 3.77 3.05
Dry G 3 3.50 3.21
G 8 3.57 3.21
Wet G 9 3.41 3.70
Arrhenatheretum* G10 3.26 4.33
Variant with G 6 4.24 2.70
Scirpus G 7 3.82 2.75

* Arrhenatheretum mean F < 3.3

The plots showed an increase in both N and F values from the wet vegetation
sites to the Arrhenatheretum. All the meadows were well managed and the area
was especially suitable for grassland studies due to the complexity of the land
ownership and its multifarious divisions into strips, each managed by a different
person or family. This is one reason why the floristic variants of the wet fer-
tilised meadows in the Federsee region were so clear-cut.

4. Comparison of experimental sites

Despite the differences in soil texture and in calcium carbonate content, all
the soils contained organic matter and had a favourable C/N ratio. In grassland
litter decays rather quickly, and grasses tend to place organic matter in the soil
because of the many short-lived fine roots, and they represent a store which by
mineralisation gives COgz, water and minerals. Despite the edaphic differences
a similar vegetation was present in each region. The three regions also expe-
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rienced climatic differences. Alsace has the driest climate with warmer winters
and less precipitation and the climate tends to be more continental. S. Germany
has colder winters and the heaviest precipitation (see Table 17). Climatic data
for the three regions during the experimental periods are shown in figs. 2, 3
and 4. The plots in Switzerland, Alsace and Germany would support a mixed
deciduous summer forest as a climax vegetation.

Table 17 Comparisons of the climates of the three experimental areas
(Data from UTTINGER, 1949; ScHuepp, 1960, and L.KuUHN, 1961)

Month

J FM A M J J A S O N D
mm precipitation Total
Ziirich 49 45 63 78 111 139 136 127 100 72 53 57 1030
Buchau 55 45 58 74 85 110 112 102 86 67 55 65 914
Basel 44 43 54 65 80 92 91 85 79 67 57 53 810
Annual
Air temperature °C mean
Ziirich -0.8 0.2 40 7.8 12.7 15.7 17.2 16.5 13.3 8.3 3.3 0.1 8.2
Buchau -1.8-0.2 29 8.1 12.1 150 16.5 169 129 7.6 2.5-0.6 T
Basel 04 1.2 4.8 85 13.3 16.5 18.3 17.6 143 9.3 4.3 1.3 8.8

The aim of the experiments was to obtain a picture of the nitrogen pattern
of the association, and a large number of plots were sampled. This was to see
whether there was any underlying similarity in nitrification in an association
growing under different climatic and edaphic conditions, rather than to experi-
ment closely in one area with many replications.

III. Water

1. Seasonal changes in soil water content

Moisture is the dominant factor of the soil for although other factors may be
changed independently, change in moisture effects changes in the others. The
amount of water held by a soil depends on the mechanical fractions, the soil
structure and the content of organic matter. The parameter of agricultural im-
portance is the concept of ““field capacity’’, though only a normally drained
soil has a field capacity according to the definition of VEILEMEYER. This is the
percentage of moisture held in the soil after drainage has progressed so that
further downward movement of water is slow. The field capacity expresses the
maximum storage capacity. An imperfectly drained soil does not follow the
water distribution as defined by VEILEMEYERS field capacity. In this case gravi-
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Fig. 2 Climatic data for the experimental sites in Switzerland.
(The arrows indicate data and current numbers of sampling)

tational water can not be removed 2-3 days after saturation. The soils of the
wet fertilised meadows were nearly always moist at the surface and water con-
tent was usually in excess of the field capacity.

The water content fluctuated with the season; generally it was low in summer
and high during winter. Many of the fluctuations are readily explicable, e.g. the
small fluctuations during summer could be related to the precipitation and
sampling soon after rain gave a higher soil water content. Probably also the
observed values of soil water during the winter were too high, due to the fact
that the soil was frozen and some free water as ice was included in the samples.
The different variants of the Cirsium oleraceum meadows all showed the same
seasonal trends although the wet types tended to show comparatively larger
increases in relation to rainfall when the yearly means were considered. The
sandy loams showed the most uniform variation in water content between the
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Fig. 3 Climatic data for the experimental sites in France.
(The arrows indicate data and current numbers of sampling)

vegetation types. The mineral soils were also parallel, but the organic soils dis-
played larger fluctuations between the variants.

The Arrhenatheretum behaved differently from the other vegetation types.
High values of soil moisture were recorded for shorter periods than in the other
types. In other wet meadows, similar seasonal trends in water content of the
top 20 cm of the soil profile were pointed out by ANDERSSON and ERICSON (1963)
in a Filipenduletum in Sweden and by ESKUCHE (1962) in three variants of wet
Arrhenatheretum subass. with Alopecurus pratensis in Germany.

Ecologically the soil water content on a weight basis is not a very meaningful
parameter. It is the amount of water that is available to the plants that is
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Fig. 4 Climatic data for the experimental sites in Germany.
(The arrows indicate data and current numbers of sampling)

important. This aspect is considered below (see section 3). On the other hand
when the water content is too high, oxygen supply might become a minimum
factor of decisive importance.

2. Water table

Changes in the level of the water table have been adequately recorded by
several investigators (see for example KUHN, 1961 ; BAEUMER, 1962 ; ESKUCHE,
1962). Three tubes were inserted into three plots in the Swiss Lowlands. The
tubes were provided with small seepage holes and the level of water in the tube
fluctuated with the water table. The sites investigated were sample plots S11:
wet unit; S.6: typical unit, and S9: dry unit. The measurements are plotted in
Fig.5, and as was to be expected the water table decreased with the increasing
occurrence of plant indicators for dryness. The curves for the typical and dry
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variants were very similar. Most hygrophytes such as the large carices present
in the wet variants are otherwise confined to stream margins. These species are
dependent on the water which rises from the water table. When the water table
is below ca. 80 cm from the soil surface the capillary conductivity of water may
still be great enough to replace the water lost through transpiration. The plants
depending on this capillary rise can grow downwards to reach the perched water
table.
3. Soil water potential

In the soil water moves along hydraulic gradients. From there to root and
from root to leaf. Plants take up water from the ground water or the capillary
water and if the available water is exhausted the plants wilt. With increased soil
suction the capillary conductivity of the soil decreases. As the soil dries large
gradients of suction occur between the roots and the soil. The percentage water
content of the soil when wilting occurs is the permanent wilting percentage and
water in excess of this represents water which is available for growth. In the
field, soil moisture content changes causing concomitant change in water poten-
tial or “‘suction”, e.g. when water is provided from precipitation the suction is
lowered. The soil moisture content at which fall off in transpiration occurs
depends on the soil properties. The permanent wilting percentage falls with in-
creased permeability.

Determinations of the water potential or “‘suction force™ were made using the method of
Ursprung and Blum (see ELLENBERG, 1939). Non hygroscopic glass capillary tubes about 1 cm
long were filled two thirds full of prepared KNOs solutions of known osmotic pressures.
These were fastened to a glass plate by means of a strip of plasticene and inverted over the
soil in small glass jars. The place acted as the lid and the jars were sealed with vaseline. The
tubes were filled quickly to prevent any losses by evaporation. When the jars were sealed the
lengths of the liquid in the tubes were measured with a calibrated binocular microscope. The
Jjars were left for two days and then the columns of liquid were measured again. The measure-
ments were made in a controlled temperature room and the jars kept in a double insulated
box. The length of the columns of liquid moved because evaporation took place from solutions
with an osmotic pressure lower than the soil suction force and condensation occurred in those
with higher osmotic pressures, The soil suction force lay between the osmotic pressures in the
two capillaries which showed the smallest increase and decrease. The exact value of the suction
could not be extrapolated because changes in the lengths of fluid were partially affected by the
diameter of the tubes, the distance of the liquid from the end of the tubes and other factors.
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Fig. 5 Water-table measurements.
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Temperature had to be maintained constant because a change of 1 °C can greatly alter
the measurements, and the jars used must be small so that there is no gradient of temperature
between the capillaries and the soil.

Although this method has a wide range it is only suitable to measure the suction force
above 2 atm. Lower than that other methods have to be employed. The suction force also varies
depending whether the fresh soil is dried, or a dry soil is wetted. Wetting tends to give lower
values (ScoriELD, 1963). The soils were collected after rain so that they were wet. Mixed
samples were taken and these were spread out on pans and allowed to slowly dry at room
temperature. Samples were taken at intervals and the water content and the suction force
were determined. 9 mineral soils from Switzerland, 5 sandy soils from France and 5 organic
soils from Germany were examined. The curves of suction force in relation to water content
are not published here. It was apparent that the increase in suction force occurred at low
water content in the sandy soils but at a much higher water content in the organic soils; and
the mineral soils were intermediate. By converting the values of soil water content into their
corresponding suction values curves of the seasonal variation in soil suction are produced.

In the ““wet” variants the suction only rarely reached a value of ca. 5 atms.
and for most of the experimental period the suctions remained low. The “dry”’
variants tended to reach higher values during dry periods, e.g. ca. 13 atms. in
the organic loams and clays, though the sandy loams produced lower values. In
general the fluctuations in suctions were more marked in the “dry’” variants.
The “typical” variants showed intermediate relations. These results suggest that
the selection of these variants on floristic composition bore a close relation to
the soil water relations. The Arrhenatheretum (G 10 and S 10) showed affinities
with the “‘dry”” variants though the fluctuations in suction was not so varied.
The Scirpus variant showed a pattern differing from the other variants, and this
may explain the peculiar nitrogen pattern to be described later.

When the suction force was compared to the water contents at different sam-
pling times over the experimental period it was demonstrated that the soil suc-
tion force was nearly always less than 5 atms. and often less than 2 atms. Only
under extreme conditions of drought does water become unavailable to the
plants. This was seen in July 1964 after a long period of very low rainfall. Some
plants began to wilt, e.g. Cirsium oleraceum and Taraxacum officinale which had
regrown after mowing of the drier types in June (Fig.6). The critical suction is
ca. 10 atms. for many plants, though it may be less for some hygrophytes.
ELLENBERG (1939) found that Athyrium filix-femina in deciduous woodland
wilted at 3 atms.! though most herbaceous plants of woodlands survived 5 or
more atms.l After 5 atms. suction the curve of suction against soil water con-
tent became very steep, illustrating that after the soil had reached 5 atms.! only
a slight decrease in soil water content rendered the water unavailable. Species
growing on soils, whose maximum suction curve never exceeds 3-5 atms. may
be considered as wet indicators.

The suction force is dependent on the physical properties of the soils. KoIE
(1951) showed a linear increase in water percentage with increase in percentage
of silt-clay of soils from woodlands in Denmark ; WiLcox and SPILSBURY (1941)

1 These atms. represent mean tensions developed in the local soil volumes around the
roots in the field. They do not indicate the exact value of wilting tensions.
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Fig. 6 The wilting of Cirsium oleraceum in the wet meadows
after a period of drought (Buchau July 1964).

demonstrated that the wilting coefficient increased with increase in clay content.
There was no close correlation between mechanical analysis and water content
in the meadow soils investigated although the loss on ignition was linearly
related to the water content, as was expected. In Fig.7 the water contents at
5 atms. are plotted against the percent-loss on ignition for the soils from France
and Switzerland. It was concluded that the water content and suction force were
related to the humus colloids.

Investigations of the water in the soil revealed that there were seasonal changes
in the water content of the top soil and seasonal changes in the water table. De-
spite large seasonal fluctuations in water content, from measurements of the
suctions, it appeared that water was nearly always available to the plants. It is,
therefore, correct to term these grasslands “wet” meadows.
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IV. Nitrogen relations

I. Methods

At each experimental plot a large number of soil samples were taken at about 5 cm depth.
Initially the turf was removed and care taken that no organic litter from the Aqgo horizon was
mixed with the sample. The samples were sieved in their natural condition through a 4 mm
wire mesh to remove any roots, stones or gravel and then thoroughly mixed. A sub-sample
was left in a plastic container in a hole in the middle of the experimental plot at the depth
from which the soil had been taken (see ELLENBERG, 1964). It was recovered by the turf. This
sample provided a control and it was possible to determine the changes in soil nitrogen after
the soil had experienced the normal changes in micro-climate. Other samples were transported
to the laboratory and their water contents, pH, contents of NOs, NH4, and P determined
immediately. A quantity of each soil was kept in glass jars in a humidity chamber at 20 °C
with RH. 98-999%, for varying periods of time for further determinations of the accumulated
nitrogen fractions. The glass jars were covered with sheet cotton wool, and normally the water
content of the soil was maintained at its initial level. Samples were taken at approximately
3-weekly intervals throughout the growing seasons but less frequently during the winter
months.

Soil extractions were made using a 1-percent solution of Potassium aluminium sulphate.
The initial weight extracted corresponded to 5 gm of dry matter. This was calculated after the
percent humidity had been determined by drying weighed quantities in an oven at 105 °C and
the moisture was converted to the percentage of the dry weight,

Soil was analysed for nitrate content by the 2.4 Xylenol Method. To 5 ml of soil extract
was added 1 ml O-Xylenol (1% in 309 acetic acid) and 15 ml 859, H2SO4. This was incubated
at 40 °C, cooled, diluted and distilled. The vapour was condensed and collected in 20 ml
2N NaOH made to 100 ml and the resulting yellow colour measured in a photo-electric colori-
meter at 433 mu with a blue filter. The readings were compared to standards.

701 % water content
(weight)
601 ¢
Switzerland
50+ (loam)
40/ prdd
_~ * France
30- (sand)
//
20- _
X -~
// b3
101 -~
0 5 . ,

2 14 16 8 20 22 24 26 28
% loss on ignition

Fig. 7 The water content at 5 atm. and the % loss on ignition.

113



Ammonium content was determined by the Conway method using Conway dishes. In the
centre compartment was placed 2 ml N/10 HzSOg4, and in the outer 2 ml of soil extract was
mixed with 2 ml of saturated K2CO3s. The closed dishes were incubated at 40 °C and the
H2>S0O4 was washed into a Nessler tube, Nessler’s reagent added and diluted to a known volume.
The resulting yellow brown colour was measured in a colorimeter at 431 mu with a blue filter
and compared to standards.

Phosphorous content was measured by a modification of the ammonium-molybdate method,
using 2.5-percent acetic acid for the soil extraction (see DENIGES, 1920, for original method).
A blue colour developed after the addition of ammonium molybdate and stannous chloride
reagents. The reaction relies on the molybdenum as ammonium phospho-molybdate in the
presence of a suitable reducing agent giving a blue colouration, This was measured in an
absorptiometer using a red filter at 650 mu.

pH was measured by means of a glass electrode. The soil was mixed with distilled water to
a paste like consistency.

Sampling times are marked by vertical arrows on figures 2, 3, 4.

2. The seasonal course of nitrification

For simplicity the vegetation units were designated “‘wet”, “typical’” and
“dry”” since the floristic variations were closely related to the water relations.
The nitrogen relations of the three experimental areas are discussed separately.

a. Swiss lowlands

(1) Soil water and pH

There were individual fluctuations in the curve for each plot and these did
not always correspond between plots. The curves showed the same yearly trends,
i.e. in spring the soil water was low, this rose in the summer, fell again August-
September, and then remained high until the middle of January before falling
again to the low spring values. In the spring of the second year the soils were
noticeably drier than in the first period. All plots showed a great seasonal fluc-
tuation, although plot S6 and the Arrhenatheretum S 10 varied least. The slope
meadows showed the same seasonal trends.

Only roughly could this pattern be related to the precipitation (Fig.2). This
was accounted for by the different soils with varying water holding capacities,
degrees of porosity and run-off. The normal pattern of precipitations shows the
period May—August to be the wettest with a maximum in June and July. During
these months soil moisture was higher than in the drier months of early spring.
In winter the mean precipitation per month was only circa one third of that of
June, yet the soil moisture of the plots was maximum at this time. Much of the
water was in the form of ice. It was concluded that the precipitation during the
winter half of the year did not influence the soil moisture a great deal, but it had
a dominant effect during the summer half of the year. The small differences
between soils at any one sampling time must be related to the precipitation of
several days previous to sampling and other factors such as the porosity of the
soil, evaporation, degree of development of the vegetation, etc. This was demon-
strated by the samples taken from plots S3 and S4 at the beginning of July. The
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soil of plot S4 had a more compact structure, though the two plots supported a
similar vegetation and they received a similar amount of rain. Plot S3 had
already been cut and the surface was more open to forces of evaporation,
whereas plot S4 had not been cut and the rain water was retained. Another
example was shown by plots S8 and S 12 with the second sample. At this time
there was a sharp drop in soil moisture compared to the other plots.

pH also showed seasonal changes. Values were highest during the winter and
were lowest during the late summer and autumn. This trend is caused by the
influence of the ground water which in all plots had a high pH (see ELLENBERG,
1939 and 1958). Plot S12 showed the greatest fluctuations but this was due to
the lateral water movement on the slope.

(2) Nitrogen at sampling time

The inorganic nitrogen in the soil is present as ammonium and nitrate ions.
These at any one time represent the balance of gains and losses and they cannot
be used as a measure of the nitrification. Measurements of the quantities of these
ions were necessary to obtain the increase or decrease in the nitrification experi-
ments and to determine any apparent changes caused by fertilisation.

Nitrates were usually present in all plots but were in lower amounts during
the winter (except in February). The quantity present was always less in the wet
vegetation plots and reached zero values in the winter. The quantity of nitrates
showed peaks during the April-May, July-August, a large one in September
and the largest in February. Despite great differences the September maximum
was present in all vegetation types, except plots S6 and S 3. This may have been
due to the sampling frequency. In the slope vegetation the seasonal variations
were poorly marked and there were few differences between the Arrhenatheretum
(plot S12) and the dry vegetation plots.

Ammonium was present in less quantities than nitrate and although present
in low quantities during the summer was always present during the winter. It
was seen that in many cases when nitrate content was high ammonium content
was low and when nitrate content was low that of ammonium was higher. In
one of the wet vegetation types (plot S 3) ammonium reached high values during
the winter. These seasonal variations in the proportions of NH4 and NOg are
well shown in Fig. 8. The sample taken during July possessed nitrate and ammo-
nium present but not to the exclusion of one.

The seasonal variation in mineral nitrogen content appeared to be a property
of the soil and was little influenced by fertilisation. Any nitrate present must be
produced by nitrification or is artificially added as fertiliser. The proportion of
nitrate to ammonium depends on (1) the rate of nitrification, (2) the uptake of
nitrates by the plants and (3) loss of nitrates by leaching. The meadows are
normally fertilised during the winter (December—February), spring (ca. April),
then after cutting—in the dry types around later June and again in early Octo-
ber. It was noticed that when soil was analysed a few days after fertilising no
excessive amounts of nitrogen were present. It was concluded that the nitrogen
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added was rapidly used by the plants. It was difficult to relate the seasonal fluc-
tuations of nitrate and ammonium content to the fertilisation. In some plots
peaks of nitrate content corresponded to fertilisation, but the same peaks were
present in other plots which were not fertilised until later. The amount of ammo-
nium present during the winter may have been increased by winter fertilisation,
but the ammonium level slowly rose from the onset of the colder weather and
began to fall when fertilisation occurred.

The most important factor appears to be the amount of leaching of the nitrate
ion. The nitrate is not leached when the soil is frozen and this emphasises that
fertilisation during the winter may favour the natural denitrification. During
periods of heavy rainfall nitrate, which is a labile ion, is washed downwards,
although well-structured loams and clays can hold some of the nitrates against
leaching due to their good crumb structure. In Fig.8 the precipitation for
30 days preceding sampling is plotted. Rain is known to affect the mineral
nitrogen since drying and then rewetting a soil tends to cause a flush of decom-
position and mineralisation. There appeared to be some agreement during the
summer in that with heavy rain nitrate was lost. The loss during winter when the
rainfall was low and the nitrate content low may have been due to denitrifica-
tion. The soils were very wet during this period and reduced aeration would
favour denitrification and the accumulation of ammonia by ammonification.
Freezing during the cold period kills many small roots and this results in ammo-
nification of the proteins now available. The sharp increase in soil nitrate and
fall in ammonium during February was probably an effect of short periods of
favourable weather alternating with cold ones. JOHANSSON (1944) showed two
maxima in the ammonium content of the soil, one in December and the other
in July. In these wet meadow soils the maxima were in December and April-
May, with small variations during the summer related to weather conditions.
WAaKSMAN (1931) suggested that “‘a slight freezing of the soil may have the same
stimulating action as air drying, etc., in other words, shifting the soil equi-
librium, so that a more rapid multiplication of bacteria may take place”. This
would explain the large increase of nitrates in February.

The fluctuations in mineral nitrogen are of importance to the plants. VAN DER
Paauw (1962) found correlations between the amount of rainfall during the
winter months and the nitrogen response of crops and demonstrated that it was
due to leaching of nitrogen. He quoted leaching as 0.25-1.25 kg N/ha/mm rain.
FisHER (1924) found negative correlations between rainfall at different times of
the year and cereal yields, the negative effect being maximum in December and
January. This was attributed to unequal rates of nitrogen leaching. It must be
expected that in the soils of the wet meadows, which are very wet in winter,
there will be considerable migrations of nitrate under the influence of the water
regime, as found in other soils by HARMSEN (1961). Ammonium is fixed by the
humus substances and therefore it remains chiefly in the uppermost layers of
the soil and only moves when converted to nitrate.

The general trends in nitrate content ran parallel in the different vegetation
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types but with some time differences. Ammonium content fell when nitrate rose
in most cases, although the samples S1 and S7 for the dry vegetation type
showed high levels of both together. The fluctuations in actual amounts in the
wet vegetation plots were small and these results were difficult to interpret owing
to the great influence of soil water in these plots. In plot S3 there were large
amounts of ammonium present throughout the winter, due to the fact that the
meadow was not cut in autumn as usual, and there was consequently much litter
present conducive to ammonification. Plot S2 which was shown to be a drier
plot than S1 produced a larger quantity of nitrate in February. This could be
accounted for by less leaching.
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Many of the observed differences must have been due to sampling. RUSSELL
(1961) states that the nitrate content varies throughout the season and even from
hour to hour. He quotes that values of nitrates present in a fallow soil and the
general pattern was very close in the meadow soils of Switzerland. JENNY (1941)
plotted the variability of total nitrogen at 0-21 cm depth in a virgin prairie.
Samples were taken at intervals through the grassland and the variability showed
a widespread Gaussian distribution. The variation was much less in adjoining
arable land, where the value of “h” in the Gaussian distribution equation was
0.61 compared to 1.30. Despite the local variation the meadow soils showed a
seasonal pattern in the nitrate and ammonium contents.
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Fig. 9 The nitrification under controlled temperature conditions of the experimental areas
in Switzerland.
S.E.=17.6

Note: Figs. 9-23. The data are expressed as the 9% difference from the sample means.

(3) The capacity for nitrification

The pattern of nitrification under controlled conditions showed marked dif-
ferences between the vegetation types. In all cases there was low nitrification in
samples collected during the winter (Fig.9). In the wet types activity was lowest
for the longest period (October-January), of short duration in the typical
(December-January) and only marked in December in the dry. This observation
was consistent in all plots. It was concluded that the bacterial activity was
limited by some factor operating especially in the wet types. This was probably
water limiting aeration. The wet vegetation plots also showed a marked correla-
tion with soil water content. When soil water content increased the nitrification
decreased. This relationship was not close in the other vegetation types although
present in some cases in plots S7 (typical) and S9 (dry). In a wet soil an inverse
relationship between nitrification and water content would be expected since
high soil water content lowers the aeration, and the microorganisms responsible
for nitrification are strictly aerobes.
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Apart from the gradation between the vegetation types of the length of time
during the year that the soil showed a capacity to nitrify there was a gradation
in the amounts produced. Soils from the typical vegetation plots accumulated
up to twice the amount of nitrate that soils from the wet plots produced and the
dry plots produced up to six times that of the wet. Quantities were similar in the
dry vegetation types and in those of the Arrhenatheretum. Soils of the same
vegetation variant had similar seasonal variation in the nitrification under con-
trolled conditions, except for the wet plots which showed large variations. For
the two wet plots from the slope meadow the curves were parallel but the nitri-
fication was reduced in the wetter one from the base of the slope. These repre-
sented the wet vegetation variant but the close correlation between the soil
water content and nitrification was not so obvious as the four other wet plots
(S1, S2, S3, S4). Nevertheless, these two plots demonstrated how important
water was as a factor controlling nitrification. Plots S3 and S4 from the same
site but possessing different water relations showed that the drier plot tended
to produce more nitrate under controlled conditions.

The mean potential nitrate accumulations for the four vegetation variants are
plotted in Fig. 10. The seasonal periodicity was well marked. In the most fertile
soil, the Arrhenatheretum (Fig.10d), there were large maxima in summer,
autumn, winter and spring. It is probable that the two small maxima in March
and May were conditioned by weather factors and represent one spring peak.
The largest peaks were those in June-July and September—October. In the dry
types the same peaks were present, but their main maximum was in September
(Fig. 10c). Similarly, the typical variants showed the same four maxima though
they were not so marked and they were all similar quantities (Fig.10a). In the
first part of 1964 there were some variations in one of the plots (S8) where the
peaks in winter and spring were not so clearly distinguished, although in S6and
S7 these were well demarcated. During the early part of 1964 there were excep-
tional weather conditions in that the winter of 1963-64 was extremely dry.
Although the wet meadow soils showed high water contents, the evaporation at
the soil surface differed from the normal for that time of the year. The spring
maximum tended to be slightly earlier in the dry types and this could be related
to an interaction between the temperature and the water regime of the vegetation
types. The winter maxima may result from sudden bursts of freezing affecting
the bacterial population, and when the warmer weather starts there is a slight
time lag before the spring maximum. This time lag was least in the more fertile
plots and the longest in the poorer plots. The mean minimum temperature during
February was only just below freezing point and this rose rapidly in March and
April (Fig.2). Soils of the wet types varied greatly between plots, e.g. plot S2
showed all four seasonal peaks, but the spring and sommer ones in 1963 were
not so clear due to the lateness of the spring maximum, and there was a large
winter peak, emphasising the lower water regime compared with plot S1 where
this peak was suppressed. Variation in plot S1 in 1963 was conditioned solely
by water which masked the seasonal effect. Plots S3 and S4 showed all four
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Fig. 11 Nitrogen relations of soils from four plots after incubation (see text).
Values are plotted on the time scale for the date of sampling.

peaks (Fig.11). In the wet soils, in general, the spring maximum was the most
important. The two slope plots were also conditioned by the water factor.

Ammonium was not always present after incubation under controlled con-
ditions. It was present in samples taken during the winter and in some cases when
nitrification was low at other times of the year. There was non present in soils
from the dry vegetation plots (although present in soil from the Arrhenathere-
tum). Soils from both the typical and dry vegetation variants showed that
ammonium was unimportant in relation to nitrate, and probably its presence
marked decomposition of organic matter during incubation. This may be cata-
lysed by the presence of nitrates which appear rapidly under these conditions
due to nitrification. In only one wet vegetation sample did ammonium appear
to play an important role (plot S2).

The peaks of nitrate present in the field could be related to the peaks in the
nitrification capacity, but in each case there was a time lag.
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(4) Nitrification in the field

The relationship between nitrification and moisture regime seen in the soils
of the wet vegetation variants when incubated in the laboratory, was present in
all plots when the nitrification was measured in the field. The water did not
immediately affect the nitrification—in most cases there was a slight delay before
increased water content influenced the nitrification. This was maybe a tempera-
ture effect. The rate of nitrification was slower than under controlled conditions
where the samples were maintained at a constant temperature which favoured
biochemical changes. Although the water regime modified the seasonal varia-
tions, it did not obscure them.

The pattern of nitrification in the field followed that in the laboratory, but the
increases and decreases in nitrate accumulation were less (Fig. 12). The seasonal
maxima of nitrate production were more marked because in the samples which
possessed a low nitrification capacity, nitrification in the field was proportion-
ately lower. When the seasonal nitrification in the field in the different vegetation
variants was plotted, the seasonal peaks of nitrate production were made more
obvious by the low values of production approaching zero.

Temperature played an important role as a factor controlling nitrification in
the field. During the cold winter months nitrification in the field was depressed.
This followed the observed temperature lower limit of 5 °C, below which nitri-
fication is limited. This limit was observed by RUSSELL and APPLEYARD (1916;
in arable soils) who concluded from the interrelations of the COg, bacterial
numbers and NOg in the soil that temperatures lower than 5 °C limited bio-
chemical processes. The same thing was demonstrated by ELLENBERG (1964) in
Aceri-Fraxinetum and Luzulo-Fagetum and other Swiss woodland soils. Since
they are biochemical oxidations that are restricted presumably there is an upper
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temperature limit of ca. 35° though this hardly pertains to field conditions in
Central Europe. Due to the low temperatures the seasonal maxima of potential
nitrification were modified in that the winter peak was greatly reduced and
more or less absent, and that nitrate accumulation there was merged into the
spring peak. As under controlled conditions nitrification was greatest in the
dry vegetation types, intermediate in the typical and lowest in the wet, and there
was a similar gradation between the vegetation types in the time that the soils
showed nitrifying activity.

There were two apparent patterns in soils from the wet plots. Some plots
produced nitrate accumulation approaching that of soils from the typical plots
(e.g. Fig.13), but others only had peaks of nitrate production in spring and
summer and the nitrification in autumn was low (Fig. 13b).
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Comparisons of nitrification in soils of the different vegetation variants
pointed to differences not only in their potential nitrification but parallel dif-
ferences in the actual nitrification in the field despite the modification of the
basic pattern by both temperature and moisture.

When the nitrogen status of the vegetation variants was compared, the N
value (calculated from the presence of plants in the stand with varying degrees
of nitrogen requirements) was representative of the nitrogen relations in gen-
eral. The plots with a higher N value were more fertile and accumulated the
largest amounts of nitrate in the field and in the laboratory (Table 18), though
this relation is obviously not very close. The mean value of nitrate-nitrogen
present at sampling in all cases was ca. 15, the mean value of nitrate produced
experimentally by nitrification in the field.

Table 18 Comparison of the nitrogen status of the different types: Switzerland
(Values given as mg/litre of soil. They represent the mean of all the samples for the individual
soil)

Vegetation Plot Nitrogen at sampling Nitrification N
type No (mg/100 g soil) lab. field Value of
NO3;-N NH3;-N Total NOs-N NO3-N vegetation!
Wet S 1 5.02 2.59 10.61 5.68 3.19
S 2 2.60 2.90 16.00 4.04 3.80
S3 20.80 7.28 19.76 7.46 2.63
S 4 4.10 1.64 11,14 6.98 2.37
mean 8.13 3.37 7.00 14.38 6.04 2.99
Typical S5 6.28 2.18 31.26 16.40 3.21
S 6 2.76 1.77 21.09 11.23 3.50
S 7 12.17 3.00 46.09 18.48 3.00
mean 7.07 232 9.39 3281 1537 3.24
Dry S 8 6.72 2.67 66.93 14,12 3.13
S 9 18.80 0.82 76.32 22,89 3.14
mean 12.76 1.75 14.51 71.63 18.50 3.13
Arrhenatheretum S10 8.80 2.10 10.90 57.11  28.74 3.84
Slope S11 2.04 0.38 18.07 4.89 2.90
S12 2.09 0.37 22.58 5.26 2.64
mean 2.06 0.38 2.44 20.33 5.08 2.77

b. Alsace, France

(1) Soil water and pH

The soils from Alsace differed from those of the experimental plots in Switzer-
land in their mechanical composition. Some of them were sandy and therefore

1 See page 76
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the rate of percolation was greater and their retention of water less if humus
content remains the same as in others (Table 11). The water contents of the soils
showed seasonal variations. They were wettest during the winter, October—
February, and showed two periods of increased wetness in June-July and
August-September of the first season and April of the second. The samples
were started in April of 1963 and also at this period they showed a slightly
wetter condition. These seasonal changes showed a marked correlation with the
precipitation, the soil water content rising after heavy rainfall (see Fig.3). It
was striking that the soil water content (though not the available water) varied
less than in the mineral soils from Switzerland. During the winter however, soil
moisture content was unrelated to rainfall. This was due to the fact that the
colder temperatures reduced evaporation and the lateral and downward move-
ments of water were reduced. During periods of frost the water was immobi-
lised as ice cementing the soil crumbs together. Frost normally extended well
into the soil profile. Despite the lack of heavy precipitation during the winter of
1963-64 the minimum levels of soil water in late winter-spring were not ex-
tremely low and the values for April for both seasons were similar. In the
mineral soils the low winter precipitation and the warmer spring temperatu-
res had a drying effect on the soil which lasted through spring of the second
season.

In all the soils pH was high due to their content of CaCOg3. The pH rose
during the periods unfavourable to growth (October—February) and fell during
periods of active vegetative growth. During the wet periods pH rose, and it fell
when the soil water fell, like in the Swiss soils. This was due to the vertical move-
ment of bases in the soil water. The causes of pH fluctuations are very complex
and extremely difficult to interpret (see ELLENBERG, 1958). The soil water and
pH values during late winter probably represented nearly maximal values. At
this time there was some flooding in wet and typical plots. This was topographi-
cal and was related to the flatness of the old terrace of the Rhine which was low
lying in relation to the surrounding country.

(2) Nitrogen at sampling time

The changes in the relative quantities of nitrate present on sampling showed
similar trends in all plots. During late spring and summer, nitrate was nearly
always present even if in low quantities. There was a large increase in September
and October, but the nitrate was no longer present in December and remained
at very low levels in the typical and dry vegetation plots, and at zero in the wet,
until the following spring when there was an augmentation. The quantities of
nitrate in soils from the typical and dry variants were greater than in soils from
the wet. In the dry plots there were additional increases in July—-August and in
February. In the typical plots the augmentation of nitrate in February was
present, but at a lower level. In the wet plots autumn and spring maxima were
apparent, but for some reason there was a slight peak in July of 1963. In all
plots the amount of nitrate present at any sampling time was not directly cor-
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related to the fertilisation. It was obvious that the nitrogen added was rapidly
used by the plants.

Ammonium was present in high amounts during the winter period. The
occurrence of ammonia coincided with the fall of temperature which began in
September (see Fig.3). Ammonium did not persist at high levels throughout the
cold period and in the more fertile plots (F4-F9) had fallen rapidly by January
and persisted only as traces until March. Ammonium appeared earlier in the
wet plots (F 1 -F 3) and persisted at higher levels than in the more fertile. During
the rest of the year ammonium occurred during the periods of heavy precipita-
tion. Ammonium persists in the surface soil since it is not usually susceptible
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to leaching although a little may occur in sandy soils. The concentration of
ammonium was not always high when that of nitrate was low. During autumn
they were both present in high quantities. The maxima of ammonium content
during May and December occurred when the level of nitrate was low (Fig. 14).
The smaller seasonal concentrations of ammonium in June-July and in April
when nitrate concentrations were high were due to the water conditions at those
times. It seemed that the importance of ammonium in the community during
autumn was greater in sandy soils (cf. Switzerland). The ammonium in autumn
probably represented mineralisation of litter.

The quantities of mineral nitrogen present as nitrate-nitrogen and as ammo-
nium-nitrogen were greatly affected by the water regime of the soils. This was
influenced by the precipitation except during the winter. In Fig. 14 the precipi-
tation that the soils received in 10 and 30 days prior to sampling was plotted.
The quantity of water reaching the soil only a few days prior to sampling
appeared more important to the presence of mineral nitrogen, but this correla-
tion was not so obvious as in the mineral soils. This was accounted for by the
more rapid movements of the soil water in the sandy loams, with consequent
vertical migrations of the nitrate ion. The low values of nitrate-nitrogen during
the winter were probably due to flushing away of the nitrate when the soil mois-
ture and water table were high. Ammonium which accumulated during this
period remained due to its adsorption onto the humus colloids.

(3) The capacity for nitrification

The potential nitrification (measured after incubation for 6 weeks in the
laboratory) changed throughout the year. As in the mineral soils from Switzer-
land the soils from wet vegetation plots showed the longest period of inactivity.
In all plots nitrification was reduced in soil sampled during the winter (Fig. 15).

The wet plots produced maxima in nitrification capacity in July, September—
October, a small one due to water in late winter, and another in May-June.
The greatest potential activity was in summer and autumn. Similarly four
maxima were present in soils sampled from the typical vegetation. These were
in May, July, September, January, then April of the second season. The periods
of maximum nitrification capacity mostly produced similar quantities of nitrates
in any one plot in the different seasons, although the spring peaks were the
lowest. The seasonal maxima of nitrification in the typical plots were similar to
those in the dry, although the autumn peak appeared to predominate. In the
dry plots, with the most fertile soils, the winter peak of potential nitrification
was much larger than that in soils of the other vegetation variants (Fig. 16).
These variants showed a gradation in the amount of nitrates accumulated ; the
quantity increased with increasing fertility, i.e. from the wet types, through the
typical, to the dry types. The typical vegetation variants were intermediate
between the two extremes. It was noticeable that the differences between the
potential nitrification of the typical and dry variants were not so clearly sepa-
rated as those found in the mineral soils. For the sandy loams the differentiation
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Fig. 15 The nitrification under controlled temperature conditions of the experimental areas
in France.
S.E. = 10.8

in the pattern of nitrification capacity in the three vegetation variants was more
clearly marked when the production of nitrates was considered as mg/l of soil.
Under controlled conditions ammonium was present after 6 weeks incubation
during the periods of low nitrate production. This was obvious in soils samples
during the winter. In soils from the dry plots ammonium was less important.

Unlike the mineral soils water contents and the nitrate production in the
laboratory were not closely correlated.

(4) Nitrification in the field

The periodicity of nitrification in the field followed that in controlled con-
ditions (especially in the more fertile plots), with the maxima and minima of
production coinciding in all plots. As in the mineral soils, the capacity to nitrify
which was present in late winter was restricted in the field, although some actual
nitrification occurred in the field in the drier vegetation plots. The suppression
of nitrification during the winter months was due to temperature limiting the
bacterial activity (Fig.4). Normally during this period of the year the capacity
to nitrify was low but this was depressed even further by the cold temperatures
(see Fig.3). Consequent to this reduction of the winter peak of nitrification, the
soils in the field only produced three periods of high actual nitrification—July,
September and May. The periods of minimum nitrate production were most
marked in the wet plots, but less so in the dry plots. The soils from the dry plots
produced irregularities in the seasonal rhythm of nitrification, because there

128



was a small peak of nitrate production in August between the normal peaks of
production in early summer and autumn. The typical plots showed this also,
but not the wet plots (Fig. 18). In this period soil water was high and the fall in
the nitrification in September was probably a lag effect of frequent rainfall in
August. This would mean that the peak in August represented the beginning
of the large autumn peak which with the spring one of April-May was the most
pronounced. This irregularity was also present in Fig. 15. The wet plots demon-
strated that the autumn peak was the most pronounced in this vegetation
variant. Of less importance was the peak in spring (in amount of nitrification).
The summer peak also reached high levels of nitrate production.

Actual nitrification in the field showed that the two extreme vegetation vari-
ants (the wet and dry) were related by an intermediate type (the typical).

There appeared to be no clear inverse relationship between the water content
and the nitrification. The highest concentration of nitrate present at sampling
often tallied with the highest nitrate production by nitrification in the field. The
peaks for nitrification represented values obtained after 6 weeks storage and a
time lag would be expected. The data are plotted as net increase in nitrate, i.e.
final amount minus initial nitrate content, and they brought out the point that
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in a sample showing high initial nitrate content nitrification was high and had
probably been going on in the field prior to sampling.

The individual plots of the same vegetation variant varied in a similar way in
the relations between potential and actual nitrification. Differences were to be
expected since each plot in the field experienced its own individual microclimate.

A comparison of the nitrogen status of the vegetation plots produced in-
creases in N at sampling and in potential and actual nitrification from the wet
to the dry types. The correspondence with the N value of the plant communities
was not good because this value was similar for the typical and dry plots. How-
ever, the capacity for nitrification in these two vegetation variants differed by
ca. 509, and the actual nitrification by nearly the same amount (Table 19). The
mean quantity of nitrate present at sampling approximated roughly to half of
the mean nitrate produced by nitrification in the field. This relationship was
noted also in the mineral soils.

c. Southern Germany

(1) Soil water and pH

The organic soils of the plots in Germany possessed the highest water contents
(percent weight). This was due to their structure; the mass of fibrous decompos-
ing material permeating the soil acted like a sponge and because of its colloidal
properties, held water. That the water was not strongly held was seen from the
fluctuations between sampling times. The water after heavy rainfall was tem-
porarily held before it was able to percolate downwards. The soils were always
wet to the touch.
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The soil moisture curves reached their lowest values in August-September,
and in February after a slow fall from the high winter values. There was a
smaller dry period in June-July and again later in October. The low values in
February were increased by the increased spring precipitation and then fell
again to the summer value. Correlation with the precipitation was not so obvious
as that in the other two experimental areas, e.g. samples with high moisture
content did not uniformly occur in all the plots. In this area the ground water is
never very far below the surface, and to obtain an accurate picture of the mois-
ture regime of the soil this should have been considered besides the precipita-
tion. The high soil moisture at the end of October was due to the water table
since the samples were taken after a period of low precipitation. The organic
nature of the soil would favour capillary rise of water very much more than the
more or less sandy loams. This fact was substantiated by the correlation between
the fluctuations in pH and the water content of the soil.

A large increase in soil water was accompanied by an increase in pH; a fall
in soil water, by a fall in pH. This occurred throughout the year even with the
water fluctuations during the winter. An increase in pH is presumably due to
the high calcium content of the water table, like in Switzerland and France.
Superimposed upon this pattern was the seasonal tendency for pH to fall from
spring to autumn. Then it rose again. KUuHN (1961) measured the water table
level in these wet meadow associations in the same area and found that the
highest value was in July, but from November to March it was also high and
within a few centimeters of the maximum. The maximum was ca. 20 cm below

Table 19 Comparison of the nitrogen status of the different types: Alsace
(Values given as mg/litre of soil. They represent the mean of all the samples for the individual
soil)

Vegetation Plot Nitrogen at sampling Nitrification N
type No (mg/100 g soil) lab. field value of
NOs-N NH.,-N Total NO3-N NOs-N vegetation
Wet F1 3.83 1.56 5.39 18.29 7.60 3.45
F2 3.52 2.74 6.26 7.94 6.46 3.14
F3 3.35 3.91 7.26 9.23 6.57 2.99
mean 3.57 2.74 6.31 11.82 6.88 3.19
Typical F4 4.87 7.04 11.91 1497 12,01 3.40
F5 9.15 4.45 13.60 12.26 9.99 3.79
Fé6 5.25 8.90 14,15 17.09  10.94 3.60
mean 6.42 6.79 13.21 14.77  10.98 3.61
Dry F7 7.48 4.92 13.40 31.56  20.28 3.53
F8 11.23 8.17 19.40 27.65 16.31 3.59
F9 9.98 4.51 14.49 31.92 16.80 3.30
mean 10.23 5.87 16.10 30.38 17.79 3.47
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the soil surface. The ground water contained Catt, ca. 17-25 mg/100 cm3.
Calcium carbonate contents of the surface soils of the plots were very low, and
the vertical movement of the ground water with its basic ions affected the pH.

(2) Nitrogen at sampling time

Nitrate was present in all plots nearly the whole year. Nitrate levels fell to
zero from December—March in the wet types. All the other plots were fertilised
during the winter and the nitrate level did not fall when this occurred. After
fertilisation the level tended to increase. Where there was no winter fertilisation
the level of soil nitrate fell. During the rest of the year nitrate was present in the
greatest amounts in the Arrhenatheretum, and the wet plots had the lowest
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amounts. The other vegetation types showed intermediate nitrate levels. In this
respect the Scirpus plots behaved more like the dry plots despite their wetter
vegetation and less fertilisation. In the wet plots nitrate was present chiefly in
spring and autumn, but in the typical plots nitrates were present for longer
periods from midsummer to winter. The dry plots showed similar nitrate con-
tents to the typical. There were high levels of nitrate in midsummer in the
Arrhenatheretum, again in autumn and then in late winter and spring.

Apart from the levels of nitrate in winter, the amount present appeared to
have no correlation with the fertilisation. Increase in the nitrate content occurred
in soil of the same vegetation variants when one was fertilised and the other not.

The wet meadows contained the largest quantities of nitrates in the autumn
and spring with some in midsummer (Fig.19). These observations were com-
parable to the amounts present in the meadows in Switzerland and France, but
in addition the soils from this region showed the winter peak of nitrate content.
Presumably this was due to the fact that the soil temperature was colder in this
site than in the others and the soil was frozen before and after the fertilisation.
The low temperatures kept the nitrates at or near the soil surface. The fall in NOg
in late September was attributable to the high soil water content at that sampling
time. This caused a fluctuation in the main autumn peak. There was not always
a close relation between the nitrate content and the water content of the soils,
but during any one period when there were high nitrate levels in the soil small
fluctuations were caused by the water regime.

The ammonium content of the soils reached its maximum during the winter,
and although present at high levels in the Arrhenatheretum it was greatest in the
Scirpus plots. Throughout the rest of the year ammonium was present in small
amounts in May, July and September and occurred along with nitrate and not
in place of it except in the plot supporting the poorest vegetation (the Serecio
aquaticus meadow G1). Whereas the nitrate content increased from the wet
types to the dry vegetation types ammonium reached high winter values in all
the vegetation variants. The seasonal pattern of ammonium content in the
meadow soils corresponded very closely to that in the plots in Switzerland and
France.

(3) The capacity for nitrification

The organic soils were characterised by their higher capacity for nitrification
than the mineral and sandy soils. OLSEN (1921) also found that the nitrification
was very active in organic peat soils. Soils of the vegetation variants increased
their potential nitrification with decreased F values. The wet and typical vari-
ants possessed low nitrification capacities during winter and although the
capacity fell in the dry types, it did not fall to such low levels. That of the Senecio
aquaticus meadow and the second wet type fell to zero and less than 1 mg/100 g
respectively; the dry to 2-4 and the Arrhenatheretum to 3-7. The potential
nitrification in the Scirpus types during winter paralleled that in the typical. The
low winter values of the wet types extended longer than in the other vegetation
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variants. There was some relation to the water regime because the large fluc-
tuations in water content definitely influenced the capacity for nitrification.
The four seasonal peaks were represented, i.e. July, autumn, February and
May (Fig. 20). The peaks appeared later than those obtained from other experi-
mental areas. The pattern in the soils from the plots in Germany was modified
by the greater variations in water content. This was demonstrated by the Arrhe-
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natheretum. There was probably one large autumn maximum as in the mineral
soils, but this was modified by high soil water causing a fall in September-
October. Compared to the mineral soils the winter peak in the soils from Ger-
many was exaggerated. The most important maximum for the dry plots was in
summer (as in Switzerland), but again the winter maximum was large. The
increased importance of these two peaks in the capacity for nitrification was
seen in all the vegetation types (Fig.21). Apart from the autumn peak being
large in the three experimental areas, the relative importance of the other
maxima was probably related to the differences in soil texture. The Scirpus
variant showed its own pattern of potential nitrification. The nitrification tended
to be similar to a much drier vegetation variant. This could have been caused
by the excessive amelioration of the Scirpus plots by adding gravel, creating a
different pattern of soil aeration. The Senecio aquaticus meadow differed in no
great detail from the wet plot G2.

There was a correspondence between the potential nitrification and the
nitrate present at any one time in the soil. This suggested that the nitrate in the
soil was more a result of the soil activity than of artificial fertilisation.

Ammonium was present in the soils incubated under controlled conditions
during the winter and occasionally during a time when the activity of the nitri-
fying bacteria was low.

(4) Nitrification in the field

Within limits nitrification in the field followed that under controlled condi-
tions, but there were more departures from the parallelity, than in the mineral
and sandy soils, e.g. in the Arrhenatheretum at plots G4 and G6 there were
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Fig. 20 The nitrification under controlled temperature conditions of soils from Germany.
S.E. = 6.0
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inverse relationships. However, in most soils the maxima in nitrification oc-
curred about the same time. As the potential nitrification increased from wet to
dry, so did the amount of actual nitrification. This reached low values in winter
although in the drier and the Scirpus variants there was a low level of nitrifica-
tion. There were 3 peaks as in the other areas in summer, autumn and spring
(Fig.22). The weather modified in the autumn peak. That this was caused by
water is well illustrated in Fig.23. The wet type (c) was greatly affected, the dry
type and the Arrhenatheretum (a, d) less. The Scirpus variant showed some
peculiarities in that the summer and autumn maxima tended to merge.

Ammonium was present during the winter in the samples left to nitrify in the
field, and in some examples when conditions limited nitrification. In this respect

all the samples behaved similarly.
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The different nitrogen status of the soils of the vegetation variants were similar
to the other regions (Table 20). The N values and the potential nitrification
were not well demarcated in the typical and the drier vegetation types. The
nitrogen status of Scirpus variant approximated to the dry and not to the wet
type. There were no obvious differences between the Senecio aquaticus meadow
and the wet sedge Cirsium oleraceum meadow.

The three experimental areas showed a similar seasonal pattern in the nitrifi-
cation, and the fluctuations between areas could be related to climatic differ-
ences, especially local precipitation. It appeared that the wet fertilised meadows
possessed a characteristic pattern of nitrification which was evident in the dif-
ferent vegetation types. Those more fertilised, and consequently more fertile and

with the highest mean N value and lowest mean F value showed a greater actual
nitrification than the wet vegetation types.

3. Factors affecting the nitrogen budget

Something like 959, of the nitrogen present in the soil is bound in organic
matter, and the “available N’ represented by the remaining 5%, exists as nitrate
and ammonium. These ions result from mineralisation, i.e. ammonification and
nitrification and the amount mineralised depends on:

(1) the water content of the soil,

(2) the profile relationships and the stratification of aeration,
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Table 20 Comparison of the nitrogen status of the different types: Germany
(Values given as mg/litre of soil. They represent the mean of all the samples for individual
soil)

Vegetation Plot Nitrogen at sampling Nitrification N
type No (mg/100 g soil) lab. field value of
NO3-N NH;-N Total NO3-N NO3;-N  vegetation
Wet G 1 1.84 4.16 6.00 20.20 3.46 273
G 2 1.59 1.85 3.44 17.89 2.84 2.55
mean 1.71 3.00 4.72 19.05 315 2.64
Typical G 4 445 205 6.50 49.69  5.80 3.35
G 5 5.05 3.98 9.03 51.45 5.20 3.05
mean 4.75 3.01 7.76 50.57 5.50 3.20
Scirpus G 6 3.68 5.20 8.88 45.04 8.28 2.70
G 7 10.13 4.45 10,58 25.30 8.09 2.75
mean 6.90 4.82 9.73 35.17 8.18 2.73
Dry G 3 3.40 2.45 5.85 42.10 9.15 3.21
G 8 5.32 1.94 7.26 30.88 8.84 3.21
mean 4.36 2.19 6.55 36.49 8.99 3.21
Arrhenatheretum G 9 15.90 5.21 21.11 67.12 19.80 3.70
G10 19.44 3.25 22.69 81.06 14.87 4.33
mean 17.67 4.23 21.90 74.09 17.33 4.01
(3) pH,

(4) temperature,

(5) supply of essential nutrients, the quantity of organic matter.

Experiments were conducted to investigate the effects on nitrogen relations
of changing the water regime, of supplying ammonia and changing the pH with
CaCOg, and of supplying aerobic versus anaerotic conditions. The distribution
of nitrification in the soil profile over a short distance was investigated and the
bacterial populations responsible for the oxidative processes of nitrification were
cultured.

a. The water factor

HELLER (personal communication) has clearly demonstrated that in soils of
certain woodlands there is a close correlation between the water content of the
soil and the capacity of the soils to nitrify. These soils however were sandy soils
with a low organic content and the humidities were always low compared to the
wetter hay meadows, e.g. Molinietum, and the wet fertilised hay meadows.
ELLENBERG (1964) found the same thing with a clay-loam supporting Aceri-
Fraxinetum. Normally nitrification proceeds actively within rather narrow limits
of the water content of the soil. KocH (1911) found that for a sandy soil 169,
was optimum and activity was lower at 10%, and 269,. The relation is not always
clear without experimentation; for instance OLSEN (1921) cited a soil with an
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initial water content of 18.19%, produced 48.27 mg NOg/], but the same soil with
a water content of 26.39%, produced an increase of 101.74 mg.

Unless the soil is extremely sandy, water is retained and with increasing water
the soil atmosphere is decreased. In very wet soils conditions become anaerobic,
The seasonal changes observed in the nitrification in situ and the nitrification
capacity under controlled conditions fluctuated in the same way except during
the winter months when climatic factors limited the nitrification in the field. In
many samples it was observed that nitrification fell in accordance with high
water content, and when the soil was relatively dry nitrification increased. There
was no regular relation between water content and nitrification. For example in
plot S4 the sample taken in late July had a water content of over 150%, com-
pared to the normal winter levels of 80-1009%,. Yet the nitrification was not
greatly depressed. The moisture affects the bacterial activity. TRAAEN (1916)
added ammonia as ammonium sulphate at seven moisture regimes and measured
the percentage of the ammonia which was converted into nitrate after 26, 66,
and 100 days. When the soil was very dry (3.5%,) nitrification activity was
limited and the best results were obtained at 17.5-209%,. At 25% the amount
converted was less.

For nitrates to be produced in the soil conditions must be aerobic and there
must be a supply of suitable substrate. The soil organic matter holds not only
the exchangeable cations (Ca, K, Na, Mg, Mn and Zn) but by mineralisation
releases C, N, P and S by biological decompositions. These processes depend on
temperature, humidity, aeration and pH. The soils of the wet meadows always
contained sufficient humus to provide adequate initial material; provided the
micro climate was suitable for its decomposition.

Two mineral soils were taken after rainfall by gathering many small samples, sieving and
mixing from two mineral soils, one supporting the wet type of vegetation, the other the typical.
The initial contents of water, nitrate and ammonium were determined. The soils were then
spread out on flat pans in a laboratory and allowed to slowly dry. Eight subsamples were
taken for each soil to give a graded series of soil water content. There were minute fluctuations
in the N contents during drying and corrections were made to give the initial nitrate and
ammonium contents. The soil moistures were:

Soil (1) wet vegetation: 65.2, 86.3, 100.1, 115.4, 125.6, 145.7, 166.0, 181.2 9, weight

Soil (2) typical vegetation: 29.9, 35.7, 41.2, 45.7, 51.8, 62.0, 65.6, 75.5 9, weight

The samples were put into glass jars and weighed and kept under controlled conditions.
Every 3 days the weight was checked and any water loss was made good by a vaporiser.
There were only small alterations. At 10, 20, 30, 50 and 60 days nitrate and ammonium contents
were determined.

In the wettest samples nitrification was negligible. There was a gradual in-
crease in the nitrification capacity with lower water content. Not only did the
amount of nitrification increase but also the rate of nitrification. In soil (1) there
was maximum nitrification with moisture contents of 125.6 and 145.79%,.
Samples drier than this showed less accumulation of nitrate (Fig.24 A). In soil
(2) the activity was similar over a range of the dry soils (29.9-45.79%,), but
between 45.7 and 75.59%, activity was very different (Fig.24 B). Ammonium was
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not present in any large amounts. In both soils there was some accumulation in
the wettest samples, as a consequence of air deficiency. This ammonium was lost
by 60 days. The accumulation of ammonium after 50 days may have been due
to decomposition processes which normally reach a maximum about this time
under controlled conditions, but if this was the case any nitrogen produced was
lost and this may have been caused by denitrification. In soil (2) there were
small quantities of ammonium present throughout the experiment, but these did
not influence the pattern of nitrification. In the drier samples of soil (1), when
nitrification was depressed ammonium content rapidly increased after 30 days.
It appeared that this was not due to denitrification because the level of nitrate
did not decrease greatly; the soil was too dry to favour maximum nitrification
and limited the activity of the nitrifying bacteria.

For both soils there were humidity conditions favouring nitrification and con-
ditions depressing it (the extremes of wetness and dryness). The actual quantities
of water were characteristic for each soil though the range of humidities which
produced the best nitrification was within the range normally found in the field
during spring and summer.

It may be that the low capacity for nitrification during the winter months
resulted from a combination of high water content, and the low temperature,
limiting the activity of the bacteria by restricting aeration. When the tempera-
tures were favourable water content (or lack of oxygen) was probably the biggest
single factor affecting the bacterial activity.

Measurements of mineral nitrogen present at sampling times throughout the
year showed that the nitrate content fluctuated; and the soil water regime and
leaching due to precipitation appeared to be one of the major factors influencing
the nitrogen balance. To test this the nitrate content of a more or less static
drainage ditch bordering one of the plots in Switzerland (S1) was measured at
six different times. The results are shown below:

1963/64 June August October December February April
mg NO3z-N/1 8.73 16.42 4.37 24.37 12.32 6.98
Soil NO3 level High Low High Low Medium High

These times were chosen to avoid any sampling soon after fertilisation. When
the soil nitrate was low the water contained a higher quantity of nitrate indicat-
ing that nitrate was leached from the surrounding soil. Obviously to provide a
concrete example samples would be needed more frequently before and after
rains, etc., but these six analyses do support the fact that soil nitrate is very
susceptible to leaching. Nitrates are washed from the soil most rapidly in winter
when precipitation is in excess of evaporation. BRizzeLL (1943) showed that in
a culture of Phleum, loss of N from the soil (apart from the uptake by the crop
and that lost by other factors), was due to considerable amounts in drainage,
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and this amount was 2.2 times greater on fertilised plots. Leaching of nitrates
appeared to be an important factor in the wet meadows and the advantages of
winter fertilisation seem questionable. The importance of this fertilisation must
rest with the organic debris supplied which provides a store of nutrients which
can become available when the bacterial activity is no longer limited by the
temperature.

Water in the soil acts in two ways: (1) as a solvent and (2) by altering the
aeration and permeability. In high quantities water may restrict nitrification due
to the lack of oxygen and may remove N otherwise available for plant growth.
It may well be that water is the major factor controlling the seasonal N rhythm.

b. The effect of added ammonium and calcium carbonate

Two sandy loams (F 3, F8), two organic soils (G 1, G4) and three loamy soils (S1, S7, S8)
were sampled to study the effect on nitrification of added ammonium and ammeonium together
with calcium carbonate. To samples containing 100 g of dry matter were added 30 mg of
ammonium nitrogen as ammonium sulphate and 30 mg of NH4—N as well as 200 mg of calcium
carbonate. The samples and controls with no additions were maintained with their water
content at sampling and incubated at 20 °C. After six weeks the nitrate content was determined
in each sample, and samples were taken over a period of one year.

pH was measured initially and after the addition of ammonium and ammonium plus
CaCOs, since the amount of nitrate produced from ammonium sulphate depends on the
initial and final reaction of the soil. By adding ammonium sulphate the ammonium ions enter
the exchange complex and another base, usually Cat+ is displaced. There is a balance, because
when the ammonium is nitrified, the nitrate ions are neutralised again by the Ca.

Differences in the nitrification can be attributed to the bacterial population
and the availability of substrate, both limited by the physical factors of water,
pH, temperature, etc. When large doses of ammonium were artificially supplied
and the physical environment maintained constant, the differences observed
were due to the bacterial activity.

In most instances the ammonium was converted into nitrate, and often the
combined sum of 30 mg N supplied, and the control nitrification was less than
the measured value. This indicated a slight catalysing of the decomposition
processes by the presence of nitrogen substances. This was not so obvious in the
heavy loams but more so in the sandy loams and marked in the organic soils
(Table 21).

In all soils the results of the three treatments were parallel, and the samples
with added ammonium showed the same fluctuations in nitrifying capacity
between sampling times as the controls. The effect of CaCOs in the mineral and
organic soils was to provide a higher pH, and the nitrification produced by the
addition of the same amount of ammonium was greater. In the sandy loams this
did not occur. The soils were calcareous and addition of CaCOj3 did not greatly
increase the pH, and nitrification did not greatly differ from that produced by
the addition of ammonium alone. In the sandy loams the pH 7.2-7.4 appeared
to be an optimum for nitrification and in many samples during the year the
addition of CaCOs depressed the nitrification.
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In contrast the nitrification of a mineral soil from a Molinietum (which LEON
proved to produce very low quantities of NO3 or NH4 in normal conditions)
was compared after the same treatments. This soil produced 0.04 mg of NOs-N
after 6 weeks incubation; yet produced 28.7 mg after the addition of ammonium
and 36.5 mg after the addition of ammonium and CaCOQj3. The latter increase
was caused by a rather large increase in pH (from 5.2 to 6.6). The experiment
amphasised that the nitrifying bacteria were present in this soil, although nor-
mally inactive. The inactivity appeared to be due to the lack of available sub-
strate.

In all soils, the adjustment of pH by CaCO3 had the effect of emphasising
the seasonal pattern of nitrification, e.g. in the wet mineral soil some of the large
fluctuations were smoothed out. Normally the controls fluctuated greatly during
the summer producing two peaks of nitrification in June and August. This was
smoothed out by the addition of CaCOgs, and the true summer and autumn
maxima of nitrification were clearly distinguished. RAPPE (1952) found the same
thing with some arable soils. He concluded that the supply of easily nitrified
nitrogen in organic compounds was sometimes too small to allow a full func-
tioning of the microbial activity and the seasonal rhythms in nitrification ob-
served after the addition of ammonium and ammonium plus CaCOs, were only
weakly marked in the controls. CaCOs exerts its effect by neutralising the acids
formed during the nitrification process and it influences the nitrite accumulation.
The following figures from FrAPs and STERGES (1930) illustrate this (Table 22):

Table 22 The effect of CaCOs on nitrite accumulation,data from Fraprs and STERGES (1950)
(ppm NOz-N)

Treatment Soil 1 2 3 4
Control 0 0 0 4
500 ppm N as NH4 3 3 0 0
CaCO;3 1% 54 59 5 5
CaCO3 + NH4 255 218 260 310

FiscHER (1912) related the differences in nitrification between soil types to
their lime contents. He found that the theoretical quantity of lime calculated as
being necessary for the nitrification of a given quantity of ammonium did not
in reality suffice for nitrification, the maximum rate of reaction being with three
times the theoretical quantity. This was possibly due to the fact that Nitro-
somonas and other nitrifying bacteria, especially in the zoogloeal form, adhere
to particles of CaCOgs. Cat++ is an essential requirement for the nitrifiers and in
natural conditions organic matter seems to stimulate the organisms (BURGES,
1958).

c. The effect of aerobic and anaerobic conditions

Two soils with similar pH and CaCOs3 content from the plots in Germany (G4, G9) con-
taining 242 and 2619, water by weight respectively were subjected to 3 levels of aeration:
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(1) controls: i.e. normal conditions (aerobic),

(2) anaerobic,

(3) inundated.
To provide anaerobic conditions 40 ml of pyrogallol was placed in a large tube and inserted
into the jar containing the soil. The pyrogallol was made by mixing 5 parts of pyrogallic acid
dissolved in three times its weight of water and 2 parts of potassium hydroxide dissolved in
its own weight of water. The jars were provided with vaselined ground glass stoppers and
were waxed after closing. An oxygen indicator was prepared by dampening filter paper strips
with a mixture of 4.21 ml 1-percent glucose, 0.1 ml saturated solution of methylene blue and
0.1 ml N NaOH. The strips were inserted into the necks of the jars before closing. Bleaching
of the indicator showed that the oxygen had been removed. To provide inundated conditions
in each case a weighed quantity of soil was covered by the same amount of boiled water in
jars which were subsequently sealed. The jars containing the control soils were left open and
covered with cotton wool.

Superimposed upon this experimental design were four additional treatments. For each
soil, under each condition of aeration nitrogen was artificially supplied:

(1) o,

(2) 30 mg N as NH4 (amm. sulphate) per 100 g dry soil,

(3) 30 mg N as NH: (asparagine) per 100 g dry soil,

(4) 30 mg N as NO3 (KNO3) per 100 g dry soil.
Each of the 24 treatments was replicated three times and all jars were placed into a humidity
chamber and incubated at 20 °C. At periods up to 72 days the soils were analysed for their
nitrate and ammonium contents and at each sampling time the pyrogallol was replaced in the
anaerobic jars. There was close agreement between replicates although there were some
replicate differences in ammonium content in the anaerobic series. The mean values are plotted
in figures 25-30.

Controls. In both soils nitrate increased. In the wetter soil the increase was
slow for 25 days, then more rapid. In the drier soil nitrate accumulation was
more rapid at first. After 50-60 days the curves levelled out. Ammonium pres-
ent initially was soon lost (by 10 days): presumably this was converted to nitrate.
Ammonium appeared in the wetter soil after 35 days, reached a peak and then
fell to zero. This occurred in the drier soil, though sooner. It was thought that
this was due to decomposition of organic substances favoured by the near opti-
mal conditions of the humidity chamber, because the nitrate level continued to
rise. MEYER (1957) measured the relations between NHs, NO2 and NOs3 in an
Arrhenatheretum soil by using Winogradsky’s medium. Similarly NHs slowly
fell and after 6 days NOs rose rapidly, reached a peak and fell whilst at the
same time the level of nitrate began to rise.

When ammonium was given, the initial amount decreased as the nitrate in-
creased. The ammonium was converted into nitrate since the curves of nitrate
accumulation rose steeply at this time (cf. Fig.25a, b and Fig.26a, b). The
nitrate continued to accumulate in both soils and there was the same small
occurrence of ammonium due to decomposition. In the wetter soil, however, the
nitrate level fell after 35 days (the control fell very slightly after ca. 52 days). This
fall must have represented denitrification and loss of the nitrogen as N2 gas
because the nitrogen was not traceable as ammonium. This falling off was
negligible in the drier soil. The addition of ammonium caused a twofold increase
in the nitrate production of the drier soil. The amount of nitrate produced in
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the control plus the 30 mg N given was less than the amount produced after the
addition of ammonium, and there was a net gain of ca. 5 mg. This may have
been within the limits of error but probably represented a slight catalysing effect.
In the wetter soil, the final nitrate accumulation after the addition of ammonium
was considerably less than the control and this emphasised the denitrification
that occurred in the control. In this case the denitrification commenced earlier
(34 days cf. 52). Asparagine-N behaved similarly to ammonium-N, and the
curves for the wet soil were more or less identical (Fig.25b, c), though in the
dry soil the nitrate level fluctuated after 45 days (Fig.26b, c). It was noticeable
that the ammonium-N and asparagine-N were utilised much more rapidly in
the drier soil, and at 6 days the added levels had decreased considerably. In the
wet soil they were utilised more slowly. As a substrate for the nitrifying bacteria
asparagine seemed to be as effective as ammonium and the final nitrate accumu-
lations were similar.

After the addition of nitrate the nitrification proceeded as in the controls but
at a higher level. In the wetter soil the nitrate production equalled the control
plus the added NQOs, and the presence of added nitrate seemed to reduce the
slight denitrification after 52 days. Also the decomposition was retarded. In the
drier soil the presence of nitrate slightly increased the rate of nitrification and
acted as a catalyst because the final amount of nitrate produced totalled more
than the control plus 30 mg.

Anaerobic. Anaerobic conditions greatly modified the nitrification. In the
wet soil the nitrate level fell and reached zero at 45 days, and at the same time
ammonium increased. The initial time lag in the loss of nitrate was probably
due to the fact that there were still low Oz tensions between the soil crumbs. The
same occurred in the drier soil, but nitrification did proceed to a much higher
level (23 mg cf. 7 mg, Figs.27a, 28a). Decomposition in the aerobic controls was
masked by the ammonium production.

The presence of ammonium greatly increased the production of ammonium.
In the wet soil, ammonium reached high levels (125 mg) and this decreased,
presumably by conversion to N2 and N2O. The high level of ammonium must
have included that produced by decomposition and again the presence of an
end product seemed to catalyse the bacterial change. In the dry soil there was
some initial nitrification, probably due to some air still remaining between the
soil crumbs. Thereafter decomposition was rapid resulting in the production of
ammonia.

The addition of asparagine produced smaller effects than the addition of
ammonium and denitrification. Only some was converted to ammonium (be-
cause some bacteria causing decomposition are anaerobes). This was in turn lost
as Na (Figs.27c, 28c).

Nitrate under anerobic conditions was lost due to conversion to ammonium,
and it was lost much faster in the wetter soil. The fall in the curves of ammonium
against time represented losses as N2. Due to the anaerobic conditions, ammo-
nium present initially in the soil was lost very quickly (Figs.27a, 28c).
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Inundated. The artificial ground water caused initial loss of nitrate and in-
crease of ammonium in both soils. In the wetter one there was some accumula-
tion of ammonium later and then a decrease, and in both soils there was some
nitrification, even though the soil was completely inundated (Figs.29a, 30a).
The oxygen content of the ground water was measured by the method of Wink-
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ler. Samples were taken near the surface of the water, at the level of the soil
surface and below the soil surface. Oz content showed a gradient of 7.17, 4.35,
4.17 ppm from above down. All N substances added were lost from the system.
Here denitrification was active. Nitrate disappeared most rapidly, and the curves
after the addition of NH4 and NH2 were similar (Figs.29b, c, d, 30b, c, d). At
the end of the experiment the artificial ground water was tested for the presence
of nitrates and ammonium, and gave zero values for all jars.
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Soils of a Senecio aquaticus meadow and a Magnocaricion swamp were tested
in the same way but analysed less frequently. Apart from their lower nitrification
capacities the results differed in no degree from those for wet soil.

The ammonium is adsorbed on the lattices of the colloids of the organic par-
ticles and presumably they are the site of nitrate accumulation. QUASTEL (1946)
found that the rate of nitrification was a function of the number of ammonium
ions adsorbed onto or combined in the soil in the form of base-exchange com-
plexes. When the soil atmosphere is changed this activity must be modified; a
reduction in aeration results in a reduction in nitrification. Aeration may be re-
duced by local build up of high CO2 concentrations or by excess of water. In the
soil both act in combination. Normally the COz in the soil fluctuates according
to the activity of the plant roots and the micro-organisms. Nitrifying bacteria are
aerobic and they possess small respiration, CO2 being the waste product. His-
BARD (1919) showed that soil COz increased proportionally to the amount of
manure added and the total C showed a rapid decrease. This was due to bac-
terial activity. The soil structure in the experiments described above was modi-
fied according to the aeration. The normal fibrous structure of the controls was
lost under anaerobic conditions presumably due to decomposition. This was
probably conditioned by the relatively high constant temperature.

RuUsseLL (1914) linked the COg production and nitrate accumulation. He
demonstrated that the NO3z and COg curves were similar and he termed them
the main production curves. In an arable soil both curves closely followed the
temperature during winter and the rest of the year followed the rainfall. Both
rose in spring, fell in summer, rose in autumn and fell again in winter. That the
NO3s accumulation was conditioned by the rainfall was shown by the hot dry
summers of 1911 and 1913 when the two maxima of spring and autumn merged
and nitrification was high throughout the summers.

In the experiments no measures of nitrate oxide or No gas were made. Re-
stricted oxygen results in the production of some amides as well as ammonium
but the effects of greatly lowering the Os tension (by pyrogallol) or flooding the
soil (with an artificial ground water) demonstrated how sensitive the nitrification
was to factors of aeration. In the wet meadow soils in the field denitrification
must occur simultaneously with the nitrification process, the importance of one
over the other being conditioned by aeration. Even in an arable soil with good
aeration there is some denitrification present. ARNOLD (1954) examined the
production of N2O from both arable and pasture soils. They lost ca. one tenth of
their mineral N a day as N2O when the soils were wet, but this value was 100th
less when the soils were dry. MEYER (1957) followed the N budget of same wet
meadows in Winogradsky’s medium. The relation to the air-volume percent
was not always clear although the Glycerietum with an air volume of <19,
showed the highest denitrification. Some of these results are quoted since they
represent the same types of meadows (Table 23).

With all the plots he examined he obtained a rectilinear increase in nitrifica-
tion with increasing air volume. Probably it is the Oz tension that is vital. In
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Table 23 Relation of nitrification and denitrification to the air content of the soil (after
MEYER, 1957)

Vegetation Air volume Nitrification Denitrification
9% mg NOqg/1 mg NO3 denitrified
after 5 days in 48 hours
Arrhenatheretum 39.1 4.1 3
21.7 53 22
Cirsium oleraceum-Ass. 11.2 5.0 10
8.4 8.3 6
Glycerietum <1 1.6 96

21 days with added ammonium and an Oz content of 209, 46%, of the added N
was converted to NOs, but at 19, O, only 219, and only 29, at 0.49, O2
(AMER and BARTHOLOMEW, 1951).

It seems that the Oz tension has to reach extremely low levels to restrict nitri-
fication. This would explain the nitrification observed under inundated condi-
tions. Normally losses by denitrification are negligible at water levels less than
two thirds of the soil water holding capacity. The wet meadows grow on soils
with a high soil water holding capacity and the amount of denitrification in the
field is correlated with the moisture regime. In the experiments following the
seasonal fluctuations in nitrification only nitrate and ammonium were measured.
Since denitrification results in the loss of N2 or N2O, denitrification was not
easily detected ; the ammonium arose by decomposition of organic compounds.
The control soils in the experiments with varying aerations demonstrated that
the traces of ammonium sometimes present when the potential nitrification was
measured represent decomposition.

d. The distribution of nitrification activity in the field

The local variations in nitrogen supply were investigated over a small
area by comparing the potential and actual nitrification at five plots on a tran-
sect. This was a wet meadow that was flooded once or twice each year, and
bordering the stream were nitrophilous stands. By the side of the stream was
(1) Urtica dioica, on the bank (2) Festuca rubra and Galium mollugo, and the
plots (3), (4), (5) were in the meadow. Plot (3) was rich in carices (C. acutiformis
and C. panicea), plot (4) in Filipendula ulmaria and some carices, and plot (5) in
Cirsium oleraceum and Angelica silvestris. The plots were examined during the
summer. In the nitrophilous stand bordering the water the actual nitrification
more or less equalled the potential; this was less marked in plot (2). Plots near
the stream were presumably liberally supplied with nitrates from the water. The
three stands in the meadow represented a gradient of humidity, and it was very
noticeable that the proportion of nitrification increased from plot (3) to plot (5)
(Fig.31). These plots were separated by only 2.5 metres and the results empha-
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September 1963).

sised the variation likely to occur in a meadow over a short distance. This was
partly overcome in the sampling in the three experimental areas by taking a
large mixed sample of many small samples. Here a large mixed sample was
taken over a relatively small area.

The variations in nitrate content at sampling were not great, nor in soil P
though the Urtica dioica stands showed high levels of P.

The five soils all had similar bulk densities and the results are given as mg per
100 g. Ammonium was rarely present and caused no variations in the overall
picture.

The effect of soil depth on nitrification was studied by means of three
profiles taken December 6, 1963:
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Soil 1. Organic soil from Germany: 0-3 cm organic material, 3-30 cm loam with humus.
Below 30 cm grey clay. In the region 11-20 cm there were red iron flecks. Water table at
sampling at 14 cm below the soil surface.

Soil 2. Organic soil from Germany: 0-1 cm organic material, 1-40 cm loam with humus,
but with a better crumb structure and less peat-like than soil 1. Below 40 cm grey clay. Water
table at sampling 19 cm below the soil surface. Tron flecks 15-20 cm.

Soil 3. Sandy soil from Alsace: 0-1 cm organic material, 1-18 cm silty-loam, 18-23 cm sand.
Below 23 cm friable loam.

Soils 1 and 2 were gley soils. Under waterlogged conditions (prevalent in these soils) when
the water table is high, iron and manganese become reduced to ferrous and manganous
salts which are soluble and more mobile. When drying occurs these become re-oxidised and
leave rusty concretions and small black manganese particles. The presence of brick particles
was due to amelioration with gravel. There was slight evidence from the colour of the topsoil
that the soils had been ploughed, probably about 50 years ago. The sandy soil was an alluvial
soil.

In all cases four holes were dug and samples taken from sides of the holes at 1,5, 10, 15, 20,
35 and 50 cm depth. Samples from the same layer were thoroughly mixed. On arrival in the
laboratory the soils were analysed for N, P, CaCO3; and pH.

Water content increased with depth although CaCOj3 and pH were similar
throughout the profile. Phosphorus tended to be present only in the uppermost
layers. Nitrate was only present in the top few cm although ammonium extended
lower. The distribution patterns are presumably related to the oxygen contents.
Samples of each horizon were incubated and the nitrification measured after
6 weeks. The highest nitrification was in the samples taken around 5 cm in the
organic soils and 1-5 cm in the sandy soil (Table 24). The depth from which a
sample is taken can considerably modify the nitrification.

It was noted that there was some nitrification in samples taken from below
the water table. This may occur in the field provided there is sufficient oxygen
available. In an experimental system using large cylinders and an artificial water
table nitrate tended to accumulate in the top few cm of the water when nitrifica-
tion was active in the soil above (e.g. after the addition of ammonium salts).

The activity of the nitrifying bacteria in the upper 20 cm of the soil was demon-
strated in similar meadow soils from Czechoslovakia by VICHEREK (1962). He
determined the N-percent in a Deschampsietum caespitosae (which is a poor
meadow of the Calthion) and a wet Arrhenatheretum. The N was always higher
in the uppermost layers. There is probably a temperature effect also, since
below ca. 30 cm the soil temperature rarely rises above 10 °C.

e. The bacterial populations in relation to nitrification

Any change in the nitrification capacity of a given soil may be due to reduced
population of the nitrifying bacteria or inactivation of the population caused by
adverse physical conditions. Experiments were designed to culture the nitrifying
bacteria and obtain counts as a measure of the population size. Counts were
made at different sampling times and also from several horizons of the soil
profiles.

From the large mixed sample from the field plot the equivalent of 1g of dry soil was placed
into a sterilised Erlenmeyer flask and 100 ml of 1-percent potassium aluminium sulphate was
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added. This was violently shaken for 5 minutes. A dilution was prepared using sterile pipettes
and sterile water. 1 ml of the extraction was diluted 100 times and 1 ml of this dilution further
diluted 100 times. 1 ml replicates were plated.

The bacteria responsible for nitrification include several genera. Nitroocystis,
Nitrosogloea, Nitrosomonas, Nitrosococcus and Nitrospora are responsible for
the oxidation of ammonium, and Nitrocystis and Nitrobacter for the oxidation
to nitrate. The stages of nitrification are not fully understood although nitrifica-
tion appears to occur by a step-like oxidation, e.g. NHs -~ NH2OH — (NOH).
— HNO2 — HNOs, and this is considered to be entirely a bacterial process. The
bacteria of chief importance are Nitrosomonas and Nitrobacter. They are obli-
gate chemoautotrophic and they flourish in inorganic media utilising energy
derived from the oxidation to produce organic matter. A culture medium was
prepared by the method of MILLBANK (1956)*.

Three solutions were prepared and mixed using 2 ml of solution 1, solution 2 and 12 ml
of solution 3:
(1) 0.2 g NaCl, 0.05 g MgSO4.7H20, 1.2 g NazHPO4, 0.6 g KH2PO4, 0.1 g NaHCO3, 1 mg

FeS04.7H20, 1 g MnSO4.4H:0, tap water to 100 ml

(2) 0.89% w/v (NH4)2SO4 in water
(3) 2.5% w/v Bacto-Agar

The solutions were mixed in a test tube, sterilised and then poured into a Petri dish whilst
still warm. The Petri dishes used were sterile plastic disposable ones supplied by Oxoid. Im-
mediately after pouring, the ml suspension was added. The plates were incubated at 25 °C for
25 days. 12 plates were prepared from each suspension, 6 were used to determine the nitrite
producing bacteria, and 6 for the nitrate producing bacteria. The plates were tested for nitrite
by adding several drops of sulphanilic acid solution (0.69%, in 309 acetic acid) and immediately
afterwards several drops of N-(1-naphthyl) ethylene diamine dihydrochloride (0.1% in 39,
acetic acid). Nitrite stained bright red. The plates were tested for nitrate by adding several
drops of acidic diphenylamine solution. Nitrate stained blue-black. It was apparent that
nitrite was readily diffusible since on staining, the whole medium occasional took up a faint
pink colour. The stain for nitrate tended also to stain for nitrite and the actual numbers were
obtained by substraction.

Soils of the sandy loams and humus-rich loams were investigated, since it
proved difficult to extract the nitrifying bacteria from the mineral clay loams.
The results are given as mean number of colonies per plate. Comparisons of the
numbers from two different soil types are not valid since there were different
amounts of extraction.

Three experiments were designed :

(1) counts of nitrifying bacteria from different vegetation plots sampled at the same time,

(2) counts of nitrifying bacteria from the same plot sampled at different times,
(3) counts of nitrifying bacteria from different horizons of the profile sampled at the same time.

Experiment 1|

Samples were taken from six plots from Germany (representing three vegeta-
tion variants), and four plots from France (representing two vegetation vari-
ants). The results are shown in Table 25.

*1 am grateful to N. WALKER, of Rothamsted Experimental Station, England, who suggested
this method.
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Table 25 Counts of nitrifying bacteria from several field plots (G sampled 13/9/63, F sampled
10/9/63)

Plot Vegetation Nitrification Bacteria staining for Total

unit capacity NO2 NOs nitrifying
mg/100 g mean no./plate bacteria/plate

G 1 Wet 7.38 1.0 2.4 34
G2 6.13 1.1 1.7 2.8
mean 3.1
G 4 Typical 17.41 1.2 6.8 8.0
G S 7.43 2.4 5.0 7.4
mean 7.7
G 9 7.82 2.0 9.2 11.2
G10 Arrhenatheretum 9.31 4.1 9.3 13.4
mean 12.3
F 1 Wet 6.32 1.2 0.6 1.8
F 3 3.51 0.8 0.8 1.6
mean 1.7
F 7 Dry 4.21 1.1 2.5 3.6
F 8 0.83 0.2 2.2 24
mean 3.0

It was obvious that the more fertile plots contained a larger population of
nitrifying bacteria and the plots of the same vegetation variant gave similar
counts. The sandy soils gave lower counts of bacterial than did the organic. This
was probably due to a lower extraction. There was some variation in the relation-
ship between the numbers of NO2 and NOs counts although the increase in the
number of bacteria in the more fertile plots seemed to be caused by a larger
increase in Nitrobacter in both soil types.

The soils were sampled around the autumn peak of nitrification. This peak
had a slightly different spread in the various plots and this perhaps accounted
for the differences in nitrate production. It was not possible to relate the bac-
terial counts to the nitrate production.

Experiment 2

Counts were made at four periods, October, December 1963, January, April
(May for sandy soils) 1964 (Table 26).

Nitrification was high at times 1 and 4 and was low at times 2 and 3. The
number of bacteria fell in all plots during the winter. This was due to a fall in
the population of Nitrobacter; despite variations, that of Nitrosomonas re-
mained similar. At time 4 there was a population burst resulting from an
increase in both bacteria. This population burst corresponded to the spring
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Table 26 Counts of bacteria at different sampling times: Mean number per plate

Sampling times 1 2 3 4

Date 28/10/63 6/12/63 2/1/64 6/4/64

Plot Vegetation NO2 NOsz Total NOz2 NOs Total NOsz NO3 Total NOgz NOj Total

G 1 Wet 1.0 24 34 I.I 1.0 2.1 0.5 06 1.1 36 32 6.8
G 4 Typical 1.2 6.8 8.0 1.0 29 39 1.1 1.7 2.8 54 73 127
G10 Arrhen. 4.1 9.3 134 42 4.6 838 35 29 64 11.8 114 232

Date 21/10/63 2/12/63 6/1/64 2/5/64
F 1 Wet 1.2 0.6 1.8 02 08 1.0 0. 038 0.8 25 6.1 8.6
F 8 Dry 02 22 24 04 19 23 03 1.8 2.1 7.3 11.4 18.7

flush of nitrates. The increase in Nitrosomonas suggested that there were many
substances formed by mineralisation of dead roots, micro-organisms and soil
animals, or of organic soil reserves is probably the prime factor causing the
spring release of nitrates.

Experiment 3

Two of the organic soils were sampled at 1, 3, 5, 10 and 30 cm. The nitrate
and water contents were determined and the nitrifying bacteria at different
depths were counted (Table 27).

The nitrate content was inversely related to the water content in both profiles,
i.e. with higher water content there was less nitrate. In the profile of G4 the
number of bacteria corresponded closely to the nitrate present. The number of
bacteria and the nitrate content were not altogether parallel in plot G10. In

Table 27 Nitrifying bacteria at different depths in the soil (6/12/63)

Plot Depth NO3 Bacteria Total 9% water
cm mg/100 g staining for nitrifying (weight)
NO: NO3 bacteria/plate
mean no./plate

G 4 1 0.8 2.2 8.9 11.1 202.3
3 0.4 2.5 4.8 I3 205.2

5 0.7 1.6 4.0 5.6 204.1

10 1.3 8.1 12.3 20.4 197.6

30 0 1.2 1.7 2.9 220.1

G10 1 0.3 1.0 3.1 4.1 151.2
3 0.5 34 2.1 5.5 152.0

5 0.5 2.0 9.0 11.0 141.2

10 2.1 4.2 4.1 8.2 112.6

30 0.1 1.1 2.8 3.9 171.7
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both plots it seemed that the nitrate content, the bacterial population and the
water content were related. Presumably increased water lowered the aeration
and restricted the bacterial growth, thus limiting the amount of N oxidised. The
individual numbers of Nitrosomonas and Nitrobacter varied according to the
profile depth. The numbers of one seemed unrelated to the numbers of the
other. This suggested that the aeration conditions in the profile were continually
changing.

These three experiments showed that the actual population of nitrifiers fluc-
tuated and during periods of low nitrate production the population was smaller.
This occurred during adverse conditions and the high water and low aeration
restricted not only the bacterial activity, but the generation time. Reproduction
was inhibited and a smaller population was counted. These factors affecting the
population size also acted differently in the vegetation variants. Aeration was
poor in the wet types and good in the dry. It was significant that the bacterial
population increased accordingly (experiment 1).

V. Phosphorus

Phosphorus content was measured to see whether there were any differences
in phosphate relations between the vegetation types. The data are given as mean
phosphorus content for the vegetation type.

Soil phosphorus content was determined in all plots throughout the growing season of 1963.
The soil was extracted with 0.5 N acetic acid. Some of the phosphate which dissolves in the
acid may be reabsorbed during extraction and to overcome this 1-percent hydroxy-quinoline
was added to dilute acid (WiLL1AMS, 1950). This reabsorption is of importance when iron
hydroxides are present. These were noticeable as concretions in the organic soils from Germany
and flooding of plots in Alsace caused the deposition of iron oxides (and maybe aluminium
hydroxides, which also cause reabsorption during extraction).

1. Swiss Midlands

The amount of Phosphorus present varied greatly during the year and the
fluctuations in all vegetation units were remarkably parallel (Table 28). Phos-
phorus was high in the periods April-May, July—-August and during September.

Table 28 Phosphorus content of the mineral soils (mg/1) from Switzerland

Vegetation 1963 Sampling date 1964
unit Spring Summer Autumn Winter
27/4 14/5 6/6 26/6 16/7 6/8 27/8 13/9 2/10 2/11 10/12 21/1

Wet 2.1 135 16.1 32 30.5 132 0 279 75 0 0 0
Typical 11.2 46.9 11.6 3.0 393 126 0 29.0 73 30 0 0
Dry 154 630 1.0 83 209 87.3 0 3438 80 7.8 0 O
Arrhen. 19.6 187.5 111.6 6.6 17.1 73 0 96.7 133 2.2 0.7 0
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It fell to very low levels in early June, late August and during autumn. The two
latter periods corresponded to the decrease in activity of the nitrifying bacteria
and probably represented unfavourable soil conditions. There was no direct cor-
relation with soil moisture content although the maxima of phosphorus content
roughly corresponded to periods of high water content.

Phosphates in the soil are found in the soil solution as inorganic forms, and
in the organic material. Normally the phosphorus in the organic material is
“unavailable’’; but it is mineralised slowly and thereby becomes “available’. In
arable soils phosphate movement in a vertical direction is extremely slow and
nitrate ions would be leached before phosphorus. This is probably the case for
most well-drained soils, but in soils which are subject to water logging phos-
phate may move much more easily down the profile, possible carried by ferrous
ion (RUSSELL, 1961). Soils of the wet meadows always possessed a high moisture
regime and it is likely that phosphorus was more labile in these grasslands.

Apart from the similar fluctuations in soil phosphorus during the year there
were well marked differences in the quantity of phosphorus present in the vege-
tation types. When phosphorus was present in large amounts the actual quan-
tities increased from the wet to the dry vegetation units, i.e. Wet < Typical
< Dry < Arrhenatheretum.

2. Alsace, France

The soils from Alsace contrasted with those from Switzerland because there
were only two large maxima of soils phosphorus content (Table 29): in April-
May and early September. These did not closely correspond to the peaks in
nitrification since there was no parallel to the summer maxima in nitrification,
but the fluctuations of soil phosphorus were similar to those of NO3. The lowest
values were recorded in June—July and autumn, and it appeared that the soil
water content was a controlling factor both for the nitrification and the phos-
phorus content. There was, however, a time lag. As in the mineral soils fluctua-
tions in phosphorus content followed the same trends in the three vegetation
units and there was more phosphorus present in the dry types.

3. Southern Germany

Phosphorus content was high during May-June and late October (Table 30).
Low values were found August—September and in late autumn. The periods of

Table 29 Phosphorus content of the sandy soils (mg/1) from Alsace

Vegetation 1963 Sampling date 1964
unit Spring Summer Autumn Winter
20/4 7/5 28/5 19/6 9/7 30/7 20/8 10/9 1/10 21/10 2/12 6/1

Wet 82 124 4.2 0.5 1.7 5.0 16.8 174 0 0 0 0
Typical 103 11.6 7.0 2.0 6.8 4.3 453 268 70 0 0 o0
Dry 60.9 230 16.0 1.9 0 139 389 4538 81 0 0 O
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Table 30 Phosphorus content of the organic soils (mg/l) from Germany

Vegetation 1963 Sampling date 1964
unit Spring Summer Autumn Winter
20/5 3/6 24/6 18/7 1/8 24/8 16/9 1/10 28/1020/11 6/12 2/1 31/1

Wet 64 11.5 63 26 73 27 20 110 72 97 0 0 0
Typical 84 103 11.8 57 99 0 1.0 0 60 19.1 0O 0 0
Dry 11.8 16.7 100 23 4.1 3.6 05 63 7.0 189 0.8 020
Arrhen. 334 442 18.1 145102 0 O 0 46.3 20.7 4.5 0 o
Scirpus 93 104 09 36 55 17 09 0.7 0 6.3 3.2 0 o

high phosphorus content did not correspond closely to those of high nitrifica-
tion, although the two periods represented periods of soil activity and phos-
phorus was high when the nitrate content at the time of sampling was high. The
low phosphorus values were recorded soon after the water table began to fall
after reaching its highest levels. In the organic soils the water table appeared
more important than the moisture content of the soils near the surface, although
the two are related.

There was more variation between the vegetation units, though phosphorus
content tended to increase from the wet variants to the dry variants. The Arrhe-
natheretum showed much higher levels of phosphorus than the other vegetation
types. The Scirpus silvaticus rich variant showed slight differences from the other
variants. Phosphorus was in low amounts for longer periods and the actual
amounts were usually lower than in the wet unit. It might be that phosphorus
is an important factor controlling the stability of the Scirpus variant.

Although the fluctuations in phosphorus content were not very similar in the
three experimental areas, the actual relations between phosphorus and the vege-
tation units were the same. Phosphates are supplied by fertilisation, but these
meadow soils contained adequate quantities of organic matter and phosphorus
is slowly released from this. The mineralisation of phosphorus takes longer than
that of nitrogen because after incubation at 20 °C for 6 weeks the content of
phosphorus was more or less unchanged. Since both phosphorus and nitrogen
are released by mineralisation there must be a relation between the two. HoL-
MAN (1964) found that an increase of phosphorus in organic soils was accom-
panied by an increased nitrogen content, and MALMER (1962) suggested that
there was a curvilinear relation.

It is necessary for phosphorus to be added to agricultural land, due to the loss
by harvesting and to the low level of available phosphorus (with its slow minerali-
sation in natural temperate vegetation). The continual fertilisation of the wet
hay meadows and their relatively long age has meant that phosphorus is prob-
ably rarely deficient.

The phosphorus contents of the hay meadows could well be a factor deter-
mining their floristic composition and their subsequent yield and palatability.
KUHNEN (1951) investigated species of grassland in relation to their ecological
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indicator value for phosphorus. Not all of the characteristic species of the wet
meadows were given phosphorus values, but the following may be correlated
with the increase in phosphorus content from the wet to the dry vegetation
variants.

Table 31 P indicator values, after KuHNEN (1951)
Increase in phosphorus indication from 1 to 5; 0 = indifferent. Species chiefly found on the
wetter plots:

Lychnis flos-cuculi 2 Colchicum autumnale 2
Filipendula ulmaria 2 Deschampsia caespitosa 2
Cirsium palustre 2 Carex fusca 1
Cardamine pratensis 2 Galium palustre 0
Juncus effusus 2 Holcus lanatus 0
Species chiefly found on the drier and well fertilised plots:

Geranium pratense 4 Tragopogon pratensis 3
Heracleum sphondylium 3 Carum carvi 3
Crepis biennis 3 Trisetum flavescens 2
Avena pubescens 3 Arrhenatherum elatius 0
Bromus mollis 3 Trifolium dubium 0
Carex hirta 3 Daucus carota 0
Gallium mollugo 3 Leontodon hispidus 0
Species found on both (characteristic of the wet fertilised meadows):

Mpyosotis palustris 5 Cirsium oleraceum 4
Angelica silvestris 4 Lysimachia nummularia 4

That the floristic composition depends on the fertilisation is shown by the
characteristic species which are indicators for good nitrogen status and good
phosphorus status. Phosphorus is an essential plant nutrient, and from soil to
soil the amount and availability of phosphorus varies. The similar differences
between the relative amounts of phosphorus present in the vegetation units of
the hay meadows in three contrasting regions emphasised the hypothesis that
apart from water, both the availability of nitrogen and that of phosphorus
determined the floristic variations.

VI. Acidity

Only large differences in the acidity of the soil result in changes in the floristic
composition of grasslands depending on the tolerance of the species present. In
the case of the wet fertilised meadows these differences proved to be small. Cal-
culations of the mean R values of the stands in the original large table (see foot-
note on page 78) using ELLENBERG’S scale of 0, 1-5, demonstrated a similarity
between all columns of the table. The R value varied from ca. 3.6 to ca. 4.0. This
represented mean pH of 6.3 + 0.6. This emphasised that the Cirsium oleraceum
grasslands and the wet Arrhenatheretum gave reactions close to the neutral
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point; or on the average on the acid side of pH 7. Indeed, the three experimental
areas gave a range of pH from 5.7 to 7.3. All meadows investigated therefore
represented neutral grassland, and pH is not a factor controlling their floristic
composition.

A comparison of the pH values of two or more plots gives little information
unless the soils show extremes of acidity or alkalinity. A measure of the change
in pH within the same plot was essential because of the sensitivity of nitrification
to changes in pH, although SiOrs (1954) suggested that for various types of
meadows the pH dependence of nitrogen was more or less non existent. Nor-
mally nitrification in open field soils is limited by acidity and below pH 4.5 the
rate of nitrification becomes negligible even though it has been recorded at lower
pH values. Other microbiological processes, e.g. nitrogen fixation and decom-
position of organic material, are also adversely affected by acidity.

Seasonal fluctuations in pH were recorded in each plot throughout the experi-
mental period. Some of the normal variation in pH from point to point was
eliminated by the mixed sampling, and several replicate measurements were
made. Usually the pH in any one plot did not vary more than one unit of mea-
surement. These small variations were unlikely to affect the nitrification to any
great extent.

The sandy soils from France showed a fairly smooth variation in pH. This
fell during spring and summer and rose again during autumn, and the highest
values were during the winter. Soils from all three vegetation types behaved
similarly. The seasonal movement of pH followed the same trend as that of soil
water. The mineral soils were much more irregular although the same seasonal
fall in summer and increase in winter was observed. Again there were no dif-
ferences between the vegetation units. This was also the case for the organic
soils, where again the seasonal change in pH followed those in water content.

VII. Discussion

Experimental investigations of the edaphic factors of the wet fertilised
Calthion meadows and the wet forms of the Arrhenatheretum pointed to remark-
able similarities in the habitats of these grasslands even on diverse soils and in
different geographical regions. These results emphasised the overall stability of
the community, and in the three experimental areas equilibrium was maintained
in relation to the agricultural management.

The community was arbitrarily divided into vegetation units (and variants)
representing stages in a hydrosere and distinguished by their floristic composi-
tion, the units containing species of ecological indicator value. These units were
compared for each soil factor investigated.

The soil water content varied according to a seasonal pattern. pH varied simi-
larly and this appeared to be related to the water regime. Water content (affect-
ing aeration) seemed to be an important factor affecting nitrification, and water
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along with nitrogen status acted as factors differentiating the vegetation units.
Lack of water was rarely limiting to plant growth even in the drier units.

The overall nitrogen status of the community demonstrated that nitrogen was
an important factor controlling the vegetation units. There was a regular pat-
tern of nitrification which may be characteristic of the community. The sharp
distinction between the Cirsietum oleracei and the Arrhenatheretum in the clas-
sification of the phytosociologists does not appear valid. Nor was the difference
between the Senecio aquaticus meadows and the Cirsium oleraceum meadows
clear. The nitrification pattern showed that the Senecio aquaticus meadow could
be equated to the sedge rich wet types of the Cirsium oleraceum meadows and
the latter graded both floristically and in the nitrogen relations into the Arrhena-
theretum.

Insufficient work has been carried out on the nitrogen relations of different
grassland communities, though it is clear that the hay meadows investigated
possess a nitrogen budget very different from the Molinietum straw meadows
(see LEON, page 3).

The two maxima in spring and autumn have been quoted by several authors.
RAPPE (1952) however demonstrated four maxima. HALL (1924) has pointed out
the periodicity in nitrate production in S. African soils. In the wet meadows,
three maxima were apparent although there was a fourth potential maximum
in winter which was suppressed by the adverse climatic conditions. Much of the
periodicity in nitrification must be due to wetting and drying effects. If nitri-
fication occurs in winter it can be explained in terms of freezing and thawing,
and so the minima in nitrate production preceding and following it are pre-
sumably conditioned by the low temperatures and high water content with low
aeration. Minima in nitrate production during the summer are more difficult
to explain. Normally, however, there is high precipitation at this time, which
though not having a long lasting effect may cause the decrease. It may also in
part be due to a reduction in the mineralisation processes.

The maxima in nitrification observed in the field were intimately related to
the growth pattern. In spring, nitrates were needed for the resumption of growth.
Cutting in June and October, which is the usual agricultural practise, would
mean that the peaks of nitrate production would be available for regrowth.
Presumably the high autumn peak was related to litter deposition.

It is not possible to say exactly what causes the fluctuations in the pattern of
nitrification. Several factors were investigated to test their effect on nitrification
and since so many factors may cause modifications these probably act in co-
operation. The relations between nitrogen and moisture, and between nitrogen
and temperature are not only present in the vegetation types but there is a fun-
damental relationship over whole areas (see JENNY, 1941). There are other
unknown factors affecting nitrification. RUSSELL (1961) cites observations that a
crop depresses the rate of nitrification in a soil and there is direct evidence from
N15 experiments that the micro-organisms in the rhizosphere can extract carbo-
hydrates from roots and use soil nitrate which is converted to organic nitrogen.
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The amount of nitrogen available for the growth of the plants depends on
ammonification and nitrification and on the NH4 or NOg nitrogen stored in the
subsoil (produced in previous seasons). In these wet meadows the latter is un-
important due to the fluctuations in the relatively high water table. The experi-
ments have suggested that availability is related to the amount and nitrogen
content of the humus in the soil, and on the rate of oxidation of the nitrogen
compounds. The rate is directly related to the physical factors of the soil envi-
ronment. The bacterial cultures demonstrated that the population of the nitrifiers
changed in proportion to the nitrification. The population was high when
nitrate production was high. The population size must be a prime factor in-
fluencing the seasonal course of nitrification. It can only be presumed that the
population size was controlled by the physical factors. Both could influence
nitrification independently although the seasonal trends suggested some rela-
tionship.

Soil phosphorus seemed to be an important factor controlling the vegetation
units. This is of interest in light of the work of PIGOTT and TAYLOR (1964). They
reassessed the claim that Urtica dioica was a nitrophyte. They showed that this
species required high phosphorus as well as nitrogen. It may well be that many
of the species of the wet fertilised meadows, which are considered to be more or
less nitrophilous species, also require phosphorus. These meadows are examples
of an extremely fertile community.

Section C—Productivity

I. Introduction

From the agricultural point of view yield is the important outcome of the
grassland ecosystem. This producing system may be affected by climate, soil,
plant (species and %, cover), animal and man; and the annual production may
be quite variable. KONIG (1950) showed the positive correlation between yield,
precipitation and fertilisation over several years, and such factors must be taken
into account when comparing yield from different areas.

The hay meadows of different floristic composition have different produc-
tivities, e.g. KLAPP (cited in SCHREIBER, 1954) found a dry Arrhenatheretum
produced 37.9 dz/hal, Alopecurus-Arrhenatheretum 59.9 dz/ha and the wet fer-
tilised Cirsium oleraceum meadows 45.9 dz/ha. The types of the wet fertilised
meadows consist of different species combinations, each individual contributing
to the yield. HUNDT (1958) gave the yields of the different sociological units
(Table 32):
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