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Z. ABSTRACT 
--------------- 

The following papers recorc an investigation of some relations 

between vegetation and the soil in three major types of habitat - 

(1) Lake District woodland on non-calcareous glacial drift, 

(2) aquatic and waterlogged sites in the same reÜion, and (3) an 

upland granitic area in Scotland, An attempt has been made to 

relate certain properties of the soil exchange conplex to processes 

of soil development, and to vegetational differentiation and nutrient 

status. The major conclusions drawn may be summarized as follows: 

(1) In the woodlands studied, topography appears to be the 

main factor in determining whether a flushed brown earth with 

a mull hamus layer and an ash-sycamore-oak-hazel tree community 

will develop, or a leached podzolic brown earth with a mor 

humus layer and oak, birch and rowan as the characteristic trees. 

(2) In passing; from relatively inorganic underwater soils - 

through marsh, fen and lacustrine bog, soils - to highly organic 

raised bog peats; both the amount and strength of soil acids 

increase, C TT ratio rises, and base saturation falls. This is 

reflected in the nutrient status of the plants; those from 

underwater habitats being highest in minerals and nitrogen, and 

those from raised bogs being loci in both these constituents. 

(3) It appears that the first addition of organic matter to 

the Scot fish granitic soils brings about a sharp increase in 
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acidity and a marked fall in base satu_a Lion. The presence 

of comparatively strong acids in the humus produced by the 

,, e sted as a possiblc advantage, in uZ, colonizing plants iss 

view of the difficulty of oüaining mineral nutrients from 

the c smite substratum. 

A study has also been made of some elements and chemical 

properties figuring in the exchange complex of a feat )rofile 

(Journal of Ecology, 194+9) . Some of the var i tions may well be 

related to those in the vegetational composition of the I-)cats, 

for a sequence of plant coi. munities of very different character 

has occupied the site as distance from the mineral soil has increased. 

. M. Mayer an investigation of iron and Conjointly with AI 

manganese in natural vegetation of the Lake District has been 

carried out (Annals of Botany, 1951). The content of bot:., elements 

is higher in natural vegetation than is usual in crop plants, 

probably because of the greater acidity and organic content of the 

natural soils. The amounts absorbed are shown to vary with the 

species, the plant grouj and the habitat. 



II. ScW CiIC3 L CIA'ARACT` RISTICS OF WOODLUM SOII$ IN THE 

ET GUSH LK DISTRICT 

In the study of soil formation, increasing attention 

is being given to the influence of relief on the processes by 

which mature soils are developed; and the concept of the catena 

(Milne, 1935) or hydrologic soil series (Mattson S LBnnenark, 

1939) is proving of great value in attacking ecological as well as 

pedological problems. The aim of the present paper, which deals 

chiefly with the characteristics of the soil exchange complex, is 

to illustrate this role of topography as a soil-forting factor - 

with reference to a series of hillside woodlands along the shores 

of Windermere, in the English Lake District. In these conrnunities 

there are two clearly recognizable trends in soil and floristic 

development, the nature of the relief a1YpearinC as the main factor 

responsible for their differentiation. 

DESCRIPTION OF TIM JUM. 

The Lake District is located in north-western England,, 

longitude 3°, latitude 54-550; and includes parts of Westmorland, 

Lancashire and Cumberland Counties. It is an area well-known for 

scenery and striking relief, with eight mountains of about 1,000 m 

and 15 lakes of considerable size within a circle of about 50 km dia- 

meter. In the southern part where the present work was carried out, 

the rocks are chiefly non-calcareous Silurian slates and grits; 
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and are overlain by glacial drifts. Rainfall is high, ranging from 

about 125 to 375 cm per year. 

As might be expected, there is a wide range of plant 

communities in the district. Some of their wider ecological relations 

have been described by Pearsall and Pennington (1947) and Pearsall 

(1950). On the uplands (beneath the true montane zone) Festuca- 

rostis grassland predominates on the better soils, and in recent years 

has been much invaded by bracken (Pteridium aquilinum). In wetter 

and more heavily leached areas Nardus grassland may be present on 

rather peaty soils, often as a result of overgrazing. On the most 

poorly drained soils are found moorland and bog conrzunities, dominated 

by such species as Callum vulnaris, Eriophar zn výiinatun, Scirpus 

caespitosus, Molinia caerulea, I, iyrica pale and Sphagnum. 

The woodlands are usually found on the lower slopes, and 

through centuries of exploitation are now much reduced - though amenity 

planting has compensated to some extent for the ravages of the past. 

Much of what is now grassland and moorland has been derived Originally 

from woodland; and parts of these lands are now being restored to 

forest (albeit of an unnatural type) through the activities of the 

Forestry Coiamission. The native woodlands in the district are generally 

dominated by oak (Quercus petraea) with hazel (Corylus avellana) often 

abundant in the understory. Along the lines of drainage, streaks of 
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ash (Fra. xinus excelsior) are common. This species is also plentiful both 

at the lowest levels along the lake shores, and at higher levels on 

unstable screes. On the valley bottoms alder woods wem formerly 

common, but have largely been cleared for agriculture. On the most 

poorly drained of these alluvial lands are found fens and lacustrine 

bogs; and in a few cases true raised bogs have developed. 

The sites investigated in the present study are mostly 

from rather gragmentary oak woodlands along the slopes beside the 

western shore of Windermere, in the southern part of the hake District. 

While partly planted, they have been allowed to develop relatively 

undisturbed; and since oak has been the tree Generally planted, these 

sites may be classed as semi-natural. A few samples have also been 

collected irom coniferous plantations in the vicinity. Rainfall in 

this area is probably of-the order of 175 cm per year. The soils are 

of the brown earth type, but are much modified in raany places by 

severe leaching; so that two main subdivisions may be distinguished. 

Flushed brown earths - on the gentle slopes and flatter 

lands near the lake shore, and e xL-endin ; upward along the lines of 

d -ainage; appearing; in seepage zones. 'i-iese soils show little or no 

surface humus accumulation, due to the activities of the soil fauna 

(especially the larger earthworms) in mixing fallen litter' with the 

mineral soil. The upper layers are brown to darn brown in color, with 

a mull* type of humus layer and a pronounced crumb structure. Under- 

* For a clear and Cetailed descript ion of the nature and differences 

of mull and rnor see Roiaell and Heiberg (1931) and Romall (1932,1935). 
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neath the soil becomes rather more plastic and yellowish brown 

(sometimes with a faint reddish brown tinge) and grades into gre; h 

and rather clayey soil below. 

These sites support woods characterised by ash (li raxinus excelsior) 

and sycamore (Ater pseudoplatanus)', with oak (Quercus petraea frequent 

and hazel (Coryylus avellana) abundant in the understory. The ground 

flora is rather open and rich in herbs. I, 1ercurialis perennis is the 

most characteristic species, with Alliun ursinum, Sciila nonscrLota, 

Brachypodiuni sylvaticLmi, Melica uniflova, and Deschampsia caespitosa 

locally plentiful in addition to the wide vary:. tom' of herbs. 

Leached brown earths_ on the ujii ei: slopes, extendin;; down 

on to knolls near the lake shore. The most eatremc, examples of this 

group develop a strongly podzolic chaccacter. The surface consists of 

a mor* layer of matted or amorphous orüanic matter, brown to blackish 

in color and coverinn, a gre»ish-mottled and heavily lcached mineral 

, s- horizon. Beneath this leached layer there is a zone of humus and s: 

iuioxide accumulation, usually rusty colored with iron com pounds, but 

loose and showing, no tendency to hardpan formation. However, while 

surface humus aecuiaulation is co. uuon, the profile development; on these 

sites is usually not sufficiently extreme to develop a true "bleached 

la, yer"; and a direct transition from the unincorporated organic matter 

to reddish brown mineral soil is much more corrnon (compare Lunt, 19430) . 

ne thickness o the organic surface layer varies considerably, but 

* sCe footnote on previous page. 
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is seldom more than 5 cm, and in some of the leached soils may be 

entirely absent. These latter generally differ frort the mulls in 

color, and always lack a crumb structure. They are also distin2uishec=i 

by quite different chemical properties, and in this xresý-pect resemble 

the rüneral soils beneath the unincorporated orýanýc after of the 

extreme mor forms. The larger earthworms are not common on these 

soils, and are almost entirely absent where there is much humus accumu- 

lation. 

On these sites birches (Betula Quiescens and F. vearucosa) 

and rowan (Sorbus aucuparia) accompany the dominant oak, especially 

in the more open locations. The ground flora is largely a close carpet 

of mosses and grasses except in the more shaded places, and contains 

a much smaller proportion of herbs. Though Galium saxatile, Solida"o 

virg: aurea, Scabiosa succisa or Oxalis acetosella are generally to be 

seen on these soils, the only herbaceous species found on the highly 

organic leached surfaces in real abundance is Melannpyrtara praterse, 

which may grow in association with the roots of other plants. The 

dominant species in the ground cover of these organic and extreme mor 

surfaces are Deschamnsia flexuosa, Vacoinium myrtillus and Dicranum 

maus while Pteridium aquilinum, Holcus mollis, Agroätis, Anthoxanthum 

odoratum and Mnium hornum often predominate on the less organic soils. 

This leached soil type is the usual one under conifer 

plantations in the vicinity. These have a rath-r sparse ground flora, 

similar in species to that of the leached soils under oak. 
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The two soil classes described above are connected by 

intermediate types, usually with a surface of low organic content. 

The "average" soil in these woodlands would probably be defined as 

moderately leached, and bears oak-hazel wood with a rat'ru. r variable 

ground flora. However, in the present study only the two clearly 

distinguishable series have been selectedfbr study - characteristic 

flushed soils with a mull humus layer, good crumb structure, and 

little profile differentiatign; and typical leached soils, usually 

with a well-defined fibrous or amorphous nor humus layer, and a 

clearly marked podzolic profile development. 

Pearsall (1938) has also described woodland soils from 

this General area - in terms of their surface properties of acidity, 

redox potential and nitrification; and in relation to the plant 

co.. iiunities they support. The extremely leached soils with a raw 

organic surface fall in Pearsall's group A, while the flushed soils 

correspond to group C. The less or"anic leached soils and the 

intermediate types in general belong to group B. 

LETHODS 

The surface soils have beeng iven most attention in this 

study, for they have undergone the Lreatest changes since the original 

glacial drift vaslaid down, However, the l. lAts of the sub-surface 

diffe_"entiation have been roughly indicated by examination of three 

profiles illustrating (1) good flushed conditions arid (2) extreme 

degrees of leaching, under both oakwood and a coniferous plantation. 
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For comparative purposes, and. in order to obtain some idea of the 

nature of the original glacial drift, a series of samples has also 

been collected at depths between 2 and 4.5 ra beneath the soil surface. 

At these levels there is very little organic matter present, and 

leaching appears to have had little effect on the soil material. 

The data for the surface sa. ples and the deep drifts have 

been examined chiefly in relation to the amount and type of organic 

matter present. In this way we may obtain a picture suE_ýestive of 

a developmental trend, from the purely mineral soils of the immediate 

postglacial period to the often highly organic woodland soils of today. 

Such an interpretation must of course be applied with caution, since 

it is not certain that present-day organic soils once had entirely 

the sarge properties as present-daffy inorganic soils. In other words, 

variation in the amount of organic iaatter now present may l-eflect 

some other differences in the sites beside quantitative differences 

in rate of humus accumulation. Nevertheless, since orL; anic and 

inorganic soils generally appear to form an intermixed mosaic of rela- 

tively small patches in these woodlands, and since extreme conditions 

of Lioisture were avoided, it is believed that such a method of treat- 

ment may be of some value. 

The collections of soil were made in 1948 and 1949, during 

the months of June, July and August. 
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Samtilinß 

Surface soils. Samples were taken at various depths within 

the top 10 cm of the soil, care being taken to avoid any mixing of 

different horizons. Certain of the less organic samples from 

leached soils represent the absolute surface layer, while others 

have been collected from just beneath a thin surface mor layer. 

TheL. e two types are not distinguishable in their chemical charaöteris tics. 

Certain of the flushed soils received drainage from calcareous rocks, 

these are marked in the tables and figures. Specir: en tubes 2.5 x 10 cm 

were filled, corked, and stored without dryirf,. The period ela ý -) sing 

between collection and analysis varied from a few äa--s to some months, 

in the latter case samples were stored during the winter in a refrigerator. 

Deeg drifts. These soils were collected from recent road 

workings and local clay quarries in the southern part of the Lake 

District. A fresh face was always exposed before sariplirg. The 

analyzes were carried out within a fortnight, and usually within a few 

days. 

Profiles. In order to ensure that the profiles obtained would 

be representative of brown earths under both typical flushed and 

extremely leached conditions, a number of shallow pits were dug in 

various places and their profiles compared. When the most suitable 

examples were selected, deeper pits were dug (in late August). Samples 

were then taken in vertical sequence down one side of the pit, from the 

centre of each morphologically distinguishable horizon, with additional 
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samples in the case of the thicker horizons. The soils were stored 

in specimen tubes and the analyses carr"cd out about two iýionths later. 

The first of the profiles was taken from a flushed brown 

earth about Im in depth, resting on an old sand beach of Windermere; 

under sycamore, ash and oak with Mercurialis and Brachjyodium the 

chief species in the around flora. The second was about 60 cm in depth, 

from a heavily leached knoll above the lake shore; under partly thinned 

ýpsia flexuoza and oakwood growing up to birch and rowan, with Descham 

Vaccinium myrtillus abundant. The third was 45 cc.: deep, from a plantation 

of spruce (about 10-25 cm diameter at breast height) at Nor Moss, which 

is somewhat over one cu from the lake shore and roughly one hundred and 

fifty m above it. Here the soil is mostly less than 25 cm deep and very 

much podzolized. The samples were taken from a hollow on a slope, where 

enough soil had accumulated for a profile to develop. The s parse ground 

flora of Deschamnsia flexuosa, Galium saxatile, Agrostis tenuis and 

D ryopteris spinulosa was not represented where the >>rofile was taken. 

Effects of Storw7e 

Determinations of nH on a series of surface samples within 

ten days after collection (usually much less) and again just before 

analysis some months later, revealed that changes on storage in the 

sealed tubes were within the limits of pH fluctuation reported by 

Clapham & Baker (1939), and also well within the range of variability 

in different samples taken a few centimetres apart. Ilor did the 

fluctuations transgress the natural boundary between the pH ranges of 
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typical mull and characteristic mor soils, which is discussed farther 

on. 

The results of these tests are of some interest, and are 

given in Table I. It appears that on long storage there has been 

a decrease in acidity. This contrasts with results obtained on the 

soil profiles. The pH of these samples was measured within 48 hours, 

and again after two months. Both soil types had become more acid, 

the flushed samples to the extent of about -0.3 p11 and the leached samples 

to about -0.1 pH. In the writer's experience the initial reaction to 

sampling is on both soil types generally an increase in acidity. This 

is probably due to the disturbance caused by sieving, which may bring 

about oxidative acid production, perhaps in the nitrification process. 

Presumably on sealing the samples the pH change is gradually reversed 

once more anaerobic conditions set in. 

We observe that the changes on storage are much greater 

in the flushed mulls than in the leached mors. This is true both 

for the profile series %ihich became more acid, and -'or the surface 

samples which became less acid after a longer period of storage. The 

flushed mull charges are of the order 0. -ý pH, while the leached mor 

changes are of the order 0. y1 pH; or less. This may perhaps indicate 

that mull represents a delicate and easily disturbed equilibrium, 

while mor tends to be a self-stable to a very great degree. 

The pH values used in this paper are those made just 

before the other analyses, in order that the results for both shall 
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be comparable. 

Analytical 

Before analysis the soils were pressed through a sieve 

(20 meshes per inch). This was necessary, not only to remove stones, 

but also tp provide a more homogeneous mixture; differences of up 

to 0.5 pH units being not unconmion in different parts of the sar. iple 

before sieving. The following values were determined: 

LII. Glass electrode on uncryiried sample, without the 

addition of water except in a few cases of extremely Cry samples where 

steady and reproducible readings could not be secured. In this way 

the extra variable of dilu', ion effects is avoided. 

"Water content. Soils dried to constant weight at 100-110°C, 

results as per cent dry weicht of soil. 

Ignition loss. Soils ashed in muffle furnace at 525-550°C, 

results e presL; ed as per cent dry wei ht of soil. In these samples, 

with a negligible c, -rbonate content, the ignition loss is chiefly 

due to the organic matter, except in the deeper soils where the 

combined water of the inorganic fraction becomes important. 

Coefficient of htunidity. Defined as the ratio of water 

content to ignition loss (Cramp, 1913). This probably gives a more 

satisfactory expression of the water content in terms of its 

biological significance. 

Total exchangeable bases. Estimated by the pH cl-an,, e of 

N acetic acid to which a measured fraction of soil is added (Brown 

1943), the pH of the mixture being read off on a curve obtained by 
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titrating IT acetic acid with iV10 sodiurs Iyaroxide. Results 

expressed as milli-equivalents per 100 drams cry soil. ilhile the 

acetic acid probably extracts more bases tLlan IT ai, u. aoniuia acetate, 

it would seem no more empirical to extract at p11 2.5 than at pit 7.0, 

since the pH values of these soils fall between the two extremes. 

And acetic acid ;. iay give a better picture of what is exchangeable 

in the unsaturated soils. 

Exchan eabl e hyc ro , en. &st Mated by the pIi chine of T' 

anmioniura acetate to which a measured fraction of soil is added (Bi-or n, 

1943), the pII of the mixture being read off on a curve obtained by 

titratingN amnoniura acetate- vfLth 1'/, () hyErochloric acid. Rccults 

expressed as milli-equivalents per 1GC- ; rays dry soil. 

Exchan;, e capacity. Calculated as the sLu of total 

exchangeable bases and exchangeable liy ro en, a-. c: express I sii:: ilarly. 

base saturation. An expre;;. L n of total exehan;;; eable bases 

as percenta, ýt. of the exchange capacity. 

. Apparent pK. (pY i at half base saturation, . Calculated by 

Means of th.: equation 

PIT - log, ( malt) 
(acid) using exchangeable bases 

as (salt) aad exchangeable hydrogen as (acid). This is a rather 

empirical cxpres-ion, since the soil contains a tthced group of acids 

in a very heterogeneous meditun. However, it gives a rough approxi- 

mation of their overall strength (low bl', values denoting; 3aore 

strong1 " dis-ociated acids), and Ch,. ndler (1939) stau::: that results 
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obtained in this caaýT correlate hell with the values cieten. iined 

expcri-Len [: ally. 

Nitro jen. a;, r the micro-? -je1da12I aetýzod, on duplicate 

samples. Results exrýressed as per cent ciry trey ; hi of soils. 

Volume/weight ratio 

The results as given in the tables and figures are 

expressed on the basis of soil dry w eight, since it 1s the chemical 

properties of the soil with which we are primarily concerned. It 

may be of some biological value to compare the results on the 

basis of equal volumas of soil, though little is mourn about the 

extent of root development in soils of different organic content 

(and therefore different texture), and it cannot be said that plants 

exploit equal volumes of soils With very different types and amounts 

of hmus. As a means for so calculating the data, some rough measure- 

ments have been made of the volume bvei, 7ht ratios for surface soils in 

the area. These were obtained by gradually rotating; a wide mouthed 

cylinder into the soil. The weight and volume of stones has been 

deducted. The results, giving the dry weight and fresh volume of 

the soil, are presented in Figures Ia and Ib. They iný. icate that on 

a volume basis the least organic are about four times as heavy as the 

most organic soils, and that the lightening effect of humus addition 

is greatest in the more inorganic soils. It also apears that the 

crumb structure of the flushed soils does not differentiate them in 

this respect from the leached soils with similar organic content. 
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RESULTS 

Deep drifts and surface soils 

The data for the deep glacial drifts are Liven in Table 

II0 for the flushed brown earths in Table III, and for the leached 

brown earths in Table IV. The surface soils are arranged in order 

of increasin� ignition loss, as a measure of humus accumulation. 

The drifts are presented in order of increasing depth. 

Water and ignition. (Figure II). It is clear from the 

tables that as the orz; a-, ic matter increases in the soil the upper 

of water content also increases greatly, from about 1 7. r cent in . ne 

glacial drifts to as much as 240 per cent in the purely organic t: ior 

hurmus. However, these organic soils are not at all wiet; and Pig^ure 

II shows that the &.. ount of water per unit of humus (coefficient of 

humidity, Crump, 1913) tends to fall as organic matter increases. In 

the deep drifts the coefficient ran, yes from 4.5 to 10, in =. neral 

soils with less than 25 per cent ignition lobs from 1.3 to 6.0, and 

in or,, anie soils with more than 75 per cent ignition loss from 0.5 

to 3.0. The change in water content is not very great if considered 

on a volume basis. 

It may also be noticed th4: t -hu i'1 ushed mull series never 

Peaches a very hi;; h level of ignition loss, the lohest fotuzC. being 

30 , er cent. This is undoubtedly due to the activities of the soil 

fauna, the large numbers of earthworms being especially effective 

in mixing the plant residues into the mineral soil. Earthworms tend 

to be scarce or absent in the ]e ached soils, particularly those with 
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thick or layers of finincorporated organic matter (Pearsall, 1538). 

This may be due to differences in palatability of the leaves on the 

two soil types (see Fenton, 1940) and possibly also to the acidity or 

to different moisture conditions in the soils. 

An interesting example of the ii or', ance of earthworms 

for the maintenance of the mull equilibrima uaj, be seen in the north 

of Sweden, near , 
bistro. Here only a very few of the smaller earthworms 

can be found in the soil, poshibly due to the shortness of the frost-free 

period. It is presumably because of this that, even in the 11utlled 

birchwoods which receive calcareous äraina,; e and have s;, pc cies such 

as Geranium sylvatieml, Lactuca alpina and Lrollins euro aeus dominating 

the ground flora, cirdurn-neutral humus is accumulatin- in thick ]aye-es 

on the surface of the soil (Du Rietz, 1945). 

Ilitro>en (ýýiýýire III). Tc auount of this clement is o: ' 

course highly correlated with humus content, rising fror, about 0.05 per 

cent dry weight in the deep drift samples to between 2 and 3 yýer cent 

in the highly or anic sor surfaces. if we calculate the ratio of carbon 

to nitrogen rather crudely, by aüsu ng carbon to be half the ignition 

loss, we find it to Lange between 10 and 23. In Fiý; u-"e III the broken 

lines represent constant C I, ratios of 10 and 20, and can be seen to 

include all but three values. The values for mull lie between 11 and 16, 

averaging 13; while the mors ran ;e from 1u to 23 and average 15. Where 

a--)Pears to be little d=if'ierence between flu: het arc: leacne<l soils of 

si<. iilar organic content, but these is so: ae tendency for CANT to vise as 

the soils becor: ue sore organic. -Eleven of the fifteen soils with Lore 
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than 5Q,: 4' ignition loss show CAT ratios above 15. This tendency 

would presumably show more clearly if a correction could be made for 

the ignition loss due to the combined water of the mineral soil. 

It tust of course be recognised that the two soil series 

may differ considerably in "available" nitrogen. Pearsall- (1938), 

in field tests during late summer, found nitrates most plentiful in 

mulls, and absent in extreme mors below pH 3,8. 

Exchange capacity (Figure iv) . The exchange capacity is 

seen to increase greatly in proceedinü from the deep glacýa l drifts, 

with 6 to 11 m. e. per cent dry weight, to the highly organic mar 

layers with from about 50 to 110 m. e. In the latter the highest values 

are associated with a high, degree cf decomposition and a greasy 

amorphous type of organic natter, the lowest values with a tore fibrous 

humus probably containing much living kiphal or root tissue. In this 

connection Mattson & Koutler-nndersoon (1 
. la) have demonstrated a 

marked increase in colloidal acidoids during aerobic litter 
.- 

decoraposi-Uon,, 

which must be largely responsible for the increased exchange capacity. 

There is no observable difference in the exchange capacities of flushed 

and leached soils with similar amounts of humus. 

Total exchangeable bases and excha ; cable hyc rollen (Figures 

V& ©i). The results of these analyses are most instructive. The 

inorganic glacial drifts are low in both constituents, with less than 

10 m. e. per cent dry weight of exchangeable bases and less thin 2 n. e. 

of exchangeable hydrogen. The e xchaiZ eable bases in the leached soils 

are fairly constant over the whole range of burnus content, the values 
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falling between 4 and 21 . e. per cent dry weight. A similar picture 

is given by the amounts of exchangeable. bydro, en in the flushed soils, 

which increase only very slightly in the more organic soils, and 

are always less than 12 m. e. (Those soils receiving calcareous drainage 

show especially low figures. ) On the other hand, in the leached series 

exchangeable hydrogen increases from about 10 m. e. per cent dry weight 

in the least organic samples to between 60 and 100 m. e. in theraw humus. 

And in the flushed soils exchangeable bases increase. from an initial 

value of 12 m"e. to a maximum of 41 m"e. in the most organic sample. 

Thus the increase in exchange capacity with rising humus content leads 

chiefly to an increase in base adsorption on the flushed brown earths; 

while on the leached surfaces the increased adsorptive capacity becomes 

saturated by hydrogen ions. 

Acidity and base saturatiioonn (Figures VII, VIII, IX, X'and XI). 

The deep drift samples as might be expected, are only slightly acid; 

pH ranges from 6.58 down to 5.02 in the shallowest sample. This latter 

soil also shows the highest ignition loss and the only low pK among 

the drifts. Base saturation is high and never falls below 83 per cent. 

The apparent pK lies between 5.13 and 5.47, with the exception of the 

sample mentioned above which has a pK of 4.24 and is probably affected 

by the acid grassland vegetation above it (containing species such as 

Nardds, Pteriditua, Galin saxatile, Polytrichtxn formosum and Hylocomitm 

sguarrosum). 
are 

The two surface soil series/clearly distinguishable on the 

basis of these three characteristics; the differences being very 
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marked in the case of base saturation, and least clear as regards the 

apparent pK. 

The flushed soils with null humus layers do not show any 

discernible trend of pH, base saturation or apparent pI: with increasing 

organic matter. pH ranges from 4.62 to 6.70. The soils receiving 

calcareous drainage are all above pH 5.8; while in the mther samples 

the values lie roughly about pH 5.4, toward the lower end of the range 

for the glacial drifts. Base saturation gives a similar picture. The 

figures here lie between 67 and 97 per cent, with the soils receiving 

calcareous drainage all above 86 per cent and the others lying mostly 

just below the lower limit for the drifts. The apparent ply values 

are very variable, as may be expected since the errors of three separate 

analyses are accumulated here. The range is from 4.47 to 5.27, with 

the exception of a single value of 4.14. amain, the values are mostly 

lower than those for theinorganic drifts, indicating, that tho acids 

produced from organic matter are in general stronger than those of the 

inorganic soil system. The soils, receiving a flush fron limestone 

apparently have weak acids, as shown by pr, values above 4.93. 

In contrast to the flushed mulls; the leached soils with 

nor humus layers show a definite decrease in pH, base saturation and 

apparent pY. as the organic content increases. In the mineral soils with 

less than 25 per cent ignition loss pH ranges fron 3.64 to 4.76, base 

saturation from 26 to 46 per cent, and pK from 4.00 to 4.88. In organic 

mors with over 75 per cent ignition loss the corresponding ranges are 

2.73 to 3.58,6 to 19 per cent, and 3.41 to 4.22. Thus as the surfaces 
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of the leached soils become more organic, both the amount and strength 

of the soil acids increase, and the base saturation in consequence 

declines. 

The differences in base saturation of the two soil series 

are very great, the flushed brown earths being above 67 per cent 

and the leached podzolic soils below 46 pcr cent. There is a slight 

overlap of acidity values in the region of pH 4.75. The apparent 

pK values overlap very much; but it is clear that on the average the 

nor soils possess stronger acids. This conclusion has also been 

reached by Mattson &: Karlsoon (1914), using different chemical methods. 

The relation of pH to base saturation is shown in Figure 

X. It takes the form of a siLmoid curve between the pI1 values of the 

two extracting solutions (Id 4cetic acid at pH 2.3 and IT armoniux 

acetate at piI 7.0). The gap in the centre is in nature filled by tran- 

sitional soils, carrying plants of both soil series. It will be noticed 

that where the pH levels tend to overlap, the brown earths are more 

base saturated than the podzolic soils. This is connected with the 

values of pK, which have also been plotted versus pH in Figure XI. 

Vie see that as the soils become more acid pik drops, indicating that 

not only are more free hydrogen ions present but the acid groups are 

stronger and more dissociated as well. We may note, however, that 

where the pH levels overlap at about p11 14.75 the brown earths are 

seen to possess stronger acids than the podzolic soils. It is for this 

reason that the former are more base saturated at this p! 1 level, as 

mentioned above. Much of the acid present in the soil is probably 
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colloidal, and the stronger the acid the greater will be its base- 

binding power. 

Nitrogen and exchange constituents per unit of soil volume 

(Table V). It may be of some interest to compare briefly the two soil 

series on a volume basis. In Table V are giv<n both weight and volume 

data on nitrogen, total exchangeable bases and exchangeable hydrogen - 

for levels of 10,30 and 95 per cent ignition loss. The average 

values used in these calculations have been selected by inspection of 

the figures, and are thus only approximate. 

Table V shows that as the percentage-of organic matter 

and nitrogen in the soil increases, so also does nitrogen on the 

volume basis. The most organic mors appear to contain slightly more 

nitrogen per unit of soil volume than do the most organic mulls, 0.5 g 

as compared with 0.4 g per 100 cc. Exchangeable bases in the flushed 

mulls rise slightly with increasing organic content, from 11 to 15 Lm. e. 

per 100 cc. In the leached soils there is a decrease, the most 

organic mors containing only 2 m. e. per 100 cc in contrast to 8 m. e. 

in the least organic samples. Exchaxt eable hydrogen in the flusied 

soils is fairly constant at 3 m. e. per 100 cc, in the leached soils 

it increases from 10 m. e. per 100 cc at 10 per cent ignition loss 

to 17 ru. e. in the most organic mors. 

Profiles 

The -eneral norpholoy of the profiles i: presented in 

Figure X- and Table VI, the ferailiar A, 13 und C horizon terniinology 

being employe! (see, for exarxple, Lutz & Chandler, 1946). The data 
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for the flushed brown soil are given in Table VII, for the leached 

podzolic soil under oak in Table VIII and for the leached soil 

under spruce in Table IX. 

Water (Figure XII). The water content of the flushed soil 

profile drops frora 45 per cent dry weight at the surface to 25 per 

cent in the lowest clayey layer of the C horizon. 

The leached profile under oak zho4Vs a fall from about 120 

per cent dry weicht in the organic r; or surface to about 60 per cent 

in the B2 horizon and about 40 per cent in the clayey B3 subsoil zone. 

In the profile under conifers the surface water content is similar 

to that under the oahvood, falling to 65 per cent dry weight in the 

upper mineral soil and 39 per cent in the bleached., 12 horizon. 

There follows a sharp rise to between 55 and 69 per cent in the organic 

B2 layer. 

Using the data on volume/weil ht ratio of the surface samples 

(Figures Ia and Ib), it would seem that on a voliuse basis the flushed 

mull surface contains much more moisture than the leached organic mors. 

, ttnd if one calculates the coefficient of humidity (waterfignition low) 

for the surface soils, the values in the mors are about one as compared 

with three in the mull. The coefficient increases with depth in all 

three profiles. 

Ignition loss (Figure XII). Thd ignition loss of the 

flushed brown earth is seen to drop fror 15 per cent dry wei3ht at the 

surface (there being no litt r layer) to 2 per cent at the bottom 

level. There is no observable accumulation of leached humus substances 
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in an illuviated B horizon, though sorno degree of sesquioxide 

mobilization is suggested by the slightly reddish brown tinge in the 

soil of the B layer and of the soil ash in both the A and B horizons. 

The leached soils present a very different picture. Ignition 

loss is about 95 per cent dry weight at the surface. Under oak there 

is then a drop t 11 per cent at 11- cri depth, followed by a rise to 

15 per cent at 26 cm. In the B3 subsoil the valuez range from 7 to 9 

per cent dry weight. Under the conifers the minimum of 9 per cent 

ignition loss comes in the bleached A2 horizon at 19 cm depth. The B2 

layer exhibits an increase to between 19 and 23 ')er cent dry weight, 

due to the accumulation of colloidal complexes leached from above. 

A peculiar feature of the oak-wood results is that the 

horizon of minimum humus content (excluding the B3 subsoil) is not the 

bleached layer. The latter, which is much mottled with organic matter 

in patches, lies at about 5-7 cm depth, above a thin layer of 

purplish-stained but less organic soil. The humus minitnunof 11 per 

cent ignition loss comes just beneath this purplish horizon, in a rusty 

orange zone at about 10-17 cm. However, iron sesquioxide deposition 

appears to start in the purplish stained layer at 7-10 cm, as evidenced 

by, the red color of the soil ash there. Thus it seems that the upper 

boundaries for the deposition of humus and sesquioxide do not coincide. 

The former begins at about 17 cm, from both the iition loss and 

nitrogen data; and the latter starts at about 7 cm, judging, from 

the evidence of soil bleaching and ash-color. This is in contrast 

to the results from the conifer wood where' both humus sand sesquioxide 
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deposition appear to begin at about; '2 cm depth; and to the results 

generally obtained in podzol soils (e. g. Lunt, 1932; Weiss, 1532; 

Mattson (:. LfSnnersark, 1939; Bengtsson, Karisson ß: Liattson, 1,, 43; Lutz' 

&, Chandler, 1946). 

If considered on a volume basis the differences in organic 

content between mull and vor are much less. The surface 5 cm of the 

flushed profile contains roughly half as much humus per unit volume, 

as the surface 5 cm of the leached podzolic profile under oak. 

Nitrogen. As might be expected, nitrogen follows much 

the same trend as does humus content. The flushed profile values fall 

fron 0.61 per cent dry weight at the surface to 0.11 Per cent in the 

lowest level. In the mor surfaces the values are 2.00 to 2.17 per 

cent. In the profile under oar: there is a fall to 0.28 per cent at 

14 cm, followed by a rise to 0.39 per cent at 26 cm depth. In the B3 

subsoil the values range from 0.16 to 0.21 par cent. Under spruce 

the min=um of 0.18 per cent comes in the bleached horizon at 19 cm, 

below which there is a rise to 0.51 per cent in tht: lotest B2 sample. 

However, there is not an exact correspondence between the 

humus and nitrogen results. Thus while the mull surface 5 cm contains 

only about half as much humus per unit volume as the surface 5 cm of 

the L ors nitrogen per unit volume is much the same in both. This may 

be seen by comparing the carbon/nitrogen ratios, assuming, Chain that 

carbon constitutes half the ignition loss. The C I`J of the mull is 12; 

while in the mors it is nearly twice as rauch, at 22 - 24E.. This 

difference is continued throu shout the profiles; C It in the flushed 
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brown earth ranging from 6 to 16, and in the leached podzolic soils 

from 17 to 25. In the flushed soil there is a tendency for the 2/11 

values to decrease with depth, which would be emphasized if the 

ignition Iöss could be corrected for the contribution of the inorganic 

colloids. 

Exchange capacity(Fi. gure Xii). As in the previous case, 

there is a general correspondence in the trend of exchange capacity 

per unit dry weight and that of hucius content. In the flushed brown 

earth we find 35 m. e. per cent dry weight at the surface, and 13 n. e. 

at the lowest level. In the leached profile under oak values range 

from 109 m. e. at the surface to a minimum of 37 tn. e, in the B3 subsoil; 

and under conifers from 112 n. e. in the decaying needles to as low as 

27 m. e. in the bleached 412 horizon. In the profile under conifers we 

find a very low exchange capacity of about 65 m. e. per 100 g organic 

matter in the dry needle mat. In the decayed needles immediately 

below, the exchange capacity rises to the same value as that of the 

oalkeood"rlor layer. 

Total exchangeable bases and exchanc-cable hydrogen (Figure XII). 

These analyses show clearly a major difference between the flushed 

brown earth and the leached podzolic soils. The former contains most 

base in the surface layers, the values ran ging from 25 M. C. per 100 g 

dry weight of surface mull to 12 m. e. per 100 g of the subsoil C 

horizon. However, in the leached soils bases are very low in the 

surface, iom. e. per 100 g dry weight in the nakwood mor and 11 m. e. 

in the decayed needle mor. And on the volume bas3. s, there is in the 
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brown earth ranging from 6 to 16, and in the leached podzoiic soils 

from 17 to 25. In the flushed soil there is a tendency for the 0/11 

values to decrease with depth, which would be emphasized if the 

ignition loss could be corrected for the contribution of the inorganic 

colloids. 

Exchange capacitr(Figurb, YII). As in the previous case, 

there is a general correspondence in the trend of exchange capacity 

per unit dry weight and that of humus content. In the flushed brown 

earth we find 35 ra. e. per cent dry weight at the surface, and 13 m. e. 

at the lowest level. In the leached profile under oak values range 

from 109 ni. e. at the surface to a minimum of 37 m. e. in the 133 subsoil; 

and under conifers from 112 m. e. in the decaying needles to as low as 

27 a. e. in the bleached J12 horizon. In the profile under conifers we 

find a very low exchange capacity of about 65 m. c. per 100 g organic 

matter in the dry needle mat. In the decayed needles immediately 

below, the exchange capacity rises to the sane value as that of the 

oakwood " mor layer. 

Total exchangeable bases and exchanc; eablc hydrogen (Figure XII). 

These analyses show clearly a major difference between the flushed 

brown earth and the leached podzolic soils. The former contains most 

base in the surface layers, the values ranging from 25 M. C. per 100 g 

dry weiht of surface mull to 12 m. e, per 100 g of the subsoil C 

horizon. However, in the leached soils bases are very low in the 

surface, 16 m. e. per 100 g cry oeight in the vakwood mor and 11 m. e. 

in the decayed needle Flor. And on the volume basis, there is in the 
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surface 5 cm about five to eight times as much base in the mull as in 

the mor soils. In the leached profilcs the lowest levels of bases 

per unit dry weight are found in the mineral soil it. imediately beneath 

the surface humus accumulations. 

On the other hand, in the lower levels of 'he leached 

profiles there is a very : Marked accumulation of bases, as shown most 

clearly in Figure XII. The maximum levels are 39 m. e. per 100 g dry 

soil in the oaicwood and 31 rage. under the conifers, both bein" higher 

than the flushed soil values. These bases are presumably leached 

from above and adsorbed on the colloids of the B2 accumulation horizons 

below. On a volume basis also, the accumulated bases in the B2 

horizons of the leached soils are probably greater in amount than in 

the bases in the mull surface. 

As to exchangeable hydrogen, the leached profiles contain far 

greater amounts than the flushed profile. In both the flushed brown 

earth and the leached oa v ood profile there is a steady decline 

downward; from 10 in. e. per 100 g dr;., weight to I La. e. in the former, 

and from 93 m. e. to ß m. e. in tine latter. The profile from the 

conifer plantation shows a surface maxiuum of 101 m. e., a minimum of 

17 ra. e. in the uppermost B2 layer, and a secondary maximum of 33 in the 

middle B2. 

Acidity and baue saturation (Figures XIII and XIV). All 

profiles are most acid at the surface. However., the acidity of the 

flushed soils is not great, p'? ranýiri; from 1-. 8 at the top to 5). 8 

at the bottom. In the leached series the surface pH is about 2.8 
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and there is a rapid increase of about 1.3 units in the upper 20 era. 

There- follows a slight drop, and in the case of the oaL. wood series 

another wall rise. The conifer profile is 0,1 to 0.3 pHi units wore 

acid than that under oak. 

Base saturation shows a generally s: UAlar picture. The 

flushed soil is 71 per cent saturated at the surface, and rises 

to 92 per cent in the C horizon. The oak ood profile increases from 

15 per cent in the humus mat to over 50 per cent in the B2 horizon 

and almost ßd per cent in the B3. The conifer series increases iron 

a low value of 10 per cent to a maximum value of 55 per cent in the 

upper B2. There is a drop in the per cent saturation of the lower 

levels in the conifer rofile. 

It, uay be noted that tiic oa: wood leached Profi' u iý; 

sli htl� more base saturated at a given pH than is t hat under the 

conifers. This ma, be taken to indicate that the acids produced fron 

the humus of the oa'a+ood plants are utronßer than tose from the 

spruce needles. 

pK for the flushed profile is above 4.25 th roughout, the 

acids beine much wearer than those of the leached profiles. As noted 

previously, a similar result has been obtained for surface soils in 

thisarea. 1K in the flushed profile also increases sli hilt' with 

depth, indicatin that the acids are strongest near the ; urfac, e. 

in pie leached profiles pK is low =3 the ac i. 0, s are 

rei. ütiVely u ron, ý. From 3.621 at the surface f increases in bot-, Ii 

nroii7. es downward to the zone of low loss on lýn-- ion. Under oak 
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it reaches 4.08 and then Ciecreases markedly, inüicatinthe rrasence 

of s tx one acids in the lower B horizon, and ric s sli xi tl;; again at the 

bottom. In the spruce profile this is not so clear, but after re<xcliinZ; 

4.23 there is some indication of a fall in the Lipp r B., horizon cvt (. h 

a subsequent rise. The pig values confirm that the acids under oak 

are stronger than those beneath the spruce. The var a tion of IK with 

depth sug;; ests that different acids accumulate at diffei, ent levels. 

DISCUSSION 

.. major point of interest in this study is of coarse the 

clearness ewýLh which these two soil series, separated on the baois of 

appearance and rnorphological e haracters in the field, can be 

distinguished by their chemical properties of acidity and base status, 

Figures V and vi show most distinctly that as the surface soils 

become more organic, and consequently more adsorptive, the increase 

in exchan; e capacity is largely saturated by bases in the flushed soils 

and hydrogen ions in the leached soils. The profile differentiation 

is egva1ly clear, as illustrated by Figure MI. 

Storage probably increases the differentiation slik; htly, 

but has not affected the boundary of pH 4; 5 to 5.0. In the writer's 

experience, in this area surface soils belog pp11 4.5 are never wholly 

ty_)ical cruLib mulls, or soils above pH 5.0 characteristic riors. The 

average incr ase in base saturation on storage (calculated from Table I 

and Figure X) should be less than 10 per cent in the raul? _s and 5 per 

cent in the mors. 
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In spite pof the clear differentiation of gull ana zior pH 

levels shown in this study, corresponding levels should not be usod 

as indicators of wull or oor conditions elsewhere viithout careful 

investigation. As an illustration we may consider sonic data from 

woodlands near London., given in Table X. These woods are dominated 

by oak, wit. _ some ý3ycemore, ash and beech; the major element in the 

ground cover being the well known Pteridium aouilinun Holcus mollis- 

Scilla nonscrinta co:.,. lunity. Five of these soils had the appeannce 

of uiul1, though wit_-, a rather fine crumb structure; and the last was 

classed as inci. 2ient c. ior, under a beech tree. ITýýile highly base 

saturated their ] ii is relatively rather low, so that TZ is extrer. iely 

low in comparison to Lake District nulls. These samples also ayopear 

to contain less organic matter than the Lake District soils. 

in even more extreme example has been Curni:.: hed to -,. le throLigh 

the cou±tesy of Professor L. -G. Romoll. He has determined jII values 

on a series c. f mull samples (Wit". eart1 corns plenti ul) from coniferous 

plantations at Frijsenborg in Denmark vhich are subjected to severe 

thinnings. The results ranged from 3.6 to 4.8. In eocqparison, a 

typical beechwood :: gor, above a leached A2 horizon more than 20 cm in 

depth, gave a pIi of 4.1 (F layer) and 3.8 (H layer); and a characteristic 

beechvood mull had a pH of 5.1. Evidently this acid mull condition 

is maintained by the silvicultural treatment, perhaps through activa- 

tion effects like t: 
-ose 

described by Romoll (1935). 

As regards t: 
-e 

differentiation of the two woodland soil types 

in the Lake District, the fundamental factor determining which will 

develop in a given situation appears to be the nature of the relief. 
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On the hillsides and knolls bases are continually being; leached away 

both vertically and down the slopes, as : hydrogen ions produced by 

organic decay replace Chem on the soil. colloids. Some of these bases 

percolate down the hillsides and provide a flush effect along the 

drainage channels and the flatter land along the shore - that is, in 

just those sites where we find the brown earths with rauli humus layers. 

i- ere the additional bases received probably tend to neutxralise the acids 

produced by litter. - decay, so that a high degree of base saturation is 

maintained. It -, ay be noted that even if the percolating water is not 

very high in bases, a constantly roving stream of lota concentration may 

be just as beneficial as a higher but static soil reserve, since it 

counteracts local base depletion in tae _r_x. iediate vicinity of the 

plant roots (cf. Olsen 1950). On the hillsides and knolls the surface 

becomes :.: ore and more deficient in bases as leaching continues, and 

the soil develops a podzolic type of profile in the most extreme cases. 

There are probably two main factors which allow such a marked podzoliza- 

tion of clayey parent material. One is the high rainfall in the district, 

which greatly accentuates the leaching process. The other is the 

highly irregulat topography, which allows free drainage and thus prevents 

the formation of glei soils and peats. The latter are coumon on the 

flatter uplands above the woodland zone (Pearsall 1950). 

The influence of topography on soil base status (through 

its effects on leaching and flushi. n) has long been recognized by 

forest ecologists. It has been wpecifieall.;: pointed out by HesseL an 

(1917), Tai (1; 20) and Glomae (1920) in Scandinavia; and by 
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Salisbury (1c! 22) in England. Pearsall (1950) has recenUly emphasized 

its 9uportance for mountain and moorland vegetation. It is also 

interestin, that in 1923 a correlation of both flora and soil acidity 

with reif was shown in New England by Wherry, who was able to draw 

acicL*ty contours which coincided fairly closely with altitudinal 

contours. Data on the mounts of nutrients involved are, however, 

scanty; and quantitative studies are much needed. 

Chandler (1939) has explained a similar relation of 

vegetation and soil status to to-, ography in the north-eastern United 

States as probably beint; due to differences in water relations. There 

a hardwood forest type is present on little-podzolized soil with a mull 

humus layer at the bottoms of the slopes. In these sites the severity 

of summer drought is probably les:, than on the uplands, where podzol 

soils with mor layers are dominated by spruce-hardwood and spruce forest 

types. In the Lake District, however, the abur. ant rainfall would seem 

to preclude an explanation on t_ie-basis of drought; and the concept 

of base-flushing may provide an equally possible alternative in the 

American areas. 

There is probably also a flush of nitrogenous as well as 

mineral nutrients to the lower ground. However, if the cornpctitioJ for 

nitrogen in mors is as severe as claimed by Rorlell (1935), the losses 

by leaching should be relatively low, especially in view of the 

extensive pyoorrhizal interpenetration of the rooting layers. 

Lt is here necessary to point out a biological factor of 
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much importance in rnaintaininr or increasing the above-mentioned 

differences in base tus, althouVh it 41 probably has little influence 

in originating then. On the flushed soils the dominant plants are 

often species with a high requirement of nineral nutrients (Gorlha, 

uhpublished). During the groviing season they lock up in their 

tissues large amounts of bases which are thus removed from the action 

of the leaching process for part of the year. And the trees, which 

root in the deeper layers of the soil, bring up a "ood deal of bases 

from below which returns to the surface in the leaf full. The 

leached soils on the other hand are dominated by species of low 

requirement, and the data of Mattson & Koutler -naersson (1941a, 1%. 1b, 

19z4) suggests that these plants also produce the most acidic residues. 

That pull plant litter tends to reduce soil acidity has been demon- 

strated by Bornebusch (1925). Moreover, many other workers have 

suggested that different trees may have very different effects on the 

same soil; species with a high nutrient requirement reducing acidity 

and favouring mull formation (cf. references in Lutz & Chandler, 1946). 

In connection with biological factors, it is also most 

desirable to know somethir of the way in which the litter contributes 

to the soil acidity. A series of very valuable studies of "the acid- 

base condition in vegetation, litter and humus" have recently been 

carried out in Sweden by Mattson 6 Koutler _' nd: ersson and 

bear directly on this question. The major points of interest with 

reference to the present work are sar_miarized below. 
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These workers have studied the aerobic decay of plant 

litter (chiefly tree leaves) from both brown earth and podzol soils. 

As might be expected, the brown earth litter is much richer in bases 

and nitrogen. It is also much richer in acidoids (colloidal acids), 

and these acidoids are comparatively strong. Such results would appear 

to be in direct contrast to the soil conditions as measured in the 

present investigation and by Mattson & Karlsson (1914), for the latter 

studies suggest that both the amount and strength of the soil acids 

are greater on the more leached sites. 

The factors responsible for this reversal of conditions are 

not at all clear, and may be varied. While the acidoid content of the 

brown earth plants is high, so also is their base content; thus much 

of the acidoid is neutralized and the acid base ratio is lower than in 

the podzol vegetation. This high base status of the former may well 

favour a more rapid transformation of acidoids by the micro-organisms 

in the unleached soils. Another factor is, probably the higher sea- 

quioxide content to be expected in the unleached surfaces. Some 

earlier work by Mattson (1931) sug ests that these combine with the 

acidoids to form iso-electric precipitates, thus destroying a part of 

the soil acidity. Lastly, much of the acid{oid of the brown earth litter 

appears to consist of polyuronides of the h nicellulose fraction, while 

the part due to lignin is low (Mattson c; Koutler«ndersson, 1944). 

In podzol vegetation on the other hand the hyc'rolyzable polyuronides 

are low, while lignin is high. Although the lignin acids are originally 
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weak and probably made up of phenol hydroxyl groups, autoxidation 

produces large quantities of relatively stror acids. It is this 

oxidized lignin which is probably responsible for the larger part 

of the soil acidity once decay has proceeded for smce time, as the 

strong polyuronide acids will be more easily broken down by the microflora. 

Transformations of lignin in mull and riior may reell be of central 

importance in the question of soil acidity (cf. Romell, 1935; 1 ttson 

& Koutler-Indersson, 1914) 

The ef.,. 'ect of soil base status on tlhc rate of litter decay 

has been the subject of some controversy. Laboratory studies (Broadfoot 

& Pierre, 1939; Ilatsson & Koutler -. ndersson, 1941a, 1941c) sug est that 

high base status increases the rate of decay; and lend support to the 

old idea that the chief difference between mull and mor. is in rate of 

litter decomposition (of. references given by Romell, 1932,1935). 

However, Romell (loc. cit. ) presents evidence that the major d± inction 

must lie rather in the t;,, 7pe of decay -a fungal soil flora predominating 

in the iaors, while in the mulls the activities of the soil fauna keep 

down the fungi and promote the development os' a bacterial f lora. Never- 

theless, Roniell "does not intend to deny the pos . ibilit; = of a certain 

average difference between mull and duff (= mor in amount of accumulated 

organic matter" (1932, P-170). Ile merely points out that a good crumb 

mull may contain just as much organic matter per unit of soil area as 

a pronounced mor - in which case (granted that the annual litter 

production is similar) it would appear that the rate of decay is much 

the same in both. The field data available do not enable us to say 
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at present whether there are real overall differences in this respect 

between mull and nor, or to determine their importance if present. 

As regards nitrogen content, another most important biological 

soil characteristic, in this area there is little difference between 

the mull and mor surfaces if N is calculated as per cent of humus 

(represented by ignition loss). The C IT ratio of mull averages 13, 

and that of mor 15. However, there are probably greater c? if'ferenecs 

in the ratios of the plants growing on these soils. mine exact data 

al'e wanting, 18 plant samples from soils above pfH 5 showed aC IT 

range (C calculated as half ignition loss) of 9 to 22, averaSing 16 

(S. D. ± 3.3). In contrast, a series of 40 plant samples from soils 

below pH 4.5 gave a range of 11 to 4.1 and an average value of 24 

(S. D. ± 7.1). Thus it appears that in this area the differences in 

plant nitrogen on the two soil types tend to be equalized during the 

decompo:, 'ition process in the soil, so that nitrogen conserv; ition (or 

carbon loss) is relatively greater in the mors than in the mulls. 

Once again, however, it is necessary to keep in rniný: the �reater 

differences between extreme mor and mull, aN represented by the profile 

data. 

=7e may now consider the probable course of events which has 

led to the extreme topographical differentiation of soils aid floras 

recorded here. Starting as a relatively uniform inorianic 11acial 

drift, the soil gradually becomes more and more organic under the 

influence of the developing plant cover. The increasing , voduction 

of hydrogen ions by organic decay leads to their replacement of bases 
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on the soil colloids, and the bases set free in the soil : solution 

are then leached by the raim'all into the deeper soil layers or down 

the slopes. This leaching effect will be greatest on the uplands or 

k-nolls, since the percolation of bases from above tends to neutralise 

acid production in the flushed sites along the drainage channels 

and on the flatter lards below. In this way it appears that the flushed 

soils maintain their high base status as a dynamic equilibriara 

between acid production and leaching on the one hand, and base-flushing 

from above on the other. The leached soils, however, become. continually 

more and more base-deficient, especially at the surface. This 

appears very clearly if we consider Figure VIII as representing the 

trend of development. We see that, except where receiving calcareous 

drainage, the flushed brown earth surfaces with tuull are maintaining 

themselves at a level of base saturation just slightly below that of 

the deep d rifts. But as organic matter acouriulates in the leached soils 

the base saturation of the surface layer falls headily, until a final 

level of about 10 per cent is reached in the wholly organic mor 

surfaces. 

As regards the flora, and alzo the type of htn: aus layer, 

presumably in the beginning there is little or noý differentiation 

due to base supply, species of high requirement and favouring mull 

formation being able to grow everywhere. However, as lcac: -iny proceeds 

such species will find it more and more difficult to compete over the 

whole area, and will become restricted in diztribution. Even trecs, 

rwhich can pump up bases from the deeper accumulation horizons, will 
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be subject to this limitation in their seedling stages. GraOually 

a flora of low base requirement will establish dominance on the 

uplands and knolls, leaving the species of hi. t; h requireuent in the 

flushed lowlands where they are able to compete more sucoessfully. 

The development of characteristic nor and iaull humus layers will go 

hand in hand with floristic differentiation, since the soil fauna 

necessary for mixing plant litter thoroughly into the e: iin'; ra . soil 

and for keepin ; down fungi is more ; enerally found under a plant cover 

.: hose litter is rich in nutrients and poor in indigestible fibre (see 

reftrences in Fenton, 1947). 

The changes in biological characteristics initiated in 

this way will then tend to maintain &nd even enhance the soil differen- 

tiation. The brown earths with a mull humus layer and a flora of high 

base requirement, originally present over a wide area, will become 

restricted to unstable habitats such as scree slopes (Pearsall, 1950), 

and to those areas where flushing can maintain the soil ccqui: ibrit it 

at a high base status, The leachinc process, however, is to some 

extent autocatalytic in its action. By establishing a flora of low 

base requirement, mineral storage and replenishtn, ent by plants is 

minimized; and the leaching is even increased owing to the high 

acid, /base ratio of the plant litter and the acid properties of the 

humus produced (i. e, of the decay-resistant lignin fraction, not of the 

more easily metabolized polyuronide fraction; of. : attson && Noutler 
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. 
tnndersson, 1994). Thus the leached surface will become more and 

more base-deficient, and more and more extensive; presumably until 

a balance is reached between the loss of nutrients by leaching and 

their supply by weathering, by a low degree of plant "pupping" fror 

the lower horizons, by rainfall, and perhaps to some extent by 

absorption from the air (Liebig, see Ingham, 1950). When an equilibrium, 

is r eached, the two phases of leaching and flushing will be distinguished 

as the end points of a catena, or topographical soil series, from the 

leached and base-deficient uplands to the areas of lowland flushed by 

their collected drainage. The relative expanses of the leached and 

flushed areas, and the rate of their differentiation, will depend on the 

varying intensities of the factors affecting base supply, conservation 

and loss. In the Lake District the leached soils may be expected to 

predominate, owing to the high rainfall and marked relief. 

At this point it would seer desirable to state clearly five 

independent soil-forming factors (of. Jenny, 1941), all of which deter., n© 

in varying degree the distribution of brown earths and podzolic soils, 

or nulls and mors; and any of which may exert the d ecisive influence 

in their differentiation. On the broad geographic basis climate appears 

to influence the two types (Rornell, 19 0,1935), brown earths and 

mulls being commonest in the deciduous forests of the mild temjcrate 

climates and podzols and uors predominating in the colder northern 

coniferous forests! The climate may act directly, through the effects 

While nulls are generally correlated to a brown earth profile and 
mors to y: odzols, this is not always the case. Tarn (1'-, '3C) has 
äe--scribed a mull-podzol type of soil development, and Du Rietz (1915) 

records the accumulation of circum-neutral raw humus in flushed 
habitats near the northern border of Sweden. 
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of rainfall and temperature on the leaching process; or indirectly, 

by conditioning the distribution of organisms more or less favourable 

to mull or mor formation. In the transition zone between the two climatic 

extremes the nature of the soil parent material becomes very important, 

with brown earths and mulls occurring on the softer rocks richer in 

nutrients, podzols and mors on the harder sand-forming, rocks which are 

poor in nutrients. If both climate and parent material are not too 

extreme, topography assumes a leading role, podzols and mors occupying 

the leached uplands, and brown e arths and mulls the flushed lowlands. 

This is the case in the present study. Whore none of these physical 

and chemical factors is limiting, organisms may play an independent 

part in the differentiation. In most cases wheý: e this is true on 

a large scale the primary factor is disturbance (either constructive 

or destructive) by man; but obstacles to migration may, through thoir 

effects on organism distribution, seriously influence the course of 

soil development (Beadl;. 1950). Finally we borge to the fifth 

primary factor, time, the importance of which is ;; elf-evident. In 

connection with time, we may expect that in general brown earths and 

mulls will precede podzols and mors, the latter being largely an 

expression of continued soil leaching. On soils originally poor in 

nutrients, however, nulls gay never develop, or be found only in the 

earliest stages of colonization. In the latter case, successional 

development may be chiefly due to the increasing a ; regate demand of the 

plant cover for nutrients; which may in turn force a reduction in the 

de,; , ands of the individual organi : s. 
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The soil type thus expresses the integration of all these 

in6eypendent variables; and the absolute value of any one of therm is 

of little significance unless considered in relation to the rest. 

For example, in regions of lore rainfall podzols develop only on very 

sandy soils; but where the rainfall is high (as in the Lake District) 

evenrather clayey soils may become podzolic, especially why; re the 

topo6rap'hic situation favours leaching. It rust be emphasized that 

purely local studies, without reference to a wide range of all 

enviromental conditions, may often give a misleading impression if 

extrapolated or generalized. The results of the present investigation 

must be considered with this reservation in mind. 



ST IARY 

A study of the exchange complex in some soils from 

Lake District woodlands reveals two very different trends in both 

surface and profile develo : ent, on similar parent material. Under 

the prevailing hi ;h rainfall, topography appears to be the hua jor 

factor deteru. ning whether-a flushed brown earth with a iuu: ll humus 

layer and an ash-, q. c . a: ore-oak-hazel tree co =unity will develop; 

or a leached podzolic brown earth with a mor hi- ius layer and oak, 

birch and rowan as the characteristic trees. 
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TABUS I. Effects of storage on pH of flushed and leached soils. 

Soil type Number of Plus Minus 1. verage Mean group 
samples sample deviation 

deviation 

Flushed 15 10 4 0.44 +0.28 

Leached, less than 20 12 8 0,26 +0.03 
50 per cent ignition loss 

, more than Leached 12 8 4 0,17 +0,01. . 50 per cent ignition loss 



MBlw ü, Cheraical characteristics of samples of deep glacial drifts. 
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210 red 13 2.9 4,5 5.02 4.24 8.4 104 9.8 86 - 

24-0 grey 16 1.7 9.4. 6.16 5.47 9.3 1.9 11.2 83 - 

240 brown 13 1.5 8.7 6.10 5.39 7,6 1.5 9.1 84. - 

360 brown 12 1.5 8.0 6.32 5.37 9.7 1.1 10.8 90 - 

360 grey 15 1.7 8.8 6.40 - 8.5 - 8.5 100 

420 red 13 2.2 5.9 6.58 5.13 8.4+ 0.3 8.7 97 

450 grey 8 0.8 10.0 6.07 - 6.2 - 6,2 100 0.04 

450 red 12 1.2 10,0 5.72 - 9.5 - 9.5 100 0.06 



T. BIE III. Chemical characteristics of flushed soils with mull humus layers. 
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33 9 3.7 5.43 4.83 12 3 15 80 0.30 

63 11 5.6 5.49 4.93 18 5 23 78 0.43 

35 11 3.2 5.34 4.74 13 3 16 81 0.40 

55 11 5.0 5.24 4.91 15 7 22 68 C. 34 

40 14 2.9 5.06 4.50 18 5 23 78 0.57 

52 14 3.7 5.14 4.66 15 5 20 75 0.66 

67 15 4.5 4.62 4.14 24 8 32 75 0.56 

45 15 3.0 4.87 4.47 25 10 35 71 0.61 

54. 16 3.4 5.29 4.76 24 7 31 77 - 

57 16 3.6 5.40 4.64 29 5 34 85 0.75 

42 16 2.6 4.90 4.60 16 8 24 67 0.52 

49 18 2.7 5.45 4.39 22 6 28 79 0.65 

68 18 3.8 5.41 4-73- 2+ 5 29 83 0.73 

81 19 4.3 5.51 5.00 26 8 
"+ 

76 0.70 

*47 19 2.5 6.12 5.11 31 3 31i. 0.68 

"70 19 3.7 6.4.8 4.94 35 1 36 97 0.75 

x, 36 20 1.8 6.70 5.27 27 1 28 96 C. 81 

51 2C 2.6 5.40 4.83 2" 7 33 79 ' 7tý ß" 

70 21 3.3 6.1 5.13 34 3 37 ;2 0.35 

* receiving drainage from limestone. 



Table III (contd. ) Cheviical characteristics of flushed soils with i. auil humus iaycrs. 
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TABLE IV: Chemical characteristics of leached soil-- with m o. - humus layers , 
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.7 1.7 3.82 3. 4.00 t;. 6 10 40 0.36 

42 8 5.3 4.09 4,29 7 11 16 39 0,40 

53 5.9 3.64 4.04 6 15 21 29 0.44 

44 12 3,3 L., 69 4.87 12 18 30 
4E0 0.45 

70 13 5.4 4.44 4.70 12 22 31. - 35 0.38 

64. 14 4.6 4.76 4.88 12 0.50 

75 16 4.7 4.20 4.57 11 26 37 30 0.41 

43 17 2.5 4,40 4.64- 12 21 33 36 0,52 

78 17 4.6 3.92 4.26 10 22 32 51 0-07 

63 18 3.5 3.95 4.09 13 18 31 42 0.64E 

46 18 2.6 4.42 4.69 13 24 37 35 0.39 

60 1- 3.2 4. x-8 4.67 13 20 33 39 0.75 

68 19 3.6 4.10 4.17 17 20 37 4u 7 0.6 

, 20 1.6 4.19 4.47 11 21 32 34 U. 6o 

65 20 3.5 4.15 4.27 1 2 I 28 43 0+. 70 

54 21 2.6 4. UO 4.17 15 22 37 4-1 0.66 

4.1 21 2. G ß: -. C8 x:. 61 12 23 35 3': 0,61 

30 23 1 "3 3.92 4.40 8 27 31 26 3.73 

ü1 2- 1 3.4 3.: C, 12 3ý 47 26 0.73 

3Q 25 1.6 3.98 4-. 38 ^ 1ýý 5 2,55 3-9 29 0.99 

1G1 27 3.7 3-90 li. 3 

95 29 3.3 4.4-0 4.73 10 36 56 32 0,76 



TAM,; IV. Chemical characteristics of leached soils with rnor humus layers 
(contd. ). 
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115 30 3.8 3.74 4.2 10 32 4; 2 24. 1.07 

103 32 3.2 4.22 4.49 16 50 46 ý5 1.18 

115 +- 3.4 4.25 4.44 20 31 51 39 1.39 

60 35 1.7 3.82 3.97 14 20 34 41 1.41 
101 37 2.7 3.76 4.25 11 34 45 24. 1.21 

130 43 3.0 3.38 3.97 9 35 44 20 1.38 

149 46 3.2 3.85 4.22 20 47 67 50 1.53 

146 49 3.0 3.84 4 , 22 16 38 54 30 1.83 

147 50 2.9 3.67 3.96 21 41 62 34. 1.42 

195 52 3.8 3.72 L. 24 15 rG 65 23 1.76 

1 C7 52 2.1 3.57 4.18 12 49 61 2; 1.66 

131 59 2.2 4.16 4.45 20 39 59 34. 2.46 

162 61 2.7 3.60 4.03 17 46 63 27 2.40 

110 63 1.7 3.07 3.79 7 37 44 16 1,53 

41 68 306 2.1.8 3.49 6 61 66 9 2.00 

103 69 1.5 3.18 3.92 11 61 72 15 2. C14 

158 72 2.2 2.93 3.66 8 42 50 10 1.96 

174 75 2.3 3.38 4.13 14 79 93 15 2.79 

227 77 2.9 3.58 4.22 20 88 103 19 2.12 

180 79 2.3 3.32 4.00 15 72 67 17 2.09 
20 s,. 0.3 2.66 z, . 10 5 2 67 6 2.42 

111 87 1.3 3.26 4.12 11 76 37 15 2.3 j 
244 09 2.7 5. C4 3.91 13 97 110 12 2.52 

126 95 1.3 2.73 3.41 12 61 73 16 2.10 
* moistened for phI measurement. 



TjBIE V. Nitro] en and excharzj e constituents o'L the soil compared on the 

dry weight and volume basis. 

Soil Ignition Soil wt. -Exch. bases m. e. Exch. hydrogen m, e. 
type loss ; aä /cc 100 g 100 cc 100 g 100 cc 

dry wt,. 

iii troffen 
100 g 100 cc 

Flushed 10 0.8 11. 11 4 3 0.4. 0.3 

30 0.4 38 15 7 3 1.1 0.4 

Leached 10 0.8 10 8 13 10 0.4 0.3 

30 0.4 14 6 30 12 1.1 0.4 

95 0.2 12 2 65 17 2.6 0.5 



TAME VI. Morpholor y of soil prop iles from flushed and leached habitats. 

Flushed soil 

�- 22 cm dark brown 
soil, upper part 
with coarse cjrub 
structure 

B- 28 cm yet lov ish 
grey soil, some- 
what mottled 
with rusty brntvn 

C- 50 cm . -,, rey and 
rather clayey 
subsoil, resting 
on old sand beach 

Leached soils 

Oakwood Conifers 

era fibrous brovrn L- 2cm loose needle mat 
or--anic ruatter 

2 cm xeyish soil, 
much i; ottled with 
brown and blackish 
patches, lumpy and 
compact 

X3 -3 cm pw -push 
compacted soil 

82 - 20 cri looser brown 
loamy soil, orange 
iron stainin in 
upper part, darker 
rusty color LcIow 

F-2 cra decaying needles 

iI -2 cm black ¬niorphous 
or, an, Ic uuatter mixed 
Vaith mineral soil 

Al - 10 cm purplish brown 
soil 

a'LZ -6 era compact grey soil 

B2 - 23 cm looser soil, dark 
rusty brown, bee. rock 
beneath 

B- 30 cm velloviish 3 
reýý, lu uny and 

rather clayey soil, 
bedrock beneath 



TA BIZ, VII. Chei: dcal characteristics of a f1uahed soil profile. 
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15 0.61 25 10 35 71 

9 0.30 24 7 31 77 

8 0.26 17 5 22 77 

7 0.29 17 4 21 81 

6 0.19 16 3 19 84 

5 0.23 15 2 17 88 

3 0.15 11 1 12 92 

2 0.16 12 1 13 92 

2 0.11 12 1 13 92 



i. &BL VIII. Chemical characteristics of a leached soil profile under oakwood. 
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3 2.88 3.64 120 94 2.17 16 93 109 15 

6 3.25 3.82 68 26 0.78 10 37 47 21 

9 3.39 3.82 59 17 0.50 11 29 40 28 

14 4.11 4.08 60 11 0.28 20 19 39 51 

20 4.22 3.90 60 14 0.37 31 15 46 67 

26 4.36 . 3.92 59 15 0.39 39 14. 53 74 

33 4.44 3.88 40 7 0.17 29 8 37 78 

144 4.15 3.56 42 9 0.21 31 8 39 79 

58 4.36 3.79 37 8 0.16 30 8 38 79 



TABLE IX. Chemical characteristics of a leached soil profile under conifers. 

m 

U =ý 

p ~ Fý CS 

1 - - 25 

3 2.67 3.64 117 

5 2.87 3.88 112 

11 3.41 4.05 65 

19 3.93 4.23 39 

25_ 4.05 3.96 55 

35 4.20 4.23 69 

45 3.97 4,10 62 
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96 2.00 10 53 

95 2.11 11 101 

2.9 1. x+1 6 61 

23 0.56 9 39 

9 0.18 9 1s 

19 0.40 21 17 

23 0.53 31 33 

23 0.54 21, 32 
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6y 16 
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T. 1BIE X. Chemical characteristics of some woodland soils from the south of 

Erv-, fand, 

4-2 m 
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^C! 41 +2 fý 

12 6 2.0 4.68 4.38 8 4 12 67 

23 7 3.3 4,58 4.18 10 4 14 71 

22 5 4.4 4.30 3.87 8 3 11 73 

23 5 4.6 4.53 4.13 10 4 14. 71 

23 5 4.6 5.22 4.43 12 2 14 86 

27 7 3.9 4.18 4.18 7 7 14. 50 
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III. TBE INTRI v'i SUM O? iCIZZ' 'JAM OC-GED JOIL3 ZiM, EIR ZI. r{ riZ 

ITT "IiM El GLISIH L KE DI TRICE 

It is generally accepted that the nutrient status of the 

soil is of the utmost importance to the establishment and development 

of vegetation. Yet surprisingly little is Iaov? n of the nutrient status 

of waterlogged soils or of the vegetation which they support. It was 

with the hope of gaining some information on this point that in 1 948 

a survey was begun of soils and plants in some semi-acjuatic and under- 

rater habitats in the English Lake District, where wet soils are cor. 1, ion. 

The investigation has been largely exploratory, for in view of the 

variability of habitats encountered it was deemed necessary to use 

relatively simple techniques on a large number of samples, rather than 

to concentrate on minute anal,, ses of a few. The results obtained, 

however, appear to shed some light on the developrient of wet soils in the 

district, and on the relation of plant nutrient status to that of the 

soil. 

DESCRIPTION OF i! LIE AM, 

The Lal: e District is well known as a region of high rainfall 

and marked relief. In the southern part investigated in this study. 

the rocks are chiefly Silurian slates and grits, which are non-calcareous 

but weather more rap idly than the harder rocks in the north. They are 

overlain generally by glacial clays and clay looms. 

Much ecological work has been carried out here, iiiainly by 

Professor W. H. Pearsall and members of the Freshwater Biological 
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Laboratory at Wray Castle. It deals chiefly with aspects of lake 

developraent, such as soil and water chemistry, shore vegetation, 

bottom fauna, plankton, fish populations, and. also historical factors. 

K any references Liay be found in recent papers by Pearsall 6; Pcnniný; ton 

(1947) and Lund (1950). 

The sites studied by the s ritor fall into the follortin; 

categories, vdüch also ro hly ayproxiziate to a developmental series 

common in the district: - 

Underwater soils. Aion the shores of laties, in shallow 

water within the zone of plant ;; ro; 'th. 

Marshes and f ens. Inorganic and peaty viaterlogc ed soils along; 

lake margins, with a vegetation dominated by reeds, Brasse:, sed; es 

or alder-willow Carr. 

Lacustrine boss, (Pearsall, 1938). Developed around auall 

lakes and pools, with a vegetation in which Spýnum has become one of 

the dominant plants, often with Molinia coerulea and TYiyrica aale 

usually containing relics of a poor fen stage. 

Raised booms. Formed by the growth of 612 haýrnu above the 

influence of mineral ground dater, and in this area developed above fen 

and carr (see Rankin, in ''ansley, 1911). These boss have all suffered 

to some extent from cutting and burning, so that the vegetation. i s 

generally dominated by Calluna vul, cris and Erioýpho_riul va inatum rather 

than SQharnum species. Drainage has also resulted L-i some oxidation of 

the surface peats (Pearsall, 1938b). 

It should be emphasized that the divisions imposed above are 
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arbitrary and for purposes of convenience. In nature the whole coup 

of soils form a complex s1oviin, varyir: de ; rocs of relat ions1 p, but 

with a complete series of transitional stages generally to be found on 

searching for them. The marked separation of s ua; ess i ound in some areas 

are not found in others; anü a systm of clasAfication ignorin; the 

latter presents a convenient, but soinetiues mislcading picture of vegetational 

and soil development (see Sj5rs, 1950). 

The localities froia which most of the sam: rples were collccted 

are as follows: - 

Underwater, marsh and fen - V7ind. erraere, Esthwaite Water, 

Blelhar Tarn and Elterwater. 

Lacustrine bogs - 3lelha;. Tarn and Nor 1', oss. 

Raised bo, ~s - . usland Loss and Striber's 

F'sthwaite i at i' äilovJS an eSpi cia11. -T good cia2 Sh and fen ve etatio11, vi 1i 

well äeveloy ed i'eE cisv? 1[. 1p, -i'ass L: nd s edge Ucadow, and alder-rß . 
l. ' ov c: ari' 

succe2dions (Pearsall, 1 ýI 3), In Sol. je places ono can . nä a Further 

sta"e of transition to S )I1a- n bo;; with : o1inia and suc ý as is ti 

characteristic of the lacustrinc bo-; beside B1. eTham Tarn. This latter boys 

also shows remnants oa y)revi ou. 3 fen staL e, bbcir ; ýront:: c7 b 
., t 

reeds and 

se&ge s, with Tuch Pilra 1lli to s at the mar-ins. ? Tor Moss is a small lacu- 

strine bog with t. an traces of a i>Yeious poor fen ve( at ] on 'ý, a rex 

inflata, ýýýjui i zn llt. ]OSum and : sen ýaT: ýý1C;: 3 triteoiiata. Ün'or uunate1y 

here are no 00 exarnnles of undisturbed raised bog in the Lý':: e District 

today, so that it is difficult to determine what the conditions were 

before par luiud drainage led to oxidation of the surface peat and to 
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floristic changes. However, the : samples prom these bogs have been 

selected with a view to obtaining Specimens both from little altered 

areas dominated by sphagrn=, and from parts of the bogs showing the 

maximum drying and aeration, r`urthercnore, using pU data collected by 

Pearsall (1938b) from relatively undisturbed English and Irish bogs, we 

can obtain an idea of what must have been the conditions in suhh bogs 

in the Lake District. 

The data on lacustrine bog peats have been separated into 

three groups. First there are the typical pests from the centre of the 

bog. A second group consists of some peats of relatively high base 

status, which are found at Nor Moss and Blelham bog along the margins 

where at times there is some water movement. The third group, of two 

samples, is from a dryer hillock of probably upturned peat at Blelham, 

now covered by Molinia and rica without SLhag and strongly resembling 

the raised bog peats in chemical properties. These latter peats have 

also been separated into three groups. One consists of two samples 

beneath growing Sphagnum, another of those sites dominated by Calluna and 

Eriophorum, and a third of areas obviously among those most affected by 

drainage, including the edge of a pathway and three samples from mature 

pinewood which is invading the mosses, 

The results of this study will be presented in relation to 

increasing soil ignition loss, in order to follow one of the major 

natural trends in the development of these waterlogged soils; that is, 

from an original inorganic mineral soil to a highly organic peat. The 

observations of W. M. Rankin (Tansley, 1911) and of Professor Pearsall 
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(1918,1938), as well as the writer's own examination of both vertical 

stratigrapby and horizontal zonation in waterlogged areas, suggest that 

wet inorganic soils in the district develop typically through the 

following stages, though of course there are many variations. 

1. Subaqueous stage (if present), organic matter giving a somewhat 

gelatinous structure to the soil, 

2. Reedswamp, with such plants as Phragmites, Scirpus lacuusst^ris, TUha 

and Eguisetura limosum. 

3. Sedge meadow, with various Carices; or grass meadow in more silted 

areas, with Phalaris arundinacea and Calaziagrostis lanceolate. 

4. Alder--willow carr, usually donated by Salix atrocinerea. 

5. Lacustrine bog, with generally aSh riu 0 Molinib Myrica community. 

6. Raised bob,, dominated by SE anum species. 

7. Raised bow, dominated by Calluna and Erionhorun vapinatum, usually 

invaded by pine. 

This sequence is characterized in general by an increasing accumulation of 

humus in the soil, though local silting causes a great deal of variability 

and may be responsible for lateral humus gradients in addition to those 

parallel to the main lines of succession (Pearsall, 1918). The last stage 

seems in England to be usually associated with human interference, either 

cutting or burning. 

It is the purpose of this paper to show something of the 

changes in nutrient status of the soils and plants as the above succession 

proceeds. It may be noted that, as soil development continues, the 

influence of the mineral soil (and of groundwater from it) tends to 
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diminish; until in the raised Bp1m nuzi bog there are probably no 

nutrients reaching the upper layers of peat from the mineral soil. 

I ETFHQDS 

Soils 

SLp1es were collected during the s invers of 1948,1949 and 

1950; from the surface of the underwater soils and from approximately 

10 cm depth in other soils. Specimen tubes 10 X 2,5 cm were filled, 

corked and stored until analyses could be carried out, usually within 

one or two months. Some samples, however, had to be kept for analysis 

during the winter, in the intervening months they were stored at a low 

temperature. Occasional determinations of pH immediately after sampling 

and later on indicated that the changes on storage were similar to those 

in woodland soils (Gorham, in prep. ) and probably did not go beyond 

the range of pH for each of the major categories listed above. The 

following determinations were carried out: 

0- glass electrode on fresh sample. 

Water, - soils dried at 105-110OC. 

Ignition loss - soils ashed at 525 - 550°C. 

Coeffici&. nt of htuniditY - wate: Zip nition loss (Crump, 1913). 

Total exchangeable bases - on the undried soil by the method 

of Brown ('191+3) 
. 

Exchancreable hydrogen - on the undried soil by the method of 

Brown (1943). 

Exchange capacity - sum of ezchazgeable bases and exchangeable 

hydrogen. 
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base saturaLrion - total exchangeable bases X 100/ 11 

exchange capacity. 

Apparent pK - (= pH at half base saturation) - calculated 

from the equation 
(salt) 

pK = pH - log (acid 

using exchangeable bases as salt and exchangeable hydrogen as acid. This 

is of course only a rough approximation, since there are many acids 

present in a heterogeneous medium; but Chandler (1939) states that for 

woodland soils the values correlate highly with those obtained experi- 

mentally. A low pK is evidence of a high degree of dissociation and 

therefore of a strong acid. 

Nitrogen - by the micro-Kjeldahl technique, on duplicate samples. 

Water, ignition loss and nitrogen are expressed as ''w dry 

weight, the exchange constituents as milli-equivalents per 100 grams of 

dry soil (referred to in the text simply as m. e. ). 

Plants 

Samples were collected of the green tops of mosses and mono- 

cotyledons (except pondweeds, PhraMitees and Phan laris), and of the leaves 

of other plants. The analyses thus represent the major photosynthetic 

organs. All plants were collected from abundant growths in what 

appeared to be their natural habitats and each matches a soil sample. 

An attempt was made to gather members of the same plant group at the 

same time. The fresh samples were carefully water-washed, air-dried and 

stored. During the winter the following determinations were carried out, 
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after drying the plants at 105-110 °C. 

Ah - ignition in muffle furnace at 525-550 0u. 

Excess base - back titration of the acidified ash, using 

mixed brormocresol green and methyl red. 

Nitrogen - by the micro-Kjeldari1 technique, on duplicate samples. 

Ash and nitrogen are ex-pressed as yö dry weight, excess base 

as milli-equivalents per 100 grains of. dry plant material (referred to 

in the text as m. e. ). 

It is not known how far the time of sampling and stage of 

development has affected the values obtained. 

RESULTS 

Soils 

The results for underwater soils are given in Table I, for 
bog 

marsh and fen soils in Table II, for lacustrine/peats in Table III and 

for raised bog peats in Table IV. They are also shavn graphically in 

Figures I to X. 

Water and it us (Figure i). 

It is clear from the tables that the water content usually 

accounts for the greater part of the weight of the fresh soil. And as 

humus increases, so does water content. However, the amount of water 

per unit of humus tends to fall. Using the coefficient of humidity 

(water humus ratio) as a measure, we find that the underwater soils are 

generally above 10, and range up to 33; while the marsh and fen soils 

lie between 4 and 19; the undisturbed lacustrine bog pests between 4 and 

14; and the raised bog peats generally between 2 and 12 (except for 



0 

1o 
0 

0 
0 

0 "o 
"o 

z00 AAA A 

W. 
00 

se 

X 

25 s0 70 

Ignttt"n I"os % dry wt- 

* rndoºvatar sotla A ftuihod latastrins pasts 

" wnarsb and fan stilt X uptµrn"d lasrstrina peat. 

f typical lacwtrtns pests + rauoll bog psats 

A 

1/ +i 
f 
E 

; ro 

0 

c8) 
,S+ 

"0 
0l 

" 

o as ignition l 50 `Yo dry wt. 
75 

O underwater soils A fluskod lacustrine pacts 

" marsh and fan soils X upturn. d laeustrlna pasts 

A typical laeustrins Pests + raised bog poets 

FIGLTýtJ: I. 

Co, >ffici : nt of himi i. ty in 
relation to humus content. 

FIGURE II. 

Exchange c`opaci_ty in rel. tion 
to hhu iu. s content. 



-48- 

a very high value of 23 in one site almost unaffected by draining). 

There are of course seasonal variations also. In the underwater soils, 

and in those from marshes and fens, the coefficient tends to rise somewhat 

with increasing organic matter, in contrast to the drop generally found 

in woodland soils (Gorham, in prep. ). In the latter case of course the 

peat, while very absorptive, may also offer a great deal of surface for 

evaporation. 

The underwater soils seldom become very peaty. The maximum 

ignition loss found by the writer was 35, x, and Misra (1938) in 68 

analyses found only 5 samples with over 5Q4. 

Exchange capacity(figure II). 

As can be seen in the figure, exchange capacity increases 

from less than 10 n. e. in the most inorganic soils to between 50 and 

170 n. e. in the organic pests. In the latter group the high values 

presumably belong to the more decomposed samples; while the low values 

represent little decayed material which may in many cases contain much 

living root tissue. The two highest figures, 165 and 167 m. e., are for 

lacustrine bog pests from Blelham which may be flushed at times by 

moving water; and it is possible that since they are wholly base- 

saturated the high values may be due to base being free in solution. 

This, however, would not appear to account for the high values of 137 and 

161 m. e. observed for ordinary lacustrine bog peats from Blelharn, which 

were only 58 and 2 ,ö saturated with bases respectively. 

The exchange capacities of over 70 m. e, in four lake muds 

with between 20 and 25 ignition loss appear to be very high. &ssurainp 

f 
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an approximate value of 8 m. e. for the inorganic fraction, a calculation 

of exchange capacity per 100 g ignition, loas (= roughly organic matter) 

gives values ranging from about 275 to 340 ra. o. Tiiooo are still wolf 

below the maximuu, of 400 m. e. cited for humus colloids by haver (1940). 

That the organic matter of lake muds may be highly colloidal in uuggcatod 

by the gelatinous nature of many subaqueous peata and by the abccnoo of 

recognizable plant remains. Ile may note here that the exchange capacity 

of the underwater muds is generally greater than that of marsh soils of 

similar organic content. 

Even higher figures for exchange capacity wore obtained 

on comp black muds (starred in the table), duo to oxtrocae3y high contents 

of exchangeable base. The black color of these muds gave a oluo to the 

results, they were apparently strongly reducing and contained precipitated 

ferrous sulphide. In the acetic acid solution of exchangeable base this 

coiupound dissolved to give erroneously high results. Passing a stream of 

oagrgen through the most extreme of these samples reduced the exchangeable 

base from 143 m. e. to 62 n. e., while raising thecxehangoablo hydrogen 

from 11 to 1tß m. e. Oxygenation of one of the brown and more highly 

organic muds from Pull Z7yke had no significant eff©at, increasing 

exchangeable base by 5 m. e. and reducing exchangeable hydrogen by I m. a. 

Total exchaWeable bases (Figure III). 

Underwater soils are relatively rich in bases as compared 

with the emergent marsh soils, as might be expected from their close 

contact with moving water. In the soils between 20 and 3((Z i;; nition 

loss, the former are all above 30m. 0. while the latter are below this 
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figure. The marsh and fen soils show a rise from 10 m. e, in the most 

inorganic to between 30 and 91 m. e. in the organic peaty soils with more 

than 5001s ignition loss. The flushed lacustrine bog peats are also 

high in bases, ranging from 56 m. e. to 167 m. e. The more typical 

lacustrine bog peats tend to be rather low, six out of seven samples 

containing between 40 and 50 n. e. The two peat huunocks from Blelham 

resemble the raised bog peaty in having a very low level of bases, only. 

11 and 12 m. e. as compared with a range of from 5 to 37 m"e. in the 

latter. In the raised bog group the two samples beneath actively growing 

5phagniun show the highest results, 26 and 37 m. e.; while the most 

disturbed sites op the other hand only contain From 5 to 16 m. e. 

Exchangeable hydro&en (Figure IV). 

The chief point of interest here is the raid increase in 

exchangeable hydrogen consequent on bog development. The underwater 

soils contain up to 21 m. e., while the msxinun amount in the f en soils 

is only 44 m. e. The typical lacustrine bog peats, however, range from 

33 to 116 m. e.; while in the r sed bog pests the lower limit] is 37 

m. e. and the upper limit 125 m. e. On the average the raised bog peats 

are highest. In these, the peats least affected by drainage are rather 

low, those apparently most affected range from rather low to the two 

highest values, possibly depending on the degree of decay. The 

lacustrine bog peats from the flushed margins are low in e changeable 

hydrogen, ranging from 0 to 20 m. e. 
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pH and J, ', base saturation (Figure V and VI). 

The trends for these two values follow similar lines. While 

both may remain high until the soil becomes very peaty, especially in 

situations where there is some water movement; there is a tendency for 

the lower limit to drop sharply between 0 and about 20 511 ignition loss, 

presumably due to the production of hydrogen ions by decaying organic 

matter. The marsh soils are generally more acid and less base saturated 

than the underwater soils, chiefly due to the greater exchangeable 

base content and weaker acids of the latter, exchangeable hydrogen 

being quite similar in both series. This suggests that periodic aeration 

and stagnation are the important factors, the former perhaps tending to 

produce stronger acids (as suggested farther on) and the latter to 

prevent accession of bases. 

Between about 20 and 85 f? ignition loss pH remains more or 

less constant between 4,5 and 7; while base saturation remains between 

50 and 100 
, 
$. 

About 855w ignition loss both values drop sharply. In all but 

one of the raised bbg peats pH has fallen to between 2.8 and 3.4; while 

base saturation goes well below the 50°, ', ý level, to as low as 5 
. 
OZ. 

The two relatively undisturbed bog sites show the highest pH and base 

saturation figures. Those areas most affected by drainage are the most 

acid and deficient in bases.. 

It may be noted here that the data provided by Pearsall (1938)ß 

on the pH of little altered raised bogs, fill in exactly the transition 
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between lacustrine bogs and the drained raised bogs in the Lake District. 

The Irish bogs, with ar ainfall of about 85 to 120 in. per year, gave 

pH values of from 3.86 to 4.45. The English samples, from the Solway 

Firth and with a lower rainfall of from 60 to 80 in, per year, were 

somewhat more acid, between pH 3.40 and 3.68. In comparison, the 

laeustrine bog peats from the Lake District range down to pHi4.0; 

while the semi-drained and oxidized surfaces of the raised bogs show 

a pH range from 3.8 in the wettest sample to 2.8 in the driest. 

arent pK (Figure VII and VIII). 

As in the last-two determinations, the lower limit for pK 

drops sharply with the first additions of organic matter to the soil, 

to about pK 2.5. The upper limit is about 6.0. Between 20 and. 50; 

ignition loss pK remains within this range. In the more organic soils, 

however, it declines steadily to between 3.3 and 4.9 at about 95% 

ignition loss. 

The underwater soils have relatively weal, acids, pK being 

always above 4.9. The marsh and fen series range from 3.53 for a 

sample in a Carex inflata corrnnunity to 5.92 in a zone dominated by 

Carex elata. The lacustrine bog peats exhibit a similar range of p%:. 

The raised bog peats all have rather strong acids, with pl's between 

3.34 and 4.34. 

The relation Of pK to pH is shown in Figure VIII. It appears 

that pl tends to drop with increasing acidity in the succession from 

underwater soils to lacustrine bog peats. However, once pH has 

dropped to between about 3.5 and 4.0 in the most acid fens and lacu- 
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strine bogs,. there seems to be little further increase in acid 

strength consequent on raised bog development; nor is there much 

difference in the pK's of the three groups of more and less disturbed 

sites. Thus the low pli of the latter is chiefly due to the production 

of larger quantities of acid, rather than to the formation of 

stronger acids than those found in the most acid fens and lacustrine 

bogs. In the succession previous to raised bog development there 

is some indication (shown by, the broken line in Figure VIII) of a 

more rapid decline of pc with increasing acidity. 

Nitrogen (Figure IX). 

The nitrogen content of the soil increases markedly from 

the inorganic to the peaty soils, as might be expected. At 25, " 

ignition loss the percentage of nitrogen is between about 0.5 and 

1.2r°ß dry weight of soil, above 40;, ignition loss the values range 

from 0. $ to 2. k, 's7 dry weight. While in general the trend in proceeding 

from the underwater and marsh soils to the fen and lacustrine bog 

peats takes the form of a steady increase in nitrogen, there would 

appear to be some tendency toward a drop in the raised bog peats. In 

the more organic of the former soils (between 75 and 95; ignition loss) 

the range for nitrogen is between about 2 and dry weight; while 

in the raised bog surfaces it is between about 0.8 and 2.7ýi. 

If nitrogen is calculated as ft ignition loss, or approximately 

as , 
%* organic matter, the values fall with increasing humus content in 

the soil, as may be gathered by an inspection of Figure IX. In other 

words, as the soils become more organic, the amount of nitrogen per 
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unit of humus decreases, i. e. the carbon/nitrogen ratio increases, 

as shown in Table V. The sharpest change occurs in the raised bog peats. 

While the errors are liable to be considerable, by assuming 

organic carbon to contribute half the ignition loss we may estimate 

rather crudely the P/17 ratios of these soils. In Figure IX the broken 

lines define certain constant levels of P/N ratio determined in this 

way. We see that C/N in these soils rises with increasing humus content. 

A majority of the values fall between about 10 and 15 in the inorganic 

soils, 15 and 20 in the highly organic fen and lacustrine bog peats, 

and about 20 and 30 in the raised bog peats. 

Plants 

The results for plants are given in the same tables as the 

soils data, and are also presented in Figure X. 

Ash. 

The total mineral uptake, as measured by the ash content, 

is highest in the group of 'lants growing on the underwater soils. 

Between 14. and 2?; ö of the dry weight of these plants consists of mineral 

ash. It is interesting that the lowest figures are for the two species 

of Typ)jA, which are emergent plants resembling the marsh species; 

and that the two plants with floating leaves, Nuphar and Potamogeton 

natans, tend to be intermediate. The totally submerged plants are 

all above 15g. The marsh and fen plants contain between 2.8 and 11. ß'a 

of ash, with no apparent relation to soil base status or organic matter. 

Cladium, a plant of calcareous tarns, seems strangely low in mineral 
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matter, a finding confirmed by analyses on some Irish samples 

(Pearsall, private communication). The plants from the incustrine 

bogs show a similar range of ash content to those of the fens, and 

we may observe that the 5 ha na (which do not include the main raised 

bog formers) are not particularly low in minerals. The five species 

of plants from the raised bogs show a low range of ash content, from 

1 .4 to 4.4; dry weight. 

Excess base. 

This value gives an approximation of the excess of 

inorganic cations over inorganic anions, or roughly the inorganic 

cations which in the plant are balanced by organic anions. It is 

only a very approximate measure, however, because sosie plants may 

contain large amounts of organib sulphur and phosphorus, which on 

ignition tie up equivalent amounts of base. The data of Mattson & 

Karlsson (1944) on woodland plants from both damp and dry soils indicate 

that the excess base generally accounts for about 60 to 9Q, a of the 

total calcium, magnesium and potassium in the plants; except in 

grasses, where it represents about Zi . Unfortunately, nothing is 

known of this relation in plants of waterlogged soils. 

The results are similar to those for mineral ash. The 

submerged plants are high, with from 81 m. e. in Nitella to 253 n. e. 

in a specimen of Littorella. The marsh, fen and lacustrine bog plants 

fall between about 25 and 125 m. e., again with no apparent relation 

to soil characteristics. The five raised bog species are very low, 

ranging, from 16 to 35 m. e. 
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In Figure X excess base has been plotted versus ash 

content, and we see that as the mineral uptake rises, excess base 

also increases. The broken lines indicate constant levels of 

excess base per unit of ash, and we find that most of the plants 

contain between 5 and 15 m. e. per g. of a; sh. Those approaching the 

former limit presumably contain larger amounts of silica, heavy 

metals which would not titrate as excess base, or sulphur and 

phosphorus, which on ignition would tend to neutralise the excess 

base. There are no apparent differences between the plants on 

different soil types. 

Nitrogen. 

As in the preceding two determinations, nitrogen is 

highest in the submerged plants and, with the exception of the 

S hacnun species, lowest in the five species from the raised bogs. 

The submerged plants contain between about 2.8 and 5. C5 nitrogen. 

The narsh, fen and lacustrine bog species (excepting, S hannun range 

from about 1.1 to 4.1p4y. The five plants from raised bogs are 

relatively low in nitrogen, with from about 1.1 to 2.1 ,. The Sphagnum 

species from the lacustrine bogs all contain less than I. 0, o nitrogen, 

going as low as 0.7%'. 

If we calculate the C It ratios for the plants in the same 

way as for the soils, the aquatic group range from about 9 to 14; the 

marsh, fen and lacustrine bog species (excluding S nun from about 

11 to 46; and the raised bog plants from about 24 to 47. The 

ratio of Sphagnum is very high, from 52 tp to 71. 
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DISCUSSION 

The main interest of theta results lies in the picture 

they present of the chemical changes which take place in these wet 

soils in passing from the inorganic mineral soils to highly organic 

peat deposits. While the results themselves do not of course forts 

a chronological series, they do allow us to construct a simplified 

picture of soil development, relatively unaffected by all the local 

variations which complicate the actual chronological succession in 

specific areas. 

We may first consider this develornttental trend from the 

point of view of acid-base relations. It is clear from the figures that 

soils may become highly organic and still retain a high base status, 

especially if there is fairly frequent moving water renewing the base 

supply, as in the marginal lacustrine bog peats. However, where the 

soil water is stagnant for most of the year acidity early develops, 

due to the production of hydrogen ions by organic decay. Thus at a 

level of about 25% ignition loss a minisaum pHI level of 4.5 is reached, 

and base saturation may be reduced to 50;. The marsh soils exhibit 

this tendency much more than the undervgter soils in contact with freely 

moving water. (The writer is unable to accept the extremely low levels 

of base saturation reported for certain of these underwater soils by 

Misra in 1938, since it appears inconceivable that soils of pH 5.6 

and 6.6 should be only 4 and 8$ base saturated respectively). 

The subsequent accumulation of organic natter does not 

markedly affect the base status until the soils have become a]snost 
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wholly organic, presumably the inorganic silt fraction serves as a 

reservoir of bases tending to offset acid production. But once the 

soil is beyond reach of silting and becomes purely organic, there is 

in these Lake District pests a marked increase in the content of 

acids, as shown by the figures for exchangeable hydrogen, and a 

corresponding drop in exchangeable base. In this way pli may fall well 

below 4, and base saturation decline to very low levels. 

This seems only"to happen in areas where there is little or 

no contact with the groundwater, that is, where the sole supply of 

moisture comes as rain. The supply of bases from the rain is 

presumably too low to maintain a high degree of saturation of the humus 

colloids. In this case the peats are said to be ombrogeneous, as 

opposed to topogenous or soligenous when the water supply comes from 

static or moving groutid water (see SjBrs, 1950). The organic level 

above which the Lake District peats appear to progress toward the 

ombrogenbus condition lies at about 85,1 ignition loss. 

A most important point in regard to. tho acid-base relations 

of the present series is that extreme lowering of pH and base satura- 

tion in the raised bog peats is partly due to drainage and consequent 

surface aeration and oxidation, as has been demonstrated by Pearsall 

(1938). The pH values are with one exception below 3.5, whereas in 

undisturbed English bogs from a drier cl ram c area the pH ranged 

between 3.4 and 3.7. In Irish raised bogs under a higherrainfall (but 

still less than in the Lake District) the pH did not fall below 3.8, 

the sane value as that of the wettest and most natural of the Lake 
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District samples. However, it is probably true to say that the 

lowering of pH from 4.5 to about 3.8 and a decline of base saturation 

below 5C does occur during the natural development of an ombrogenous 

condition in these bog surfaces. That the effect. of drying is not 

merely one of concentration has been shown by Pearsall & Wright 

(private cor: munication), who-found that much of the increased 

hydro, en ion concentration produced during the drying of same :.. 

waterlogged Sphagnum peats could not be removed by restoration of the 

original waterlogged condition. 

The effect of drying and aeration on the lacustrine bog 

peats seems much the same as on those from the raised bogs. This is 

demonstrated by the results for the two samples taken from the peat 

hillock on the small bog at Blelham, which resemble those from raised 

bog samples much more closely than those from the waterlogged pests 

around them. And Pearsall's (1938a) studies of birchwoods on peat 

indicate a marked fall in pH ascribed to artificial drainage. Indeed, 

the most heavily drained birchwood sites, and the drained raised bog 

areas invaded by pinewood, appear to produce a soil hardly distireuish- 

able (by the methods used in the present study) fror the accumulations 

of mor humus found on many base-d., fieient terrestrial woodland soils. 

If vie next consider the pK values it is at once apparent that 

the underwater soils possess relatively weak acids as compared vith 

the marsh soils, pK being generally higher in the former. After a 

level of 50; 4 ignition loss is reached in the soil succession pK tends 

to-decline steadily. 
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As noted before, the pK's of the wettest as well as the most 

drained raised bog series differ little from those of the most acid 

fen and lacustrine bog sites, suggest' g that the differences in 

acidity are more quantitative than qualitative. In this connection 

{ we must remember that though the raised bog surfaces may have been 

partly oxidized, they are not always oxidizing, and anaerobic reducing 

conditions obtain on parts of these bogs for much of the year. The 

acidity production of the oxidation process is then largely 

irreversible, as mentioned-previously. Also, tue. fen and lacustrine 

bog sites are occasionally dried out to come extent in the middle of 

dry summers. In those peats which have become almost wholly organic 

and silt-free this drying and aeration may also produce strong acids 

and thus account for the low 9K of some samples. That there is some 

surface drying in both natural fens and undisturbed raised bogs is. 

suggested by Pearsall's data (1938,1941) indicating that permanently 

anaerobic waterlogged soils do not fall below pH 4.7 to 5.0. 

Next we may take the question of nitrogen. While it is 

easily seen that the content of this element is dependent on the 

amount of humus in the soil, there remains the problem of the steady 

increase in C114 ratio with increasing peat development. It is 

probably partly at least due to the fact that in the highly organic 

soils there is often much unavoidable contamination with living root 

material. And since the decomposition process gives off carbon to 

the air while tending to conserve nitrogen, the consequence of decay 

is a decrease in CAT ratio. This will be most manifest in the 
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soils with least contamination by living tissues, i. e. the 

relatively inorganic ones. 

However, another factor of major importance is the PAT 

ratio of the plants forming the humus, For instance, the tendency 

of the raised bog peats to show a lower nitrogen content than the 

fen and lacustrine bog peats is no doubt largely due to the very 

low nitrogen content characteristic of Sph app, the main peat 

former in these bogs. (While there is much Sphagnum in the 

lacustrine bogs, the substratum on which it is growing has a 

large proportion of sedge peat). 

This may be further illustrated if we compare the ranges 

of E &N ratio for the different groups of plants and soils, as has 

been done in Table V. Unfortunately no living raised bog Sphagna 

have been analysed., but they should hardly be higher in nitrogen 

than the lacustrine bog species. Two things emerge from this 

table. First, both plants and soils show an increased ratio in 

passing from the underwater to the semi-aquatic and finally to the 

raised bog habitats. Secondly, while the ratios of underwater plants 

and soils are very similar, the plant ratios increase more rapidly 

as the succession proceeds than do the soil ratios. The values for 

marsh, fen and lacustrine bog plants tend to be greater than those 

for their soils, and the PIN ratio of living §2La anup (derived from 

the lacustrine bog species) is greatly in excess of that for the 
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raised bog pests, which are largely built up by this moss (although 

different species, and in some cases with a good deal of admixture 

with Calluna and Brio horim . To sun up, the relative nitrogen 

conservation of the decomposition process is important, as evidenced 

by the generally lower ratio in the terrestrial soils than in 

their plants, and probably also by the increase in ratio in the 

more organic soils contaminated by living tissues; but the 

nature of the plant residues is also fundamental. In the case of 

Sphagnum the low nitrogen content is undoubtedly a characteristic 

of the plant and not related to soil status to any marked extent. 

The fact that soil 2/N exceeds plant CAT in the under- 

water habitats is most interesting. The data of Dirge and Juday 

(reported by Misra, 1938) indicate that planktonic C ITT ratios 

are also low (about 6), and presunably bottom-living organisers 

would be similar., These facts may indicate a slight excess of 

nitrogen over carbon losses under these more anaerobic conditions. 

Differences in C111 ratio of various stages in the organic development 

of underwater soils, claimed by Misra (1938) from the same area, 

would in view of the scatter of data appear-of little significance, 

especially in the most inorganic soils. 
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The plant nutrients show the influence of soil base 

status very clearly. The underwater soils, the most highly base 

saturated group, support a vegetation with high levels of both 

minerals and nitrogen. These high levels may, however, be partly 

due to a low proportion of carbonaceous supporting tissues. The 

most base deficient soils, the raised bog peat s, also have the 

plant cover lowest in bases and (if we exclude the lacustrina bog 

Spha,; na, or consider them as representing also raised bog S harna , 

in nitrogen. The proportion of excess base to the total mineral 

ash content of the plants is much the same, however, in all habitats. 

The iron and manganese in these plants has also been 

investigated (Mayer & Gorham., in press). Both reach the highest 

levels in the underwater plants Potamoteton alms and Spar1aniiun 

minim characteristic of the cost organý. o lake muds. The 

manganese contents of these two plants were 288 and 378 mg. per 100 

g. dry weight respectively; and the iron contents 303 and 562 mg. 

per 100 g. dry weight. The marsh, fen and lacustrine bog plants 

are on the average lower in these elements than the submerged 

plants, and are very variable. The raised bog plants are rather 

uniform, and on the average not greatly different from the marsh 

and fen plants; iron ranging between 10 and 21 mg. per 100 g. 
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of dry plant material and manganese between 35 and 59 mg. In 

these habitats as well as in woodland,, mosses tend to concentrate 

iron in marked preference to manganese; the reverse is true of 

most other plants, especially the woody species. 



STWTARY 

A study has been made of the nutrient status of some 

waterlogged soils and their plants, in the English Lake District. 

In passing from relatively inorganic underwater soils - through 

marsh, fen and lacustrine bog soils - to highly organic raised bog 

pests; both the amount and strength of soil acids increase, C/IN 

ratio rises, and base saturation falls. This is reflected in the 

nutrient status of the plants; those from underwater habitats being 

highest in minerals and nitrogen, and those from raised bogs being 

low in both these constituents. 
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78 1.39 

801 38 21.1. 6.32 5.78 49 14 63 78 1.33 

863 38 22.7 6.16 5.65 45 14 59 76 1.41 

823 39 21.1 6.27 5.72 50 14 64 78 1.31 

on stiff clay, scattered plants 

a black with ferrous sulphide 

fÖ black with ferrous sulphide, after o: y'ßenation 

i 
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Plant $ . o 
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ai 
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0 94 

Nitella sp. 16.6 Sig. 3.32 

Littorella Uniflora 20.1. 203 3.21 

Isoetes lacustriS 20.0 169 3.00 

Littorella unifhra 21.8 253 - 

Nuphar lutea 11.1 110 4.44 

Littorella' uniflora 21.1 247 2.80 

Typha latifolia 9.3 56 9.69 

potamogeton perfoliatus 17.0 128 4.67 

Potainogeton crispus 15.5 108 4.97 

Typha angustifoli. a 

Potamogeton natans 

Potariogeton alpinus 

Sparganium minimum 

Elodea canadensis 

Location 

Windermere., Low Wood. 

Windezmzere, i'routbcok. 

Winder=-res Low 'Uood. 

Windermere, Troutbeck. 

Esthv aite Water, north end. 

Windermere, Pull "ilyhe. 

Esthwaite Water, north end, 

Elelham Tarn. 

Blelho Tarn. 

Windermere, boat house. 

Blelhnrn Tarn. 

Esthwaite Water, vest side. 

B1c11 ai Tarn. 

Blel iam Tarn. 

Blelhara Tarn. 

17inäemere, Pull Wyke. 

Blelham Tarn. 

4.0 38 1.92 

9.4 

15.3 

20,1 

19.8 

131 

log 

158 

213 

3.53 

4. ©4 

4.26 

1,.. 01 

Esthwaite, west side. 

-', 1elhrii fish pond. 

inclernere, Pull Vdyke. 
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LOCýn 

Windermere, Pull Wyke 

Windermere, Pull Wyke 

S? indermere, Pull Wyke 

Vlindermore, Pull Wyke 



TABLE II. Chemical characteristics of soils and p] 

marsh and fen habitats. 

Soil 

q 

H r-I P4 .0 .0 j 43 Cd 
ö 4.2 Urd U d1 

t1 4) ý. ý: 
-r4 ID 

A2 

rzý. I° 
äcisz 

74 7 10.6 6.00 5.60 10 4.14.71 0.16 

326 17 19.2 5.85 5.31 28 8 36 78 0.75 

117 18 "-'6.5 4.81 4.78 14- 13 27 52 0.60 

84 21 4.0 ' '4.68 4.56 20 15 35 57 1.04 

186 25 7.4 5.70 5.00 30 6 36 83 0.84- 

159 26 6.1 4.77 4.67 15 12 27 56 0.56 

211+ 26 8.2 5,90 5.63 26 11+ 1+0 65 0.74+ 

217 31 7.0 5.28 4.74.2lß. 7 31 77 0.98 

238 37 6.4 5,28 5.12 30 21 51 59 1.37 

329 42 7.8 4.63 4.54.28 23 51 55 1,92 

508` 50 10.2 5.4.3 5.43 29 29 58 50 1.57 

1+66 53 8.8 5.60 5.46 32 23 55 58 1.69 

393 53 7.4.5.84 5.31 44 13 57 77 2,12 

443 55 8.1 5.48 4.47 62 6 68 91 2.00 

315 55 5.7 5.07 4.69 50 21 71 70 2.06 

507 56 9.0 4.46 4.40 50 44 94 53 1.68 
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Eleocharis palustris 6.3 45 2.37 Esthwaite, east side. 

Glyceria fluitans 7.6 39 2,75 Clay ponds Wray Castle. 

Salix aurita 6.5 93 3.16 Wiriäermere, -Sandy Wyke. 

Phalaris arundiriacea 6.3 4.6 3.36 Esthwaite,, north fen, 

Molinia coerulea 4.7 34. 2.61 Windermere, `Red Nab; ' 

Salix fragilis v. decipiens 6.6 67 2.4.6 Esthwaite, north fen. ' 

Sparganiunm erectum 11.9 87 1.30 Blelham fish pond. 

Juncus effusus 2.8 28 1.05 Windermere, High Wray bay. 

Calamagrostis lanceolata 5.6 4. 2.76 Esthwaite, north fen: 

Anus glutinosa 5.1 69 2.83 Esthwaite, north fen. 

Esthwaite, north fen. - 

Salix purpurea 4.6 61+ 1.81 Esthwaite, north fen. f 

Molinia coerulea 4.5 32 1.87 Esthwaite, north fen. 

Filipendula ulmaria 8.3 99 3.79 Elterwater, north side. 

Salix viminalis 4.9 68 2.44 Elterwater, north side. 

Carex vesicaria 6.0 58 1.92 Esthwaite, north fen. 

Carex paniculata 5.3 50 . 2.32 Esthwaite, north fen. 

Carex elata 5.4 45 1,87 Elterwater, north side. 



Soil 

162, 
ýO ö 

rq 
44 

ai 
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H 

613 57 10.7 

707 58 12.3 

760 64 10.2 

x+17 65 6.4 

859 66 13.0 

815 70 11,6 

581 75 7.7 

1166 80 14.5 

896v 84 10.7 

943 86 11.0 

1444 86 16.8 

W 

WR 

x+. 37 
. 
4.31 

6.55 5.92 

5.35 5.08 

5.76 5.54 

5.38 4.74 

5.08 5.00 

6.58 
_4.98 

4.40 4.03 

5.36 5.28 

3.91 3.53 

5.86 5.24. 

I Sphagnum becoming dominant 

m 
m0 
V) 

m 

48 42 

77 18 

14. ]. 22 

4.0 2tß 

91 21, 

40 33 

80 2 

82 35 

35 29 

65 27 

87 21 

4-3 

UU, 
a) 
0 

90. 53 2.05 

95 81 1.57 

63 65 1.94 

6tß 
. 

63 2.40 

112 
, 

81 
_, 2.2tß 

73 . 55 1.66 

82 98 2.60 

117 70 2.13 

6tß 55 2.52 

92 71 1.96 

108 81 2.62 
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Salix atrocinerea 4.7 71 2.29 Esthwaite, north fen. 

Hypnun cordifolium 3.5 61 2.80 Windermere, Congo bay. 

Carex lasiocarpa 5.5 36 2.04- Esthwaite, north fen. 

Phragnites conmunis 6.4 27 3.57 Priest Pot. 

Cladium mariscus 2.9 37 1.55 Cunswick Tarn. 

Carex canescens 5.5 61 1.42 Esthwaite, north fen. 

Esthwaite, north fen. 

Carex inflata 5.0 46 1.72 Esthwaite, north fen. 

Menyanthes trifoliata 10.1 124 4.13 Winderznere, Congo bay, 



TABLE III. Chemical characteristics of soils and plants from 

lacustrine bogs. 

Soils 

U 

V3 , 0 

h b 
h I 

V 

ýiZ 

_ ti 
O Be 

X1'3 

_4-3 

O 
.) + 

ý 
QI 

%1 
' ` \ 

N 
.r R7 +4 

. G11 UU U QI U Q) ,O 0 

F-+ 
t ä ý cq ýi kq . 

969 73 13.3 5.64. 5.48 50 35 85 59 2,07 

. 328 81 
-4.10 

5.06 4.95 43 33 76 57 2.16 

988 88 12.3 5.00 5.23 41 70 111 37 2.39 

, 799.,, <. 
89 . 79.0 ,. _ 

5.08 4.92 49 34. 83 59 2.68 

1069 93 11.5 4.60 3.84. 50 35 85 59 2.53 

651 95 6.9 4.48 4.89 45 116 161 28 2.27 

1161 96 11.2 4.20 4.07 79 58 137 58 1.56 

531. 60 8.9 5.91 tß. 68 ' 119 7 126 94 - 

1039v ,.. 75 13.9 5.30 3.68 83 2 85 98 2.31 

1054- . :< 78 13.5 545. I., 63_ 75, 
_9 '8. ti. 

89 2.52 
524. 79 6.6 7.32 - 3.65 0 165 loo - 

4.07 80 5.1. 4.85 4.43 56 20 76 74. 2.20 

999 88 13.5 6.53 - 167 0 167 100 - 

358 86 4.2 3.01 3.85 12 82 94 13 2.78 

299 94 3.2 2,98 3.81 11 74 85 12 2.06 

9E strongly marked iron flush. 
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High Cross Tarn. 
Molinia coerulea 1+. 2 30 2.40 Nor Moss. 

Blelham. 

Blelham. 

Sphagnum fimbriatum 4.1 46 0.88 Nor Moss. 
v, laxifolium 

Bleiham. 

Narthecium ossifragum 6.6 61 2.99 Bleiharn. 

Sphagnum teres 5.6 69 0.91 Blelham, 

Potamogeton polygonifolius 11,0 96 2.15 Nor Moss, d 

Sphagnum sp, 5.3 94 0.86 Nor boss. 
I 

Hypnum cuspidatum 5.0 72 1.40 Blelham. 

Thuidium tamariscinum 5.0 48 1.58 Blelham, 

Sphagnum plumulosum 6.3 73 0,66 Blelham. 

Myrica gale 2.9 25 2.75 Blelham. 

Molinia coerulea 3.3 25 2.87 Blelham. 



TABLE IV. Chemical characteristics of plants and peats from 

raised bogs. 

Soils 
@ 
bO 0 

0 

V) to 
{s 

@ DZ 
' 

0 äV 
-H 
`d ýý 

@ 
16R. 

ýýI 
M m 

3ý 
ýýý bo 

ý°" 0 
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+> ' R +ý 
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Cl @ 
dyý 

@ U 6> P 

" Z ,V 
H 0 W W 

W W `ý 

611+ 93 6.6 3.34 3.34. 37 37 74. 50 2.23 

2200 95 23.2 3.84 4.19 26, - 61 87 30 

442 92 4.8 3.10 3.72- 14, - 58, 72- 19 2. x+0 

, 894+ 95 9.4+ 3.16 3.83 200 95,: , 115 17 2.26 

886 96 9.2 3.13 3.85 17 89 106 16 2.69 

1160 97 12.0 3.34 3.99, 19 82+ 103 18 1.61 

685 97 7.1 3.18 3.59 15 39 
,. 

54. 28 2.03 

973 . 
97 10.0 3.71+. 3.98 71± 97, - , 111 14. 1.36 

947 97 9.8. 3.19 3.86 18 84 - , 
102 18 _0.82 

-906. 98 9.2. 3.18 3.65 21, 62,; 
w, 

83, 
, 

25 1.76 

580 94 6.2 2.93 3.82 16 125. . 141 11 2.20 

251. 95 . 2.6, 2.86 3.70 1111- 77 ,. .. 
88 , 

13 2.03 

609 95 6.4 3.04 4.34 5 100 165 5 1.62 

307 98 3.1 2.98 3.88 7 55 62 11 2.30 



Plants 

Pinus sylvestris 1.4. 16 
(seedling) 

Scirpus caespitosus 2.7 23 

Eriophoriun vaginatum 2.0 25 

Eriophorum vaginatum 2.1 25 

Scirpus caespitosus 1.8 26 

Eriophorunz angustffolium 2.7 29 

Eriophorcun vaginatum 2.6 29 

Eriophorun vaginatum 2.0 23 

Eriophoruin vaginatum 2.4 26 

Eriophorum vaginatum 2.7 27 

Deschampsia flexuosa 4.4 35 

Scirpus caespitosus 2.6 34 

Location 
e 

b 

a) 
F 

ob0 - 
Fý 

4) 

2.09 Striber's, Moss. Sphagnum 

Stiriber's Moss, dominant 

1.61 Rusland Moss. - 

1.05 Rusland Moss. 

1.21 Rusland Moss.. 

1.99 Rusland, Moss, 

1.44 Rusland Moss. 

1.27 Rusland Moss. 

1.30 Rusland Moss. 

1.79 Ruslardl Moss. 

1049 Rusland Moss, pinewood. 

1.78 Striber's Moss, pinewood. 

Striber's Moss, pinewood, 

2.06 Rusland Moss, pathway. 



TABLE V. 

Habitat 

Underwater 

Marsh ani fen 

Lacustrine bog 

Raised. bog 

CAT ratios of plants and soils. 'E 

Plant PIN 

9-11-14 excluding emergent 
plants 

21-22-46 

15--L2-34 excluding pphagn= 

52-, L8-71 Sphagnum samples 

21+-x-47 no Sphagnum samples 

Soils fN 

L-1'4-25 

1o-16-2l. 

mostly poor fen peat, 
with not much Sphagnum 
admixture; although 

l2-]-311 Sphagnum now covers 
much : of the area 

mostly Sphagnum peat 
Iwith some ericoid 

18.. -59 and cotton grass 

- admixture. 

The figure underlined is the average, those before 
and after give the range of values. 
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N. A 11 -OM SODE C. IRTT GOW-11 SOILS 

In the autumn of 1949 the writer, ` on a trip throtgh Scotland, 

gathered a few sazples of soil and peat fran some upland granite areas, 

chiefly on Cairn Gore. This was done with the aim of comparing the 

chemical changes consequent on humus aceu.:. ulatioxi with those taking place 

in other habitats already investigated, such as terrestrial w obdland-Bitas, 

and waterlogged soils and peats (Gorham, in prep. ). " The data obtained 

are not extensive, but there are certain points both of resemblance and 

difference to soil development in these other"habitats, vhioh. may be of 

interest in view of the wide difference in iiöst-respecte of the areas 

compared. 

DESCRIPTION OF U" ES 

Ten samples of surface soil were collected from the lopes of 

Cairn Gorn, between 2,000, and 4,000 feet; and five surface pests from 

other Scottish areas are also included. Some data on the sites are 

presented i# Table I. While, the pests. -, 
from the lower altitudes may not 

be strictly comparable to the Cairn-corm series as regards habitat, they 

correspond closely on the basis of chemical properties, and are also 

indistinguishable by texture and appearance from the more alpine samples. 

Most of the Cairn Gorrn collections were made from sites of normal micro- 

topography, but two were chosen to illustrate other than average conditions. 

Sample 7 was collected.. from, a hollow receiving a flush of water from a 

-ledge above. And sample 14 was collected from a severely eroded black 
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patch of peat, highly decayed and amorphous, and ccarpletely without plant 

colonists. Both of these soils show deviations from the normal in 

regard to their chemical properties as well. 

METHODS 

The samples were collected in small 4, x 1". specimen, tubes, 

corked, and after return to the laboratory stored in the refrigerator. 

Analyses were carried out some six months later,, atwhioh., time the, samples 

showed no sign of change from their original condition. Before analysis 

they were pressed through a sieve of twenty meshes to the inch, to remove 

stones and to provide a more homogeneous material. The following deter- 

minations were carried out: 

pH - glass electrode on"stored sample, 

Water - dried at 110°C, results as % dry weight of 'soil. 

Ignition loss - ashed at 525-5500C, results as % dry weight. 

Total exchangeable bases - following the method of Brown 

(1943), results as milli-equivalents per 100 grams of dry soil. 

Exchangeable hydrogen - method of Brown (194.3), results both as 

milli-equivalents per 100 grams dry weight and per 100 grams ignition 

loss. 

Nitrogen - micro-Kjeldahl technique on duplicate samples, results as 

5' dry weight. 

We may take the ignition loss in these`sändyracid soils" as almost 

entirely humus, From the sum of , exchangeable bäses and hydrogen we can 

derive the exchange (adsorptive) capacity, and exchangeable bases as a percentage 

of the exchange capacity constitutes- the base saturatiön of the soil. The 
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strength of the soil acids may be roughly approximated by the "apparent 

pK" (Chandler, 1939). This value is calculated by the equation 

pK = pH - log 
(salt 
(acid 

using exchangeable bases as (salt) and exchangeable hydrogen as (acid). 

Since pK is the pH of half base saturation, a decrease in pK indicates 

stronger and more dissociated acids. By assuming carbon to make up half 

the ignition loss of the soil, we can estimate crudely the carbon/ni_trogen 

Cg/) ratio, 

RESULTS 

The results are given in Table II and presented graphically 

in Figures I to N. The various chemical properties are plotted versus 

ignition loss, in order to show the changes following humus accumulation 

in the soil. 

Water and humus, 

The water content rises steadily with increasing humus content, 

as might be expected. There is however little change in the water humus 

ratio, which averages about 3 for all soils. The inorganic sands range 

from about 1 to 5. while the peats lie mostly between 2 and ks values 

comparable to those for many woodland soils. 

Exchange constituents (Figure I). 

There is a very close correlation between exchange capacity 

and humus content in these soils., the values ranging from about 12 m, e. 

dry weight in the sands to between 100 and 125 m. e. % dry weight in the 

most organic peats, These levels are much the same as those fount in 
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the more humified samples of mor Prom leached and acid woodlands, and 

in water-logged peats (Gorham, in prep. ). 

Exchangeable bases are low in the sandy soils, averaging about 

8 m. e. % dry weight, and rise to about 15 m. e, in the most organic peats. 

The single sample from a flushed hollow gives a high value of 17 m. e. 

at 4 ignition loss. The highest content of exchangeable bases, 28 m. e. 

% dry weight.,. is found in the eroded and highly decomposed peat with no 

vegetation cover. Here organic decay seems to be proceeding faster than 

leaching can remove the released bases. 

Most of the increased exchange capacity is saturated with 

hydrogen ions, as in woodland nor humus layers (Gorham, in prep. ); and 

in the most organic samples there is almost 1 m. e. of hydrogen per gram 

of soil. If we consider the content of exchangeable hydrogen per unit of 

humus (since there is not sufficient clay to seriously affect the ignition 

loss), we find some increase in the most organic peats, as shown in Figure 

I. This is probably due to a higher degree of decomposition in these 

very organic soils, which also show a slightly higher exchange capacity 

per unit humus than the peats of about 50 to 70 % ignition loss. Probably 

the latter are still receiving additions of humus from the plant cover,, ' 

while in the former decomposition is the dominating factor. This appears 

certainly to be the case in the eroded sample. 

The very high exchange capacity of the most inorganic soils, 

if calculated on the basis of ignition loss, may indicate a high degree of 

organic decomposition; but may also be due to the presence of some bases 

free in solution, since exchangeable hydrogen per unit humus is not also high. 
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pH and base saturation (Figure II). 

In these soils, as in the woodland mors, both pH and bäse 

saturation fall with increasing humus content. The striking-thing here 

is the sharpness of the drop in the early stages; pH falling from 4.48 

to 3.81+ and base saturation from 79 to 49 before a level of 1C$ organio 

matter. is reached. l -Thereafter the decline is more gradual, until in 

the -most organic peats we find pH values between 3.2 and 3.4, and base 

saturation atý about 15. These figures coincide almost exactly with 

those for highly organic soils both fron leached woodlands and from 

drained and somewhat oxidized raised bog sites in the Lake-District. The 

flushed. sample and the eroded peat are higher than average, the-former 

being 31yß saturated at- PH 3.82, -and the-latter 22) saturated at pH 3.75. 

Apparent pK (Pi 
, tre IIIa) 

It appears that the acids in these soils are rather strong, 

especially in the more sandy samples. The pK range is -from 3.85 to 4.07 

in_the"dnorganic soils, and from 3.93 to 1.30 in the pests. In contrast, 

the range for leached and inorganic woodland loams (in the Lake District) 

is from about 4 to 5, and in the highly organic woodland' mors' fronen about 

3.30 to'1f. 10 (Gorham, in prep. ). Thus in the, Scottish soils plC is low 

in, the sandy soils and increases slightly with humus accumulation; while 

in the yey Lake District loans pK is higher at first, 'and decreases 

greatly as the soils become more organic. 

We may obtain the same picture in another way by plotting % base 

saturation versus pH, as in Figure IIIb. The broken line represents 

roughly the average relation in the leached woodland soils fron the Lake 

I 

District, the acid soils being generally the more organic ones. We see 
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that'the Scottish peats are not much different fron the woodland series, 

being slightly less base saturated on the average, ' But the sandy soils 

are much more base-saturated than the woodland series at similar pH levels, 

This "Is of ' course associated with greater strength and base binding power 

of the humus acids in the granitic sands, as denoted by their low pK 

values; The flushed site exhibits a rather high pK, and the"highest 

value is that for. the eroded peat. 

Nitrogen (Figure N).: 

" Ass might be expected., nitrogen is closely correlated with humus 

content. It is about 0.2 % dry wt. in the sandy soils, and rises to 

between about 1.2 and, 2) in the organic soils. " If the fN ratio is con- 

sidered we find low values between 12 and 16-in the inorganic soils, which 

increase'to between 17 and 3!. in the peaty samples. Since the peats were 

generally amorphous and contained few recognizable plant remains, it would 

appear'-that their high values are'not due to conta . ination by living root 

tissues. 

The 9/N ratios`of'the sandy soils are relatively low and similar 

to those of inorganic soils fran both leached woodland and waterlogged 

habitats. ' These low ratios perhaps suggest a high degree of decay. The 

peat ratios are however higher than woodland mor values from the Lake 

District, and comparable to those of peaty from drained raised bogs, 

DISCUSSION 

Our picture of soil development on the granitio detritus of 

these areas may well begin with a consideration of some work by Tenn (192i. ). 

He took gravel of crushed granite and rotated it in quartz flasks for 12 
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hours at 2-3°C., in carefully distilled water with and without the 

addition of carbon dioxide. This we may take as representing the 

primary physical and chemical weathering process. In all cases the 

pH, which-in the beginning was about 7 without 002 and as low as 4. 

with-002 saturated water, rose to a higher level. In the pure water 

the final value was generally about pH 12.. and in water with added C02 

between 5.6 and 7.1. depending on the concentration of the gas. The 

amounts. of base released by this treatment were determined by titration, 

and are as follows; :,. � 
Without CO2 - 0.06 to 0.11 m. e,, per"100 g of granite. 

With CO2 - 0.07 to 0.28 

These results show that the effect of weathering is a release of bases 

and a rise in, pH. If the bases are removed by leaching and the pH is 

solely determined by the CO 2 dissolved in the rainwater,, at 0 0C 
and 

atmospheric pressure this value will be above 5.5. 

Evidently the low pH values found even in the least organic of 

the present granitic samples are well below those which might be accounted 

for by inorganic weathering factors. It then appears that the first 

addition of humus to these soils produces a severe drop in both pH and, 

base saturation; and we see fron the pK values that the acids responsible 

are relatively strong, slightly stronger indeed than those of the peaty 

soils in the area, and much stronger than the acids in Lake District 

woodland soils of comparable pH and humus content. 

The above facts suggest that it is perhaps advantageous that 

the. acids produced by the plants of this granitic detritus be�strong. 

There is abundant roan for colonization on the bare upper, slopessof. Cairn 
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Goren, and it may be that the plants with relatively strong acidoids,, 

and producing strong acids in their decaying humus, are better able 

to leach enough mineral nutrients from the rock to survive. This gains 

significance if we again consider that it takes twelve hours of constant 

rotation (forty times per minute) in water saturated with CO2 to produce 

about 0.3 m. e. of bases from 100 grams of granite gravel. 

It is probably also necessary that such plants have a low 

nutrient requirement. This is supported by the data on nutrient levels 

given by Mattson and Karlsson (1944) for some of the species characteristic 

of these soils. Their samples were taken from sandy or peaty soils below 

pH 4.0, and so are rather comparable. The ranges of mineral ash and 

calcium for Calluna, Vaccinium myrtillus, V. vitis-idaea, V, uliginosum 

and Empetrum nigrum are 3.3-6.2 % dry wt, for the former, and 19-42 m. e. 

% dry wt. for the latter. In comparison, the average ash content of 

brown earth vegetation quoted by the above authors is 13; a dry wt., and the 

average calcium content 77 m. e. % dry wt. Potassium and magnesium show 

a similar relation. Plants in these habitats are also poor in nitrogen, 

a series of determinations in the area studied giving a range of from 

0.6 to 1.9 / dry wt.; while the data of Mattson & Karlsson (1944) show 

a range of 0.8 to 1.8 % dry wt,, for the plants mentioned above, and 2/N 

ratios averaging 46. This may account for the rather low nitrogen 

content of the peats formed beneath them, 

A further point in favor of the above hypothesis is the richer 

and more varied flora commonly found in the flushed habitats, where there 

is a constant renewal of bases by percolating water even though the con- 

centration may be low. Floristically varied areas are well known to be 
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usually found there there are rocks richer in lime, or where there is 

a good water-borne base supply, as has been abundatbitly illustrated by 

Pearsall (195b). Evidently then, mineral availability must`be an 

important factor'in the establishment of°vegetation on such'soile;, and 

the-monotonous 'and restricted flora of these granitic habitats testifies 

to their extreme deficiency in elements necessary for plant growth. 
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A study has been made of sane chemical characteristics of 

granitic soils and peats, chiefly fran Cairn Gorm. It appears that the 

first addition of organic matter to the soil brings about a sharp increase 

in acidity and a marked fall in base saturation. The presence of 

comparatively strong acids in the humus produced by the colonizing plants 

is suggested as a possible advantage, in view of the difficulty of 

obtaining mineral nutrients from the granite substream. 
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TABLS I. Details of localities and habitats sampled. 

No. Locality Altitude Plant cover Nature of 
(ft. ) sample 

1. Cairn Corn 3,750 Empetrun hermaphroditum mat. Fine sandy soil. 

2. " 3,750 Sward of grass and rushes Fine reddish brown 
with Zwopodium alpinum. sand. 

3. " 4,000 Cushion of Rhacomitrium sandy granite debris, 
lanuginosum and Juncus 
trifidus. 

4 "" 3,750 Potentilla argentea. Granitic sand. 

5 3,750 
'ýý' 

Callum vulgaris, 1-2 Sandy soil. 
"ý" inches high. 

6. 3,750 Lycopodium selago. Granitic sand. 

7. 2,500 Sah num, Nardus stricta, Peaty sand in 
Scirpus caespitosus, flushed hollow below' 
Narthecium ossifraguin, and ledge, 
other spp. in sward. 

8. 3,750 Dwarf Vaccinium myrtillus Small peat deposit 

and Empetrum hermaphroditum. in shelter of 
boulder. 

9, Loch Rannoch ca. 3,000 Calluna vulgaris and Peat over podzolized 
Cladonia dominant. sand, top of hill. 

10. ca 500 Calluna vulgaris, Hypnum Peat over steep 
schreberi and Sc' us rock slide. 
caespitosus. 

11. Cairn Corn 2,000 Tufted Scirpus caespitosus. Peat on flat 
terrace, 

12. Glenmore - Calluna vulgaris, Vacciniuzn Peat from podzolized 
Forest myrtillus, V. vitis-idaea sandy knoll. 

and Hylocoraium splendens. 

13. Rannoch Moor - Calluna vulgaris and Peat from podzolized 
Myrica Beale dominant. granitic knoll. 



No. Locality Altitude Plant cover Nature of sample 

114. Cairn Gorm 

15. Loch Rannoch 

2,000 Eroded, no vegetation. 

Calluna vulgaris, Vacc- 
inium myrtillus, V, vitis- 
idaea, and Hylocnium 
splendens. 

Very black and 
amorphous peat. 

Peat frcan podzolized 
knoll in the Black 
Wood. 



TABLE II. Chemical characteristics of soils and peats fromm 

granitic areas. 

ba 

" H ä a 

1 4.48 3.91 

2 4.34 4.07 

3 3.84 3.85 
4 3.96 3.96 
5 4.114. 3.97 
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