
Durham E-Theses

Investigations into chemical aspects of peatland

ecology with special reference to nitrogen �xation

Waughman, George John

How to cite:

Waughman, George John (1977) Investigations into chemical aspects of peatland ecology with special

reference to nitrogen �xation, Durham theses, Durham University. Available at Durham E-Theses
Online: http://etheses.dur.ac.uk/8318/

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-pro�t purposes provided that:

• a full bibliographic reference is made to the original source

• a link is made to the metadata record in Durham E-Theses

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support O�ce, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107

http://etheses.dur.ac.uk

http://www.dur.ac.uk
http://etheses.dur.ac.uk/8318/
 http://etheses.dur.ac.uk/8318/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk


INVESTIGATIONS INTO CHEMICAL ASPECTS OF PEATLAND ECOLOGY, WITH 

SPECIAL REFERENCE TO NITROGEN FIXATION 

A thesis submitted to the University of Durham for the Degree 
of Doctor of Philosophy. 

By 

GEORGE JOHN WAUGHMAN 

The copyright of this thesis rests with the author. 
No quotation from it should be published without 
his prior written consent and information derived 

from it should be acknowledged. 

The Botany Department 
University of Durham 

1977 



The copyright of t h i s thesis r e s t s with the author. 
No quotation from i t should be published without h is 
prior written consent c and information derived from 
i t should be acknowledged. 

No part of t h i s thesis has been submitted for a 
degree to Durham or any other university. 



i i i 

CONTENTS 

Page 
number 

LIST OF FIGURES v i i i 

LIST OF TABLES x i 

ACKNOWLEDGEMENTS x i i 

ABSTRACT x i i i 

PART ONE : 
PHYSIOLOGICAL INVESTIGATIONS ON NITROGEN FIXATION 

CHAPTER ONE : INTRODUCTION TO PART ONE 1 

(a) B r i e f history of nitrogen f i x a t i o n studies 1 
(b) Problems of the acetylene reduction method 5 
(c) Nitrogen fix a t i o n i n peat land 7 

CHAPTER TWO : INVESTIGATION OF NITROGENASE ACTIVITY IN DETACHED 
NODULES OF NON-LEGUMES 10 

(a) Plant material 10 
(b) Experiments with temperature: methods 10 
(c) Experiments with oxygen: methods 11 
(d) Seasonal fluctuations: methods 12 
(e) E ffect of oxygen: re s u l t s and discussion 12 
( f ) E f f e c t of temperature: re s u l t s and discussion .. 13 
(g) Seasonal fluctuations: r e s u l t s and discussion .. 14 

CHAPTER THREE : EFFECT OF TEMPERATURE ON NITROGENASE ACTIVITY 
IN BLUE-GREEN ALGAE 16 

(a) Choice and culture of material 16 
(b) Temperature experiments: methods 16 
(c) Plectonema: r e s u l t s 17 
(d) Anabaena: re s u l t s 18 
(e) Implications for the f i e l d assay 18 



CONTENTS (continued) 

iv 

CONTENTS (continued) 

Page 
number 

CHAPTER FOUR : INVESTIGATION OF NITROGENASE ACTIVITY IN 
DEVELOPING PEAT 21 

(a) Location and c o l l e c t i o n of peat 21 
(b) The assay for nitrogenase: methods 21 
(c) Time courses of acetylene reduction: methods 22 
(d) Effect of high oxygen concentration, carbon 

monoxide, and glucose: methods 22 
(e) Effect of anaerobic conditions: methods 22 
( f ) Effect of l i g h t : methods 23 
(g) Effect of temperature: methods 23 
(h) Effect of different i n i t i a l oxygen tensions: 

methods 24 
( i ) Tests with isotopic nitrogen: method 24 
( j ) Plate counts and acetylene t e s t s on b a c t e r i a l 

i s o l a t e s 24 
(k) Time courses: results and discussion 25 
(1) Confirmation of l i v i n g nitrogenase a c t i v i t y 26 
(m) Effect of l i g h t : r e s u l t s and discussion 28 
(n) Effect of temperature: r e s u l t s and discussion 28 
(o) Effect of oxygen: re s u l t s and discussion 30 
(p) Conclusions 33 

CHAPTER FIVE : THE RELATIONSHIP BETWEEN ACETYLENE REDUCTION AND 
TEMPERATURE 35 

(a) Two main categories of temperature response 35 
(b) Legume and non-legume nodules 36 
(c) Temperature response of acetylene reduction by 

blue-green algae 38 
(d) Anaerobic nitrogenase a c t i v i t y 39 
(e) The significance of activation energies 40 
( f ) Temperature correction of acetylene reduction: 

re s u l t s 41 
(g) Concluding discussion 43 



CONTENTS (cont inued) 

Page 
number 

PART TWO : 
CHEMICAL INVESTIGATIONS 

CHAPTER SIX : INTRODUCTION TO PART TWO 46 

(a) Nomenclature and terminology 46 
(b) The nutrient ecocline 46 
(c) Nitrogen, phosphorus and the mire ecocline 50 
(d) Objectives and arrangement of part two 53 
(e) Choice of locations 54 
( f ) Vegetation chemistry 55 

CHAPTER SEVEN : DISCUSSION AND DESCRIPTION OF METHODS 57 

(a) F i e l d methods 57 
(b) Preliminary laboratory procedures 58 
(c) Phytosociology 59 
(d) Units 64 
(e) Notes on the s t a t i s t i c s used 65 

CHAPTER EIGHT : HETEROTROPHIC NITROGENASE ACTIVITY IN VIRGIN 
PEAT1ANDS 69 

(a) Methods 69 
(b) The dis t r i b u t i o n of nitrogen fi x a t i o n i n peatlands . 69 
(c) Chemical factors influencing nitrogenase a c t i v i t y in 

peat 72 

CHAPTER NINE : NITROGEN IN PEATLANDS 77 

(a) Methods 77 
(b) Relationships between nitrogen and the mire ecocline 78 
(c) The main forms of inorganic nitrogen in peat 80 
(d) Nitrogen in mire vegetation 82 
(e) Correlations between nitrogen in peat and the 

nitrogen content of mire vegetation 83 
( f ) Relationships between nitrogen and other inorganic 

elements 86 



v i 

CONTENTS (continued) 

Page 
number 

CHAPTER TEN : PHOSPHORUS IN PEATLANDS 91 

(a) Methods 9 1 

(b) Peat and vegetation phosphorus in relation to the 
mire ecocline 91 

(c) Phosphate fixation in peat 93 
(d) Correlations between peat phosphorus and phosphorus 

in the vegetation 97 
(e) Relationships between phosphorus in the vegetation 

and other chemical factors 99 

CHAPTER ELEVEN : METALLIC CATIONS 109 

(a) Methods 109 
(b) Distribution of cations in relation to the ecocline 109 
(c) Ionic r a t i o s 114 
(d) Comparative mobility of some elements in the mire 

ecosystem 116 
(e) Summary of relationships between inorganic factors 

and the mire ecocline 120 

CHAPTER TWELVE : GENERAL DISCUSSION 123 

(a) Nitrogen and phosphorus 123 
(b) Phosphorus uptake by mire vegetation 131 
(c) a posteriori note on s t a t i s t i c s 135 
(d) Factors influencing heterotrophic nitrogen fi x a t i o n 

in peat 136 
(e) Nitrogen f i x a t i o n and hydrogen ion concentration ... 142 
( f ) Blue-green algae in peatlands 143 
(g) Symbiotic nitrogen fixation in peatlands 144 
(h) The amount of nitrogen fixed by heterotrophic 

a c t i v i t y 147 

SUMMARY OF PARTS ONE AND TWO 150 

REFERENCES 157 



v i i 

CONTENTS (continued) 

Page 
number 

APPENDIX A : LOCATION DESCRIPTIONS 176 

APPENDIX B : DATA TABLES 179 

L i s t of data tables 179 
Data tables 181-210 



v i i i 

LIST OF FIGURES 

Figure After 
number page 

1 Eff e c t of temperature on acetylene reduction by detached 
nodules of Alnus and Myrica 12 

2 Arrhenius plots of data in Figure 1 12 
3 Effect of oxygen on acetylene reduction by detached 

nodules of Alnus and Myrica 13 
4 Seasonal nitrogenase a c t i v i t y in Alnus 13 
5 Effect of temperature on acetylene reduction by Anabaena .. 17 
6 Ef f e c t of temperature on acetylene reduction by 

Plectonema 17 
7 Arrhenius plots of data on Figures 5 and 6 18 
8 Time courses for acetylene reduction by peat 25 
9 Effect of different pre-incubation temperatures on 

acetylene reduction by peat 25 
10 Effect of temperature on acetylene reduction by peat 26 
11 Arrhenius plot of data in Figure 10 26 
12 Effect of carbon monoxide, glucose, and high oxygen con

centration, on acetylene reduction by peat 27 
13 Effect of different i n i t i a l oxygen concentrations on acetylene 

reduction by peat 30 
14 F i r s t d e r i v i t i v e of curves shown in Figure 13 30 
15 S i m i l a r i t y matrices of aufnamen from Pfrule Moss 62 
16 Distribution of some important species in relation to 

the ecocline at Pfrule Moss 64 
17 Ef f e c t of logarithmic transformation on some sets of data . 65 
18 Acetylene reduction by peat in relation to the mire 

ecocline (not German s i t e s ) 69 
19 Acetylene reduction by peat in relation to the mire 

ecocline - German s i t e s 70 
20 Pooled data on acetylene reduction by peat from German 

s i t e s 71 
21 Soluble nitrogen in peat - separate s i t e s 78 
22 Total nitrogen in peat and mire vegetation - separate 

s i t e s 79 
23 Amnioniun nitrogen "in peat extracted with neutral sodium 

chloride - pooled data 80 
24 Ammonium nitrogen in peat extracted with a c i d i f i e d sodium 

chloride - pooled data 80 



i x 

LIST OF FIGURES (continued) 

Figure After 
number page 

25 N i t r i t e nitrogen in peat extracted with neutral sodium 
chloride - pooled data 81 

26 Total nitrogen in peat - pooled data 81 
27 Total nitrogen in mire vegetation - pooled data 82 
28 pH-redox diagram for nitrogen species and mires 82 
29 Phosphorus in peat extracted with various strengths of 

sulphuric acid - separate mires 91 
30 Phosphorus in peat extracted with various solvents -

separate mires 92 
31 Total phosphorus in peat and mire vegetation - separate 

mires 93 
32 Phosphorus in peat extracted with 0.5 N sulphuric acid -

pooled data 94 
33 Phosphorus in peat extracted with 0.02 N sulphuric acid -

pooled data 94 
34 Phosphorus in peat extracted with 0.002 N sulphuric acid -

pooled data 95 
35 Phosphorus in peat extracted with N ammonium chloride -

pooled data 95 
36 Phosphorus in peat extracted with N ammonium acetate -

pooled data 96 
37 Phosphorus in peat extracted with N ace t i c acid - pooled 

data 96 
38 Total phosphorus in mire vegetation - pooled data 97 
39 Total phosphorus in peat - pooled data 97 
40 Calcium in the mire ecosystem 109 
41 Potassium i n the mire ecosystem 109 
42 Magnesium in the mire ecosystem 110 
43 Sodium in the mire ecosystem 110 
44 Iron i n the mire ecosystem I l l 
45 Manganese in the mire ecosystem I l l 
46 Aluminium in the mire ecosystem 112 
47 Zinc in the mire ecosystem 113 
48 Some ionic r a t i o s in peat and mire vegetation 114 
49 Concentration of major elements into mire vegetation 116 
50 Mobility of some major elements in the mire ecosystems 117 
51 N/P rati o in mire vegetation 125 



X 

LIST OF FIGURES (continued) 

Figure After 
number page 

52 Concentration of nitrogen and phosphorus into mire 
vegetation 125 

53 Collation of data on soluble phosphorus 126 
54 C/N r a t i o in peat 126 
55 Residual analysis of some multiple regression r e s u l t s 135 



x i 

LIST OF TABLES 

Table Page 
number number 

1 Oxygen concentrations at the end of time courses for 
acetylene reduction by peat 25 

2 Fixation of isotopic nitrogen by peat 27 
3 The effect of different light and aeration conditions on 

acetylene reduction by peat 28 
4 Collation of data on the effect of temperature on 

nitrogen f i x a t i o n 44 
5 S t a t i s t i c s of curves for acetylene reduction by peat i n 

rela t i o n to the mire ecocline 71 
6 Relative influence of various inorganic factors on 

nitrogenase a c t i v i t y i n peat 73 
7 Correlation c o e f f i c i e n t s between the nitrogen content of 

mire vegetation and nitrogen in peat 84 
8 Relative influence of various inorganic factors on the 

nitrogen content of vegetation 88 
9 Correlation c o e f f i c i e n t s between the phosphorus content 

of mire vegetation and phosphorus in peat 98 
10 Relative influence of e a s i l y soluble inorganic chemicals 

in peat on the phosphorus content of mire vegetation .... 100 
11 Relative influence of other elements in vegetation on the 

phosphorus content of mire vegetation 101 
12 Results of s t a t i s t i c a l t est for possible interraction 

between certain cations with respect to the phosphorus 
content of mire vegetation 107 

13 Collation of data on trace elements in peat 113 
14 Summary of simple correlation c o e f f i c i e n t s between 

inorganic chemical factors and the mire ecocline 121 
15 Relationship between the concentration of c e r t a i n 

elements in mire vegetation, and the mire coenocline .... 121 
16 Estimates of atmospheric nitrogen fixed by heterotrophic 

microbial a c t i v i t y in peat 149 



ACKNOWLEDGEMENTS 

Stimulus for the research reported here came primarily from 

B i l l Williams, whose counsel helped me to more f u l l y appreciate 

the art of s c i e n t i f i c investigation; and David Bellamy, with whom 

I have spent many happy weeks on the peatlands of Southern Europe. 

My understanding of s t a t i s t i c s has been greatly helped by many 

discussions with Jack Beggs. To these persons, for thei r advice 

and friendship, many thanks. 



x i i i 

ABSTRACT 

The f i r s t part of t h i s thesis examines nitrogenase a c t i v i t y in Alnus, 

Myrica, Anabaena, Plectonema, and peat, with particular attention to 

f i e l d use of the acetylene reduction assay. The rate of nitrogenase 

a c t i v i t y was found to be very sensitive to temperature change, except for 

blue-green algae in reduced l i g h t . Low pO values reduce the rate of 

nitrogenase a c t i v i t y by nodules of Alnus and Myrica. Nitrogenase a c t i v i t y 

i n Anabaena occurs at 40%°C in condition of low pO . Characteristics of 
2 

acetylene reduction by peat indicate that the reaction i s caused by a 

l i v i n g enzyme. A mixture of aerobic and anaerobic conditions stimulates 

acetylene reduction by peat, therefore i t i s suggested that microbial 

associations may be important for heterotrophic nitrogen f i x a t i o n i n peat. 

Theoretical and p r a c t i c a l aspects of the relationship between nitrogenase 

a c t i v i t y and temperature are discussed. 

The second part of the thesis i s concerned with the d i s t r i b u t i o n of 

certain elements, and heterotrophic nitrogenase a c t i v i t y i n rel a t i o n to 

peatland ecology. The nutrient ecocline i n mires i s defined by a f l o r i s t i c 

gradient, in r e l a t i o n to which the above mentioned factors are examined. 

Heterotrophic nitrogenase a c t i v i t y was estimated in peat collected from 

eleven different mire complexes; a trend of increasing a c t i v i t y was observed 

from bogs to r i c h fens, with a s i g n i f i c a n t decline in extreme r i c h fens. 

The amounts of Ca, Mg, K, Na, Fe, Al , Mn and Zn, in peat and mire vegetation 

i n relation bo the ecocline are described, with nitrogen and phosphorus 

being discussed in d e t a i l . In r i c h mires, P, N and K are the elements most 

highly concentrated into the mire vegetation, in poor mires the most con

centrated elements are N and Mn. With regard to cycling K, Mn, Zn and Na 

appear to be more mobile than other elements. The amounts of soluble N and 

soluble Pare, greatest in the peat from ombrotrophic s i t e s , and i n both cases 

becomes lower along the gradient in the direction of r i c h fens. 



CHAPTER ONE : 

INTRODUCTION TO PART ONE 

1(a) B r i e f history of nitrogen f i x a t i o n studies 

The a b i l i t y to incorporate atmospheric molecular nitrogen into 

organic compounds has been discovered only in certain micro-organisms. 

Most ecosystems depend very much upon these organisms because t h i s 

element i s required by a l l l i v i n g things i n large quantities, and 

atmospheric nitrogen i s v i r t u a l l y the only source. 

The micro-organisms which perform biological nitrogen f i x a t i o n 

are members of the blue-green algae, the actinomycetes, the bacteria, 

and the yeasts. Most of the species are f r e e - l i v i n g , but a few form 

symbiotic relationships with higher plants; in these cases the micro

organism involved usually grows in root or leaf nodules of i t s symbiotic 

partner. From an a g r i c u l t u r a l point of view the legumes are of out

standing importance, t h i s i s the only group of plants used in agriculture 

where the symbiotic relationship i s , as yet, known to e x i s t . The micro

organism involved i n t h i s relationship belongs to the b a c t e r i a l genus 

Rhigobium. Fourteen genera -and 118 species of non-legumes are known 

to possess nitrogen f i x i n g nodules, of which a l l but one are angiosperms; 

the other, Podocarpus, i s a gymnosperm (Rodriquez-Barrueco, 1969). In 

most of these non-legume species the micro-organism involved i s believed 

to be an actinomycete (Plotho, 1940). 

The value of legumes was well known to the ancient world (Fred, et a\ 

1932.)» but the f i r s t experimental evidence that these plants could u t i l i s e 

atmospheric nitrogen i s attributed to Boussingault in 1837 (Wilson, 1957). 

However, i t was not u n t i l 1888 that Beijerinck isolated the bacterium 

responsible for nodule formation, he c a l l e d i t B a c i l l u s r a d i c i c o l a 



(Beijerinck, 1888), which was l a t e r changed to Rhizobium leguminosarum. 

The e a r l i e s t suggestion that non-leguminous plants might.have the 

a b i l i t y to f i x nitrogen came in 1892 when Nobbe and others noted that 

nodulated specimens of Elaeagnus grew more vigorously than non-nodulated 

plants. In 1897 Hiltner reported a s i m i l a r observation for Alnus and 

in 1904 he provided more def i n i t e evidence by demonstrating that t h i s 

species would not grow successfully i n nitrogen deficient s o i l s i f the 

root nodules were excised (Bond, 1963). In spite of these early d i s 

coveries i t was not u n t i l 1932 that direct proof of non-leguminous 

fixation was obtained by Aldrich-Blake who measured the actual nitrogen 

gains of Casuarina e q u i s e t i f o l i a plants growing in nitrogen-free media 

(Aldrich-Blake, 1932). 

At the turn of the century the f r e e - l i v i n g anaerobe Clostridium 

paseurianum (Winogradsky, 1893), and the aerobic Azotobacter (BeiJerinck, 

1901) were isolated from the s o i l . I t should be mentioned that 

throughout the preceding half century, the existence of these organisms 

had been postulated by many workers (e.g. Davy, Jodin, Berthelot), but 

none had managed to i s o l a t e and culture them. I t was not u n t i l 1928 

that Drews reported de f i n i t e evidence of nitrogen fi x a t i o n in blue-

green algae (Drews, 1928). 

Almost a century of slow progress i s testimony to one simple f a c t ; 

that the gas nitrogen i s very inert, and therefore d i f f i c u l t to measure. 

No such problems have bedevilled progress in photosynthesis because 

carbon dioxide, by contrast, i s very easy to quantify. The only methods 

which were available for the study of nitrogen fi x a t i o n u n t i l the early 

1950's involved growing organisms on nitrogen-free media, and measuring 

the nitrogen gain using Kjeldahl digestion followed by d i s t i l l a t i o n . 

Attempts have been made to estimate the loss of nitrogen from closed 

containers (Umbreit et a l . , 1951; De and Mandal, 1956), but these 



3 

manometric methods were never extensively used outside of the 

laboratory. 

In 1941 a report appeared in the magazine 'Science' suggesting 

that the heavy isotope of nitrogen might be useful in bio l o g i c a l research 

(Burris and Miller, 1941). So there was, at l a s t , a method whereby 

nitrogen f i x a t i o n could be measured d i r e c t l y . After the isotope became 

widely available i n the late 1940's nitrogen fi x a t i o n was confirmed 

in many species, the f i r s t being the pigmented bacterium Rhodospirilium 

rubrum (Kamen and Gest, 1949). In the context of t h i s investigation 

the work of Bond in the early 1950's i s noteworthy in that he confirmed 
15 

nitrogen fi x a t i o n in nodules of various non-legume species using N 

(Bond, 1955). 

During t h i s period there were many attempts to obtain a c e l l free 

extract of active nitrogenase, t h i s was f i n a l l y achieved i n 1960 by a 

group who successfully extracted the active enzyme from Clostridium 

pasteurianum (Carnahan et a l . , 1960). Once a method of obtaining the 

extract was established, a variety of alternative substrates to N were 

ide n t i f i e d using these in vi t r o systems. I t was discovered that CN , 
NO, N and CH NC could a l l serve as alternative substrates; but i t was 2 3 3 
the substrate acetylene that was to have the greatest impact on research 

into nitrogen fix a t i o n . 
15 

Although the application of N to nitrogen f i x a t i o n studies had 
been a major development, there were, and s t i l l are, problems associated 

15 

with i t s use. Estimation of N i n protein requires Kjeldahl digestion 

and d i s t i l l a t i o n followed by gas analysis on a mass-spectrometer. This 

instrument i s expensive and requires considerable expertise on the part 

of the operator. Secondly, the isotope i s also very expensive, and must 

be used at high concentration in order to achieve maximum s e n s i t i v i t y 

with the method. These problems are disinsentives for carrying out 



many r e p l i c a t e t e s t s , and were probably the reason f o r Bond concluding 

at f i r s t , on the b a s i s of ^ N s t u d i e s , that n i t r o g e n f i x a t i o n i n Myrica 

nodules was u n a f f e c t e d by r e d u c t i o n s i n the p a r t i a l p r e s s u r e of oxygen 

(Bond, 1957), but l a t e r d e c i d i n g the opposite (Bond, 1961). 

No such problems were a s s o c i a t e d w i t h a c e t y l e n e r e d u c t i o n : gas 

chromatographic apparatus i s r e l a t i v e l y inexpensive and easy to use, 

a c e t y l e n e i s cheap, and the method i s simple. Another major advantage 

i s t h a t the technique can be 100 time more s e n s i t i v e than the isotope 

method. I n 1967 Stewart e t a l . , i n d i c a t e d the p o t e n t i a l of the method 

by e a s i l y demonstrating n i t r o g e n a s e a c t i v i t y i n legumes, non-legumes, 

s o i l , and blue-green algae (Stewart, et a l . , 1967). 

Unencumbered by the problems a s s o c i a t e d w i t h the isotope technique 

the a c e t y l e n e method soon found great favour, s t i m u l a t i n g both r e s e a r c h 

and p u b l i c a t i o n s on n i t r o g e n f i x a t i o n . One of the pioneer groups 

c a r r i e d out about 40,000 t e s t s i n 4 y e a r s (Hardy et a l . , 1973). Using 

1 5N, the c o s t of the isotope alone would have been more than US $250,000. 

Important developments were soon made; s u b s t i t u t i n g vanadium i n the 

p r o s t h e t i c group of the enzyme (Burns, et a l . , 1971); development of 

f u n c t i o n i n g chemical models of n i t r o g e n a s e (Schrauzer and Doemeny, 1971); 

i n v i t r o s ymbiosis between Rhizobium and soybean c e l l s ( H o l s t e n e t a l . , 

1971); and r e c e n t l y non-symbiotic c u l t u r e s of.Rhizobium have been 

persuaded to reduce a c e t y l e n e by manipulation of t h e i r growth medium. 

T h i s development was reported simultaneously by three r e s e a r c h groups i n 

the magazine 'Nature' ( s e e Nature 256, 1975), and i t i s s i g n i f i c a n t that 

not one of the t h r e e independent teams t h a t made t h i s important d i s c o v e r y 

f e l t i t n e c e s s a r y to confirm t h e i r f i n d i n g s w i t h *^N. The ease w i t h 

which n i t r o g e n f i x a t i o n could now be detected a l s o gave r i s e to r e p o r t s 

of the p r o c e s s i n unexpected l o c a t i o n s such as the Camel's rumen 

(E l l e w a y e t a l . , 1971) and human f a e c e s (Bergersen and H i p s l e y , 1970). 



1(b) Problems of the a c e t y l e n e r e d u c t i o n method 

During the l a t e 1960's and e a r l y 1970's, ecology entered i n t o 

unholy wedlock w i t h systems a n a l y s i s , and i t has become very f a s h i o n a b l e 

to t r y and measure the amounts of v a r i o u s elements which a r e moving 

through ecosystems; a c t u a l f i g u r e s a r e quoted where g e n e r a l i t i e s once 

he l d sway. A f l u s h of ecology papers have reported amounts of n i t r o g e n 

f i x e d based upon a c e t y l e n e r e d u c t i o n , and u t i l i s i n g knowledge of the 

t h e o r e t i c a l e l e c t r o n requirements, which i n d i c a t e t h a t a c e t y l e n e 

r e d u c t i o n should proceed t h r e e times f a s t e r than n i t r o g e n f i x a t i o n ; 

such a r a t i o has been w e l l e s t a b l i s h e d i n l a b o r a t o r y c o n d i t i o n s (Hardy 

et a l . , 1973). But any who b e l i e v e d t h a t a c e t y l e n e reduction was to be 

a u n i v e r s a l panicea f o r f i e l d measurements of n i t r o g e n f i x a t i o n were 

soon to be disabused by r e p o r t s t h a t the r a t i o v a r i e d w i t h environmental 

c o n d i t i o n s (Bergersen, 1970), and could be as high as 15-1 i n some 

circumstances ( R i c e and Paul, 1971). However, such problems do not 

d e t r a c t from the p o t e n t i a l of a c e t y l e n e r e d u c t i o n as a t o o l to a s s i s t 

i n v e s t i g a t i o n s designed to gain understanding of the ecology of n i t r o g e n 

f i x a t i o n , i n c o n t r a s t to a c t u a l l y measuring i t . 

There a r e many parameters which a f f e c t the a c e t y l e n e r e d u c t i o n 

t e s t s , i n c l u d i n g a e r a t i o n and temperature, both of which a r e s u b j e c t to 

c o n s i d e r a b l e f l u c t u a t i o n s i n the s o i l , and changes due to the a c t u a l 

assay procedure. There i s a c o n s i d e r a b l e body of information r e l a t i n g 

to the a f f e c t of oxygen on both n i t r o g e n f i x a t i o n and a c e t y l e n e r e 

duction, however t h i s i s not so w i t h temperature. Th e r e f o r e , although 

both of these f a c t o r s a r e d i s c u s s e d i n the f i r s t h a l f of t h i s t h e s i s , 

s p e c i a l emphasis i s placed upon temperature. 

F i e l d a s s a y s are c a r r i e d out at many d i f f e r e n t temperatures, but 

when t h i s work was s t a r t e d i t was d i f f i c u l t to a s c e r t a i n from the 

l i t e r a t u r e j u s t how important temperature f l u c t u a t i o n s might be. I n h i s 
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1966 book Stewart gave equal weight to r e p o r t s that temperatures d i d , 

and d i d not a f f e c t n i t r o g e n a s e a c t i v i t y , but more recent reviews of 

n i t r o g e n f i x a t i o n g e n e r a l l y conclude t h a t the process i s temperature 

s e n s i t i v e . ( M i s h u s t i n and S h i l ' n i k o v a , 1971; Hardy et a l . , 1973). 

However, the extent and p a t t e r n , i f any, of t h i s s e n s i t i v i t y i s 

by no means apparent; indeed many r e s e a r c h r e p o r t s have reached 

c o n t r a d i c t o r y c o n c l u s i o n s on the matter of temperature. Growth 
o 

experiments l e d t o the c o n c l u s i o n t h a t temperatures above about 20 C 

were i n h i b i t o r y to n i t r o g e n f i x a t i o n i n T r i f o l i u m subterraneum (Mes, 1959; 

Meyer and Anderson, 1959). Furthermore, support f o r the contention t h a t 

temperature was d i r e c t l y a f f e c t i n g the f i x a t i o n process was obtained from 

the f a c t t h a t the n i t r o g e n content of p l a n t s grown w i t h an i n o r g a n i c 

n i t r o g e n source was u n a f f e c t e d by temperature (Possingham, e t a l . , 

1964). The advent of the a c e t y l e n e r e d u c t i o n assay permitted a more 

d i r e c t approach t o the i n v e s t i g a t i o n of temperature, and u s i n g t h i s 

technique Roughley and Dart (1969) concluded t h a t temperature d i d not 

a f f e c t n i t r o g e n a s e a c t i v i t y per se i n T r i f o l i u m subterraneum. However, 

l a t e r r e p o r t s i n d i c a t e d not only that a c e t y l e n e reduction i n t h i s s p e c i e s 
o 

was s l i g h t l y s e n s i t i v e to temperature below 20 C, but a l s o t h a t a r i s e 
o o 

from 20 C to 30 C was not d i r e c t l y i n h i b i t o r y (Dart and Day, 1971; 

Gibson, 1971). I t remains to be e s t a b l i s h e d whether or not these 

c o n t r a d i c t i o n s a r e merely the r e s u l t of d i f f e r e n t experimental procedures. 

A c e t y l e n e r e d u c t i o n by c e l l f r e e e x t r a c t s of Azotobacter v i n l a n d i i 

i s very temperature s e n s i t i v e (Hardy et a l . , 1968; Burns e t a l . , 1971), 

and c o n s i d e r a b l e s e n s i t i v i t y to temperature change has a l s o been 

e s t a b l i s h e d f o r a c e t y l e n e r e d u c t i o n by whole c e l l s of C l o s t r i d i u m 

pasteurianum (Hardy et a l . , 1968). 

There a r e l e s s data a v a i l a b l e on the r e l a t i o n s h i p between 

temperature and n i t r o g e n a s e a c t i v i t y i n other groups of p l a n t s . However, 
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the few a c e t y l e n e r e d u c t i o n a s s a y s of detached nodules of Alnus- c a r r i e d 
out by Wheeler (1971); and the 1 5 N t e s t s i n n a t u r a l populations of 
blue-green algae ( S t e w a r t , 1970) suggested that n i t r o g e n a s e a c t i v i t y 
i n both these groups may be very temperature s e n s i t i v e . 

One of the main o b j e c t i v e s of the i n v e s t i g a t i o n s reported i n the 

f i r s t h a l f of t h i s d i s s e r t a t i o n has been to gain information on the way 

i n which the r a t e of a c e t y l e n e r e d u c t i o n i s a f f e c t e d by temperature change. 

Any o v e r a l l p a t t e r n of temperature response or even p a t t e r n s w i t h i n the 

v a r i o u s groups might be both of t h e o r e t i c a l and p r a c t i c a l i n t e r e s t . To 

t h i s end, r e s u l t s obtained i n the experiments d e s c r i b e d here are d i s 

cussed i n the l i g h t of those obtained by other workers, i n order to gain 

a b e t t e r o v e r a l l understanding of the r e l a t i o n s h i p between nitr o g e n a s e 

a c t i v i t y and temperature. 

1 ( c ) Nitrogen f i x a t i o n i n peat land 

Two members of the mire f l o r a have long been e s t a b l i s h e d as 

ni t r o g e n f i x i n g s p e c i e s : Alnus spp. which grow i n r i c h fen s i t u a t i o n s , 

and Myrica gale which i s more common on poor fe n s . P o l l e n a n a l y s i s 

i n d i c a t e s t h a t both.Myrica and Alnus were once f a r more widespread than 

now ( T a n s l e y , 1939); thus the p o s s i b i l i t y e x i s t s t h a t , having improved 

the n i t r o g e n s t a t u s of t h e i r r e s p e c t i v e communities, they were unable to 

compete i n the l a t e r s t a g e s of s u c c e s s i o n when n i t r o g e n may no longer 

have been a l i m i t i n g f a c t o r . More evidence of t h i s p o s s i b i l i t y i s found 

i n recent North American s t u d i e s , where i t has been demonstrated that 

a l d e r dominated the ve g e t a t i o n during the phase of n i t r o g e n accumulation 

on the t i l l i n G l a c i e r Bay, A l a s k a (Crocker and Major, 1955; Lawrence 

et a l . , 1967). P o l l e n a n a l y s i s i n d i c a t e s t h a t throughout the whole of 

N.E. America, a l d e r i n i t i a l l y c o l o n i s e d the wetlands on r e t r e a t of the 

Wisconsin i c e sheet, to be succeeded i n many regions by poplar and pine. 
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Where Alnus and Myrica occur they undoubtedly make a c o n t r i b u t i o n 

to the pool of b i o l o g i c a l l y f i x e d n i trogen, although e x a c t l y how much 

remains to be determined. However, these s p e c i e s are of r e s t r i c t e d 

d i s t r i b u t i o n i n comparison w i t h the vast a reas of peatland which e x i s t 

i n the northern hemisphere. Although a c o n s i d e r a b l e amount of 

e c o l o g i c a l work has been c a r r i e d out on peat-producing ecosystems, 

e s p e c i a l l y regarding the r e l a t i o n s h i p s between the c o n s t i t u e n t mire 

f l o r a and the m i n e r a l content of the mire waters ( s e e Chapter 6 ) , 

l i t t l e i s known about the n i t r o g e n balance of these systems. Holden 

(1966) s t a t e s that the input of n i t r o g e n by p r e c i p i t a t i o n i n the 

S c o t t i s h Highlands (much of which i s covered by p e a t ) , i s between 0.1 

and 1.8 g/nrVyear, whereas a f i g u r e of 4g/m 8/year i s quoted f o r 

n i t r o g e n uptake by tundra mire f o r e s t s (Rodin and B a s i l e v i c h , 1967). 

P'y&vcnenko (1960) concluded t h a t n i t r o g e n f i x a t i o n c ould c o n t r i b u t e 

to the enrichment of sphagnum peat but o f f e r e d no d i r e c t evidence. 

More r e c e n t l y Sonesson (1970b) concluded t h a t t h e r e was a c o n s i d e r a b l e 

d e f i c i t between the n i t r o g e n accumulated i n growing peat on some poor 

mires i n Sweden, and the input by p r e c i p i t a t i o n . 

T h i s l a c k of information r e p r e s e n t s a s e r i o u s gap i n our knowledge 

of the biosphere, e s p e c i a l l y when the f o l l o w i n g f a c t s a r e taken i n t o 

c o n s i d e r a t i o n : ( a ) mires cover more than 150 m i l l i o n h e c t a r e s of 

the e a r t h ' s s u r f a c e ( T i b b e t s , 1969); (b) they i n c l u d e ecosystems, the 

e n t i r e n u t r i e n t supply of which i s contained i n the r a i n f a l l i n g d i r e c t l y 

upon them; ( c ) many, i n c l u d i n g the l a t t e r type, a r e being ameliorated 

f o r f o r e s t r y and a g r i c u l t u r e . 

During the past 50 y e a r s t h e r e have been numerous r e p o r t s of 

n i t r o g e n - f i x i n g b a c t e r i a being i s o l a t e d from peat s o i l s . (e.g. Snyder 

and Wyant, 1932; Wilson and Wilson, 1933; Vavulo, 1958; Popova, 1961; 

Boyd and Boyd, 1962). However, most of these i n v e s t i g a t i o n s have been 



based upon t r a d i t i o n a l b a c t e r i o l o g i c a l methods of i s o l a t i o n and 

e s t i m a t i o n , w i t h the inherent problems of i n t e r p r e t i n g the f i n d i n g s i n 

terms of the f i e l d s i t u a t i o n . 

The a c e t y l e n e reduction assay permits a more d i r e c t approach to 

the study of n i t r o g e n f i x a t i o n than t r a d i t i o n a l b a c t e r i o l o g i c a l methods; 

un f o r t u n a t e l y , c o n d i t i o n s of the assay are not the same as i n the un

d i s t u r b e d peat, and i n order to o b t a i n maximum value from the r e s u l t s i t 

i s n e c e s s a r y to know how the assay i s a f f e c t e d by d i f f e r e n t e n v i r o n 

mental c o n d i t i o n s . Furthermore, combining t h i s information w i t h the 

accumulated knowledge of the r e a c t i o n i n pure c u l t u r e s can a f f o r d us 

i n s i g h t i n t o physiology of the peat m i c r o f l o r a w i t h r e s p e c t to n i t r o g e n 

f i x a t i o n , i n a d d i t i o n to p r o v i d i n g e s t i m a t e s of the l e v e l of a c t i v i t y . 

The use of a c e t y l e n e r e d u c t i o n on peat does present an a d d i t i o n a l 

problem: the p o s s i b i l i t y e x i s t s t h a t some of the numerous n o n - l i v i n g 

products of decay might c a t a l y s e the conversion of a c e t y l e n e to 

ethylene. T h e r e f o r e v a r i o u s t e s t s were designed to s u b s t a n t i a t e the 

v a l i d i t y of a c e t y l e n e r e d u c t i o n r e s u l t s obtained f o r peat, these a r e 

d e s c r i b e d i n Chapter 4. 

The experiments reported i n t h i s f i r s t part were intended to obtain 

i n f o r m a t i o n regarding the way i n which a c e t y l e n e r e d u c t i o n by some of the 

n i t r o g e n f i x i n g components i n mire ecosystems i s a f f e c t e d by d i f f e r e n t 

c o n d i t i o n s of l i g h t , oxygen and temperature. I t i s hoped, not only 

t h a t the r e s u l t s might enable the method to be used w i t h g r e a t e r con

f i d e n c e i n t h i s sphere, but a l s o t h a t some of them might be of t h e o r e t i c a l 

i n t e r e s t i n t h e i r own r i g h t . 

A f u l l d i s c u s s i o n of n i t r o g e n f i x a t i o n i n mire ecosystems i s 

presented i n part two, where r e s u l t s of the f i e l d a s s a y s on peatland are 

presented i n d e t a i l . 
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CHAPTER TWO : 

INVESTIGATION OF NITROGENASE ACTIVITY IN DETACHED NODULES OF 
NON-LEGUMES 

2(a) P l a n t m a t e r i a l 

The s p e c i e s s t u d i e d were Myrica g a l e L., and Alnus g l u t i n o s a ( L ) 

Gaert. Whole p l a n t s of Myrica were dug from F i l i n g d a l e s Moor, Y o r k s h i r e , 

and then taken to the laboratory i n p l a s t i c bags w i t h the nodules s t i l l 

a t t a ched to the r o o t s . Nodulated roots of Alnus were dug out of the 

r i v e r bank at Waldridge F e l l , Co. Durham; these were a l s o embedded i n 

peat and taken to the l a b o r a t o r y i n p l a s t i c bags. 

I n the l a b o r a t o r y the root systems were cleaned w i t h tap water, the 

nodules removed, and the experiments s t a r t e d as soon as p o s s i b l e . 

2(b) Experiments w i t h temperature ; methods 

Detached nodules of the s p e c i e s under i n v e s t i g a t i o n were bulked, 

and sub-sampled i n t o r e p l i c a t e a l i q u o t s of about 3-5 g f r e s h weight; dry 

weights of each sub-sample were determined a f t e r completion of the 

experiments. The sub-samples, together w i t h a 1 cm diameter d i s c of 

moist f i l t e r paper, were placed i n 30 ml c o n t a i n e r s f i t t e d w i t h screw 

tops and rubber l i n e r s . 

The ambient gas phases were exchanged f o r a mixture c o n t a i n i n g 

78% Ar and 22% 0^. T h i s exchange was achieved by f l u s h i n g w i t h the a i d 

of a hand pump. The tubes were allowed to e q u i l i b r a t e f o r 30 min i n 

water baths s t a b i l i s e d at v a r i o u s temperatures, before s t a r t i n g the 

a s s a y s by i n j e c t i n g C H c a l c u l a t e d to. g i v e 10%. The ambient gas phases 

i n the chambers at the s t a r t of the temperature experiments contained 

70% Ar, 20% 0 2, and 10% C ^ . 

Ten minutes separated the s t a r t of each temperature s e t of 5 
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(Myrica) or 7 ( A l n u s ) r e p l i c a t e a s s a y s , t h i s allowed time f o r the 

ethylene produced to be determined at the end of 40-50 minutes incub

a t i o n , by i n j e c t i n g d i r e c t l y i n t o the gas chromatographic apparatus; the 

exact i n c u b a t i o n time of each r e p l i c a t e was recorded to enable r a t e s 

per u n i t time to be estimated. L i n e a r i t y of the time courses was 

e s t a b l i s h e d p r i o r to s t a r t i n g the experiments. 

P r e v i o u s experiments had shown t h a t the r a t e of a c t i v i t y was 

a f f e c t e d by nodule age, t h e r e f o r e i n order to reduce v a r i a b i l i t y only 

the more a c t i v e young c l u s t e r s were used. 

E t h y l e n e i n a l l i n v e s t i g a t i o n s was a n a l y s e d on a V a r i a n Aerograph 

1200 gas chromatographic apparatus f i t t e d w ith a hydrogen flame d e t e c t o r . 

The 183 cm x 6.5 mm s t a i n l e s s s t e e l column was f i l l e d w i t h Poropak T 
o o and operated at 80 C, the d e t e c t o r temperature was 110 C. 

The e t h y l e n e contamination of the a c e t y l e n e was checked and sub

t r a c t e d i n the f i n a l c l a c u l a t i o n s . The p o s s i b i l i t y of ethylene from 

b i o l o g i c a l a c t i v i t y other than n i t r o g e n a s e was monitored i n a l l 

experiments. 

2 ( c ) Experiments w i t h oxygen : methods 

These were performed i n 110 ml f l a s k s f i t t e d w i t h Suba S e a l 

c l o s u r e s . The l a r g e r volume was used i n order to reduce the e f f e c t of 

gas changes r e s u l t i n g from r e s p i r a t o r y a c t i v i t i e s of the nodules during 

the assay. 

About 3-5 g f r e s h weight of nodules was placed i n each of 3 b o t t l e s . 

The atmosphere i n these b o t t l e s was r e p l a c e d w i t h argon by f l u s h i n g w i t h 

the a i d of a hand pump. Volumes of oxygen were then i n j e c t e d i n t o each 

b o t t l e , t h e s e volumes were c a l c u l a t e d to giv e 20% i n the ambient gas 

phase a f t e r the a s s a y s had been s t a r t e d by i n j e c t i n g C„H to give 0.1 atm. 

A f t e r an i n c u b a t i o n period of 45 minutes the e t h y l e n e produced was 
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estimated by i n j e c t i n g a 1 ml sample d i r e c t l y i n t o the gas chromatographic 

apparatus. 

A l l t h r e e b o t t l e s were then completely r e f l u s h e d w i t h argon and the 

process repeated w i t h an i n j e c t i o n of oxygen to give 15% 0^ at the 

s t a r t . A l t o g e t h e r t h i s process was repeated 6 times with s t a r t i n g 

oxygen c o n c e n t r a t i o n s of 20%, 15%, 10%, 3% and 1%, before f i n a l l y 

r e p e a t i n g a t 20% to ensure t h a t the s p e c i f i c r e a c t i o n r a t e had not 

changed. T h i s n o n - d e s t r u c t i v e method was used i n order to circumvent 

the problems of high v a r i a b i l i t y t h a t had been experienced i n the 

e a r l i e r experiments, the technique was made p o s s i b l e by v i r t u e of the 

f a c t t h a t the time courses f o r both s p e c i e s were l i n e a r f o r at l e a s t 5 

hours ( S i l v e r and Mague, 1970; Waughman, 1972). 

2(d) Seasonal f l u c t u a t i o n s : methods 

Due to the d i s t a n c e of the Myrica l o c a t i o n these t e s t s were per

formed only with Alnus. 

The a s s a y s were s e t up as d e s c r i b e d f o r the temperature experiments, 

except t h a t 9 r e p l i c a t e s were used. These a s s a y s were c a r r i e d out i n 

the f i e l d on young nodules washed i n stream water. The method of per

forming the assay i n the f i e l d has been p r e v i o u s l y d e s c r i b e d (Waughman, 

1971). The temperature and l e a f s t a t e were noted on each o c c a s i o n t h a t 

f i e l d t e s t s were c a r r i e d out. 

2 ( e ) E f f e c t of oxygen : r e s u l t s and d i s c u s s i o n 

R e s u l t s of the experiments w i t h oxygen a r e presented i n F i g u r e 3. 

In both s p e c i e s the r a t e of a c e t y l e n e reduction i n c r e a s e d with i n c r e a s e 

i n the oxygen c o n c e n t r a t i o n from 0-15%, f u r t h e r i n c r e a s e i n the oxygen 

c o n c e n t r a t i o n to 20% had no a d d i t i o n a l e f f e c t on a c t i v i t y i n the detached 

Alnus nodules, whereas a s i m i l a r i n c r e a s e i n oxygen c o n c e n t r a t i o n con-
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t i n u e d to s t i m u l a t e a c t i v i t y i n the Myrica nodules to r a t e s higher 

than those obtained at 15%. R e s u l t s f o r both these s p e c i e s confirm 
15 

the l a t e r work of Bond (1961) who used N; i n h i s e a r l i e r s t u d i e s Bond 

had concluded t h a t n i t r o g e n f i x a t i o n by Myrica nodules was not oxygen 

s e n s i t i v e (Bond, 1957). S l o g e r (1968), who c a r r i e d out a c e t y l e n e 

r e d u c t i o n t e s t s a t only two d i f f e r e n t pO v a l u e s , a l s o concluded that 

the process i n Myrica nodules was oxygen s e n s i t i v e . 

The environment of both these s p e c i e s i s f a i r l y anaerobic, t h e r e 

f o r u n l e s s some oxygenating mechanism e x i s t s i t would appear t h a t the 

n i t r o g e n a s e i n both s p e c i e s normally operates w e l l below maximum 

e f f i c i e n c y . I t has been suggested t h a t the long nodule r o o t l e t s of 

Myrica and the c o n i c a l out-growths which sometimes occur on Alnus 

nodules, may have an a e r a t i n g f u n c t i o n (Bond, 1952; F l e t c h e r , 1955). 

The s e n s i t i v i t y to oxygen i s not s u f f i c i e n t l y great to complicate 

the a c t u a l assay, provided the i n c u b a t i o n times a r e kept short enough 

t o avoid d r a s t i c r e duction of oxygen i n the ambient gas phase; i t was 

mentioned above th a t l i n e a r time courses of s e v e r a l hours were confirmed 

i n both s p e c i e s f o r the experimental c o n d i t i o n s used. The major q u e s t i o n 

a s s o c i a t e d w i t h oxygen and the assay of nodules i n t h e s e two non-legumes 

i s whether or not they are a c t i v e i n the anaerobic c o n d i t i o n s of the 

s o i l . T e s t i n g of nodules embedded i n f a i r l y l a r g e volumes of peat 

might provide some c l u e to the answer. 

2 ( f ) The e f f e c t of temperature : r e s u l t s and d i s c u s s i o n 

A c e t y l e n e r e d u c t i o n i n both s p e c i e s was very temperature s e n s i t i v e , 
o 

w i t h optima of about 20 C ( F i g u r e 1 ) . These r e s u l t s agree w i t h those 
15 

obtained i n experiments w i t h N f o r Alnus v i r i d i s (Beneck, 1970) and 

Myrica c e r i f e r a ( S l o g e r , 1968). The d e c l i n e i n a c t i v i t y above the 

optimum was very r a p i d ( F i g u r e 1 ) . There i s no evidence i n the l i t e r a t u r e 
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t h a t nitrogenase i n any s p e c i e s i s t h e r m o l a b i l e at 20 C, t h e r e f o r e i t 

i s p o s s i b l e t h a t the r a p i d d e c l i n e above the optimum may have r e s u l t e d 

from i n c r e a s e d r a t e s of oxygen d i f f u s i o n at the higher temperatures: 

high pO values are i n h i b i t o r y (Bond, 1961), and whatever mechanism p r o t e c t s 

the enzyme from oxygen, i t s c a p a c i t y to do so must be l i m i t e d . 

The energy of a c t i v a t i o n f o r both these s p e c i e s (and a l l other 

s p e c i e s used i n t h i s i n v e s t i g a t i o n ) was obtained by p l o t t i n g a graph of 

log r a t e vs ^/o (an A r r h e n i u s p l o t ) . When t h i s r e l a t i o n s h i p i s 10 K 

l i n e a r , the slope b i s r e l a t e d to the a c t i v a t i o n energy E by: 

E = -4.576b cal/mol 

An a c t i v a t i o n energy of 38 Kcal/mol was c a l c u l a t e d f o r Alnus 

and 30 Kcal/mol f o r Myrica ( F i g u r e 2 and Table 4 ) . 

A r r h e n i u s p l o t s of response to temperature change have c e r t a i n 

advantages w i t h regard to i d e n t i f y i n g changes of r a t e and l i m i t i n g 

r e a c t i o n , as w e l l as s i m p l i f y i n g temperature c o r r e c t i o n s . A r r h e n i u s 

p l o t s and a c t i v a t i o n energy a r e more f u l l y e x p l a i n e d i n Chapter 5, 

together w i t h a f u l l d i s c u s s i o n of the temperature response of a c e t y l e n e 

r e d u c t i o n by v a r i o u s s p e c i e s . 

2(g) S e a s o n a l f l u c t u a t i o n s : r e s u l t s and d i s c u s s i o n 

The labour involved i n f i n d i n g nodules r e s t r i c t e d the number of 

a s s a y s t h a t could be performed during each f i e l d v i s i t . T h i s f a c t , 

combined w i t h the great v a r i a t i o n i n s p e c i f i c a c t i v i t y of d i f f e r e n t 

nodules, prevents the f o r m u l a t i o n of d e t a i l e d c o n c l u s i o n s r e l a t i n g to 

any monthly v a r i a t i o n . However, the r e s u l t s d i s p l a y e d i n F i g u r e 4 show 

th a t t h e r e i s no a c t i v i t y i n the w i n t e r ; that the s t a r t of a c t i v i t y i n 

the s p r i n g i s c o i n c i d e n t w i t h the t r e e s coming i n t o l e a f ; and t h a t 

c e a s a t i o n i n the autumn i s a s s o c i a t e d w i t h l e a f f a l l . Such a r e l a t i o n 

s h i p between f o l i a t i o n and n i t r o g e n f i x a t i o n a l s o e x i s t s i n legumes 



(Hardy e t a l . , 1968; Moustafa, 1969; Gibson, 1971) and i n the non-

legume Hippophae (Waughman, unpublished r e s u l t s ) . 

D a i l y c y c l e s of n i t r o g e n f i x a t i o n have been d e t e c t e d i n both 

Alnus and Myrica, and these f l u c t u a t i o n s have been shown to be 

a s s o c i a t e d w i t h the flow of photosynthate from the l e a v e s (Wheeler, 

1971); no autonomous rhythms have been detected. D u l l a r t (1970) found 

c o n s i d e r a b l e q u a n t i t i e s of I.A.A. i n root nodules of Alnus g l u t i n o s a , 

but d i d not f i n d any s e a s o n a l v a r i a t i o n i n the auxin content. These 

r e p o r t s suggest that the s e a s o n a l c y c l e of n i t r o g e n a s e a c t i v i t y i n 

Alnus i s simply a m a n i f e s t a t i o n of the s e a s o n a l energy supply from the 

l e a v e s . 
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CHAPTER THREE : 

EFFECT OF TEMPERATURE ON NITROGENASE ACTIVITY IN BLUE-GREEN ALGAE 

3( a ) Choice and c u l t u r e of m a t e r i a l 

Anabaena was s e l e c t e d f o r study because of i t s occurrence i n mire 

systems ( F l e n s b u r g , 1967). Plectonema has not been mentioned i n l i s t s 

of a l g a e recorded i n mires, however the f a c t t h a t i t f i x e s n i t r o g e n 

only i n anaerobic c o n d i t i o n s i s of s p e c i a l i n t e r e s t , p a r t i c u l a r l y when 

the anaerobic c o n d i t i o n s i n mires a r e considered. I t i s p o s s i b l e that 

other s p e c i e s of blue-green algae may a l s o be o b l i g a t e anaerobes w i t h 

r e s p e c t to ni t r o g e n a s e a c t i v i t y . For example Lyngbia i s a s p e c i e s which 

occurs i n mires, and appears to ha\e s i m i l a r n i t r o g e n f i x i n g c h a r a c t e r 

i s t i c s to Plectonema (author unpublished); u n f o r t u n a t e l y a supply of 

Lyngbia s u i t a b l e f o r experimental purposes was not a v a i l a b l e . 

Anabaena c y l i n d r i c a Lemm. from the Cambridge U n i v e r s i t y c o l l e c t i o n 

was c u l t u r e d from s t o c k i n 25 ml a l i q u o t s of n i t r o g e n f r e e ASM (Gorham 

et a l . , 1964) sparged w i t h a i r ; NaCl r e p l a c e d NaNO i n the growth medium. 
•3 

The c u l t u r e s were grown i n 100 ml medical f l a t s under a l i g h t i n t e n s i t y 

of about 3000 lux. Plectonema boryanum s t r a i n 594 from the Indiana 

U n i v e r s i t y c o l l e c t i o n was c u l t u r e d i n the same manner as Anabaena, 

except that the medical f l a t s were sparged w i t h a gas mixture c o n t a i n i n g 

99.96% Ar and 0.04% CO^ i n order to obtain m a t e r i a l c o n t a i n i n g n i t r o g e n a s e 

(Stewart and Lex, 1970). 

3(b) Temperature experiments : methods 

A l g a l m a t e r i a l was harvested by slow speed c e n t r i f u g a t i o n ; a f t e r 

d i s c a r d i n g the supernatent, 1 ml a l i q u o t s of the a l g a l suspension were 

placed i n t o 7 ml serum b o t t l e s together w i t h 0.1 ml of 0.5 m molar 
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NaHCO i n order to maintain an appropriate CO l e v e l i n the ambient 3 « 

gas phase. The e f f e c t of temperature change on n i t r o g e n a s e a c t i v i t y i n 

Anabqena was assayed under c o n d i t i o n s of l i g h t s a t u r a t i o n (Cox and Fay, 

1969) and a s t a r t i n g oxygen c o n c e n t r a t i o n of 20%; s a t u r a t e d l i g h t and 

reduced pO ; and reduced l i g h t w i t h 20% 0 . The e f f e c t of temperature 

change on n i t r o g e n a s e i n Plectonema was t e s t e d under anaerobic 

c o n d i t i o n s w i t h both b r i g h t l i g h t and reduced l i g h t . 

I n normal a e r o b i c t e s t s the ambient gas phases were exchanged f o r 

a mixture c o n t a i n i n g 77.96% Ar; 22% 0 ; and 0.04% CO . I n the experiment 
* mi 

w i t h Anabaena u s i n g reduced pO^ the mixture was 97.76% Ar; 2.2% 0^; 

and 0.04% CO . A mixture of 99.96% Ar and 0.04% CO was used f o r the 

anaerobic t e s t s w i t h Plectonema. 

T r i p l i c a t e s e t s of a s s a y s were se t up at each temperature. The 

tubes were pre-incubated at the a p p r o p r i a t e temperature f o r 15 minutes, 

then the a s s a y s were s t a r t e d by i n j e c t i n g C H to give 10%. A l l 

i n c u b a t i o n s and p r e - i n c u b a t i o n s were c a r r i e d out i n water baths s e t at 

v a r i o u s temperatures. 

I n c u b a t i o n s were terminated a f t e r 30 minutes by i n j e c t i n g 0.5 ml 

of t r i c h l o r o a c e t i c a c i d ( 5 0 % w/v) i n t o each serum b o t t l e , a f t e r which 

e t h y l e n e was estimated on the gas chromatograph. 

3 ( c ) Plectonema ; r e s u l t s 

The two s p e c i e s used i n t h i s study were chosen because they have 

c o n t r a s t i n g physiology w i t h regard to n i t r o g e n a s e a c t i v i t y , i n which 

r e s p e c t Plectonema i s an o b l i g a t e anaerobe, whereas Anabaena i s not. 

Plectonema, assayed under anaerobic c o n d i t i o n s at a l i g h t i n t e n s i t y 

of about 6000 lux had an e x p o n e n t i a l response to temperature between 5°C 
o o and 20 C; the r e a c t i o n was a l s o very temperature s e n s i t i v e from 20 C to 

o 
the optimum of about 30 C. I n c o n d i t i o n s of reduced l i g h t , a c t i v i t y 
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o o 
i n c r e a s e d w i t h i n c r e a s i n g temperature between 20 C and 25 C, but was 

o 

very i n s e n s i t i v e to temperature below 20 C; the optimum was a l s o lower 

at 25°C ( F i g u r e 6 ) . An A r r h e n i u s p l o t of the r e s u l t s obtained under 

f u l l i l l u m i n a t i o n gave two d i s c o n t i n u o u s s l o p e s ; the d i s c o n t i n u i t y 

o c c u r r i n g at 20°C ( F i g u r e 7 ) . A c t i v a t i o n e n e r g i e s estimated from these 

s l o p e s were 30 Kcal/mol below, and 12 Kcal/mol above the d i s c o n t i n u i t y . 

3(d) Anabaena : r e s u l t s 

I n c o n d i t i o n s of f u l l l i g h t i n t e n s i t y and a pO of 0.2 atm., the 

p a t t e r n of temperature response of nitrogenase a c t i v i t y i n Anabaena was 

s i m i l a r to t h a t of Plectonema ( F i g u r e 5 ) . The a c t i v a t i o n energy below 

20°C was about 27 Kcal/mol ( F i g u r e 7 ) , however, the A r r h e n i u s p l o t d i d 

not g i v e a s t r a i g h t l i n e above t h i s temperature. I n reduced l i g h t the 
o o 

r e a c t i o n was u n a f f e c t e d by temperature change between 5 C and 15 C, but 
o 

responded to i n c r e a s i n g temperature above 15 C. 

The optimum oxygen c o n c e n t r a t i o n l o r n itrogenase a c t i v i t y i n 

Anabaena i s about 10% (Stewart and Pearson, 1970), and c o n c e n t r a t i o n s 

lower than 20% a r e g e n e r a l l y f a v o u r a b l e to n i t r o g e n a s e a c t i v i t y i n t h i s 

s p e c i e s . Reduction of the oxygen t e n s i o n i n the ambient gas phase to 2% 

g e n e r a l l y reduced the s e n s i t i v i t y to temperature change i n t h i s s p e c i e s , 

as compared w i t h the response i n 20% 0 . Under c o n d i t i o n s of reduced 
o 

oxygen c o n c e n t r a t i o n the optimum was a l s o higher at 35 2, and even at 
o 

40 C the r e a c t i o n was s t i l l proceeding at a c o n s i d e r a b l e r a t e ( F i g u r e 5 ) . 

3 ( e ) I m p l i c a t i o n s f o r f i e l d a s s a y s 

Only two p r o j e c t s have so f a r s p e c i f i c a l l y i n v e s t i g a t e d a c e t y l e n e 

r e d u c t i o n by blue-green algae i n mire systems; these two r e p o r t s , and 

o t h e r s r e l a t i n g to blue-green a l g a e i n mires are d i s c u s s e d i n Chapter 4. 

The gas phase used during a f i e l d assay must be e i t h e r a e r o b i c or 
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anaerobic according to the type of blue-green algae under i n v e s t i g a t i o n ; 

the r e s u l t s f o r Anabaena ( F i g u r e 5) confirms that t h i s a e r o b i c s p e c i e s 

has a higher r a t e of a c t i v i t y under reduced oxygen t e n s i o n s . However 

the d i f f e r e n c e r e s u l t i n g from reduced oxygen t e n s i o n i s not great, and 

i t might be expected t h a t a c e l l , which generates oxygen as part of i t s 

physiology, could have evolved some p r o t e c t i o n mechanism f o r the oxygen 

s e n s i t i v e n i t r o g e n a s e ( K e l l y , 1969). There i s evidence that h e t e r o c y s t s 

a r e the source of t h i s p r o t e c t i o n (Van Gorkam, 1971), and i t i s noteworthy 

t h a t Plectonema i s non-heterocystous. 

D i f f e r e n t oxygen t e n s i o n s do not appear to s e r i o u s l y complicate 

the assay regarding response to temperature change, because although a 

lowering of the pO causes a reduction of s e n s i t i v i t y i n Anabaena, t h i s 

d i f f e r e n c e i s not e x c e s s i v e . 

I n the experiments w i t h both Plectonema and Anabaena, the response 

to temperature under c o n d i t i o n s which were l i g h t s a t u r a t e d w i t h r e s p e c t 

to n i t r o g e n a s e was very g r e a t . But w i t h the l i g h t reduced to a l e v e l 

of 25% s a t u r a t i o n t h e r e was almost zero response to temperature between 

5°C and 15°C ( F i g u r e s 5 and 6 ) . Such a great d i f f e r e n c e of temperature 

response over such a narrow range of l i g h t i n t e n s i t i e s g r e a t l y c o m p l i c a t e s 

the i n t e r p r e t a t i o n of f i e l d data obtained f o r blue-green algae. 

I n Chapter 5 a method of c o r r e c t i n g a s s a y s f o r temperature 

d i f f e r e n c e i s suggested, t h i s method makes use of the slope b, obtained 

i n the A r r h e n i u s p l o t s . I f the change of response v a r i e s d i r e c t l y w i t h 

the change of l i g h t i n t e n s i t y , then the change of s l o p e i n the A r r h e n i u s 

p l o t s w i l l a l s o have a simple r e l a t i o n s h i p to the l i g h t i n t e n s i t y . Even 

i f t h i s r e l a t i o n s h i p i s only approximately l i n e a r then an adequate 

c o r r e c t i o n of b could be achieved by ( 1 ) : 

I - I 
B u b o z (1) I - I s z 
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where B i s the value of b c o r r e c t e d f o r s u b - s a t u r a t i o n l i g h t i n t e n s i t y , 

I i s the l i g h t i n t e n s i t y at which B i s required, I i s the l i g h t o s 
i n t e n s i t y which g i v e s the value b, and I i s the highest l i g h t i n t e n s i t y 

z 
g i v i n g zero response to temperature. As I — > I then B — > b , and as 

I > I , B %0. With I a I no c o r r e c t i o n i s made. 
o T z ' o s 

These a r e only t e n t a t i v e suggestions, but i t i s apparent t h a t the 

problem of i n t e r p r e t i n g f i e l d a s s a y s of blue-green a l g a e i n mire or any 

other system , i s c o n s i d e r a b l e . Unless e f f o r t s a r e made to make c o r r e c t i o n 

f o r l i g h t and temperature, the c o n c l u s i o n s based on comparisons w i l l , i n 

many i n s t a n c e s , be of very l i m i t e d value. 

The method of temperature c o r r e c t i o n , together w i t h t h e o r e t i c a l 

i m p l i c a t i o n s of the temperature response a r e f u l l y d i s c u s s e d i n Chapter 5. 
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CHAPTER 4 : 

INVESTIGATION OF NITROGENASE ACTIVITY IN DEVELOPING PEAT 

4 ( a ) L o c a t i o n and c o l l e c t i o n of peat ; methods 

The m a t e r i a l used i n a l l but one of the experiments ( 4 ( c ) ) , was 

rheotrophic peat c o l l e c t e d from Tarn Moor, Nr. Orton, Westmorland, 

England. (54°28'N f 2°30'W; B r i t i s h N a t i o n a l G r i d Reference NY6707). 

Unless otherwise s t a t e d b l o c k s of peat about 10 cm sq. and 20 cm deep 

were dug w i t h a t r o w e l , t h e s e were immediately s e a l e d i n t o p l a s t i c 

bags and returned to the l a b o r a t o r y , where the experiments were s t a r t e d 

at once. On each o c c a s i o n s i x c o r e s were removed from d i f f e r e n t l o c a t i o n s 

i n the a r e a , these were bulked and sub-sampled i n the l a b o r a t o r y . 

4(b) The a s s a y f o r n i t r o g e n a s e : methods 

About 15 ml a l i q u o t s of peat m a t e r i a l were put i n t o 110 ml medical 

f l a t s f i t t e d w i t h p e r f o r a t e d screw tops and rubber l i n e r s i n order to 

f a c i l i t a t e gas exchange; the exception to t h i s was the experiment designed 

to i n v e s t i g a t e l i g h t and anaerobic c o n d i t i o n s ( 4 ( e ) and 4 ( f ) ) , i n t h i s 

c a s e 30 ml u n i v e r s a l b o t t l e s each c o n t a i n i n g 10 ml of f r e s h peat were 

used. At the end of the a s s a y s , or a t appropriate time i n t e r v a l s , the 

e t h y l e n e content of the ambient gas phases was estimated by withdrawing 

1 ml samples w i t h a p l a s t i c s y r i n g e , and then i n j e c t i n g t h e s e samples 

d i r e c t l y i n t o the gas chromatographic apparatus. The e t h y l e n e produced 

has been expressed i n terms of f r e s h volume of peat, t h e r e f o r e the 

volume of peat and ambient gas phase i n each chamber was estimated at the 

end of the experiments. I n a l l c a s e s ethylene r e s u l t i n g from contamin

a t i o n of the a c e t y l e n e , and from non-nitrogenase a c t i v i t y , was estimated 

and allowed f o r i n the f i n a l c a l c u l a t i o n s . 
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4 ( c ) Time courses of a c e t y l e n e r e d u c t i o n ; methods 

I t was necessary to gain information regarding l i n e a r i t y of the 

r e a c t i o n w i t h peat s o i l s , t h e r e f o r e experiments were s e t up i n t r i p l i c a t e 

u s i n g d i f f e r e n t types of peat. 1 ml of gas was withdrawn at i n t e r v a l s 

and the ethylene content estimated by gas chromatography. The gas phase 

was maintained at atmospheric p r e s s u r e by i n j e c t i n g 1 ml of water i n t o 

the i n c u b a t i n g chamber each time t h a t a 1 ml gas sample was withdrawn. 

4(d) E f f e c t of high p0^ f glucose and Carbon monoxide : methods 

Time courses weie s e t up as d e s c r i b e d i n S e c t i o n 4 ( c ) , except that 

a f t e r 20 h i n c u b a t i o n m o d i f i c a t i o n s were made to t h r e e s e t s of t r i p l i c a t e 

a s s a y s as f o l l o w s : Set 1: carbon monoxide i n j e c t e d to give approximately 

10%. Set 2: completely r e f l u s h e d w i t h a gas mixture c o n t a i n i n g 50% 0 . 

Set 3: 10 ml of 0.01 M glucose i n j e c t e d . A c o n t r o l s e t was l e f t 

u n a l t e r e d . 

4 ( e ) E f f e c t of anaerobic c o n d i t i o n s ; methods 

S i x t e e n 30 ml U n i v e r s a l b o t t l e s f i t t e d w i t h p e r f o r a t e d screw tops 

and rubber l i n e r s were completely f i l l e d w ith d i s t i l l e d water before 

l e a v i n g the l a b o r a t o r y . On reaching the f i e l d s i t e each b o t t l e i n t u r n 

was pushed to a depth of about 30 cm below the s u r f a c e of the peat mass, 

where the tops were unscrewed and a s m a l l volume of peat pushed i n s i d e , 

r e p l a c i n g some of the water. The top was then screwed t i g h t l y down before 

the b o t t l e was p u l l e d up to the s u r f a c e . T h i s somewhat messy procedure 

ensured minimum, i f not zero contact of the peat sample w i t h a i r . The 

procedure was repeated at e i g h t d i f f e r e n t randomly s e l e c t e d l o c a t i o n s 

w i t h i n an area of about 150 m2; two b o t t l e s were prepared i n t h i s manner 

at each l o c a t i o n . Two a d d i t i o n a l peat samples were c o l l e c t e d from each 

l o c a t i o n , these were taken back to the laboratory i n unclosed 30 ml 
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c o n t a i n e r s . 

On r e t u r n i n g to the laboratory the remaining water i n the b o t t l e s 

c o n t a i n i n g anaerobic samples was d i s p l a c e d w i t h argon by venting through 

the rubber s e a l v i a a hypodermic needle. The tops of the b o t t l e s con

t a i n i n g samples which had been exposed to a i r were a l s o screwed down, 

and the atmosphere r e p l a c e d w i t h a gas mixture c o n t a i n i n g 20% 0 and 

80% Ar. A c e t y l e n e was then i n j e c t e d i n t o a l l b o t t l e s to give 10%. 

E i g h t a e r o b i c and e i g h t anaerobic samples were incubated i n the dark 

at 25°C f o r 48 hours, a f t e r which time the e t h y l e n e content of each b o t t l e 

was estimated. 

4 ( f ) E f f e c t of l i g h t : methods 

The remaining e i g h t a e r o b i c and e i g h t anaerobic samples, prepared 
o 

as d e s c r i b e d i n the above s e c t i o n , were incubated f o r 48 hours at 25 C 

under a l i g h t i n t e n s i t y of about 6000 lux. 

4(g) E f f e c t of temperature : methods 

The thermal d e n a t u r a t i o n of n i t r o g e n a s e i n the peat m i c r o f l o r a 

was examined by p r e - i n c u b a t i n g one s e t of 20 r e p l i c a t e peat samples i n a i r 
o o o 

for 24 hours at each of the f o l l o w i n g temperatures: 5 C, 12 C, 23 C, 
o o o 

32 C, 37 C and 59 C. The samples were then assayed f o r nitrogenase 
o 

a c t i v i t y by i n c u b a t i n g i n the dark f o r 24 hours at 25 C. 

The e f f e c t of temperature on the r a t e of a c e t y l e n e reduction was 

s t u d i e d by i n c u b a t i n g s e t s of 20 r e p l i c a t e peat samples i n the dark at 

each of the f o l l o w i n g temperatures: 7°C, 16°C, 25°C, 33°C, 37°C, 45°C. 

Each sample was allowed to e q u i l i b r a t e a e r o b i c a l l y f o r 4 hours at the 

a p p r o p r i a t e temperature p r i o r to s t a r t i n g the a s s a y s . 
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4(h) E f f e c t of d i f f e r e n t i n i t i a l oxygen t e n s i o n s : methods 

The ambient gas phases i n medical f l a t s c o n t a i n i n g peat samples 

were r e p l a c e d w i t h argon by venting through the rubber s e a l s v i a a 

hypodermic needle. Volumes of oxygen were then introduced to give 

s t a r t i n g oxygen c o n c e n t r a t i o n s of 0, 4%, 16%, and 40%, a f t e r the 

a d d i t i o n of C H to 10%. T r i p l i c a t e a s s a y s were s e t up at each oxygen 

concent r a t ion. 

I n t h i s experiment the r a t e of ethylene production was followed by 

sampling a t v a r i o u s time i n t e r v a l s during a time course of 47 hours. 

15 

4 ( i ) N t e s t s ; method 

Twenty-four 2 ml samples of rheotrophic peat were placed i n t o 

7 ml serum b o t t l e s , which were then evacuated w i t h a hand pump. A pre-

mixed gas phase c o n t a i n i n g 20% 0^ and 80% N was then introduced; the N 
15 15 

was e n r i c h e d w i t h 90% N. N i s very expensive, however t h i s l e v e l of 

enrichment had to be used because the a c e t y l e n e r e d u c t i o n r e s u l t s had 

i n d i c a t e d a very low r a t e of nitro g e n a s e a c t i v i t y . 

A c t i v i t y was terminated a f t e r 7 days i n c u b a t i o n at ambient temp

e r a t u r e by i n j e c t i n g 65% eth a n o l . A f t e r K j e l d a h l d i g e s t i o n and d i s t i l l -
15 

a t i o n N uptake was estimated u s i n g an A.E . I . M5.20 mass spectrometer, 

and expressed i n terms of atom % exc e s s over ( B u r r i s &. Wilson, 

1957). 
4 ( j ) P l a t e counts and a c e t y l e n e t e s t s of b a c t e r i a l i s o l a t e s ; methods 

Ombrotrophic and rheotrophic peat samples weighing 30 g were used 

i n attempts to count a e r o b i c N - f i x i n g b a c t e r i a by the pour p l a t e method. 

The 30 g of peat were shaken w i t h 970 ml of s t e r i l i s e d water, then t r i p l i c a t e 

counts of each s e r i a l d i l u t i o n were made using standard p l a t e count 

technique. The medium used f o r Azotobacter spp. was the glucose medium 
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d e s c r i b e d by Brown et a l . , (1962). Attempts to p l a t e anaerobic N^-

f i x i n g b a c t e r i a were made us i n g the potato e x t r a c t medium de s c r i b e d by 

Jurgensen and Davey (1971). The anaerobic i n c u b a t i o n s were c a r r i e d out 

i n anaerobic j a r s under argon. 

I n the c a s e of both the anaerobic and a e r o b i c p l a t e s some c o l o n i e s 

were i s o l a t e d i n t o l i q u i d v e r s i o n s of the above media. These i s o l a t e s 

were c u l t u r e d f o r 24 hours i n 110 ml medical f l a t s , e i t h e r a e r o b i c a l l y 

or a n a e r o b i c a l l y as a p p r o p r i a t e , and then t e s t e d f o r a c e t y l e n e r e d u c t i o n 

i n the same medical f l a t s . 

4 ( k ) Time courses : r e s u l t s and d i s c u s s i o n 

Experiments w i t h s o i l i n d i c a t e d t h a t the r a t e of a c e t y l e n e reduction 

might be low, r e q u i r i n g a long period of incubation i n order to o b t a i n 

a measurable amount of e t h y l e n e (Stewart, 1967). I n h i b i t i o n of n i t r o g e n 

ase a c t i v i t y i n legume nodules can occur a f t e r only 7 h i n c u b a t i o n (Sprent 

1969), however r e s u l t s of a time course experiment ( F i g u r e 8) show that 

the r e a c t i o n i n peat i s s t i l l a c t i v e a f t e r 70 h under c o n d i t i o n s of the 

f i e l d a ssay; i n f a c t a c e t y l e n e r e d u c t i o n was s t i l l t a k i n g pace 5 days 

a f t e r the i n c u b a t i o n s had commenced. During the 5 days incubation the 

ambient oxygen c o n c e n t r a t i o n had been reduced from 20 per cent to l e s s 

than 2 per cent by metabolism of the peat m i c r o f l o r a ( T a b l e 1 ) . 

pO v a l u e s at end of the f i r s t time course experiment. Measured w i t h mass 

Table 1 

spectrometer. 

Peat type p0„ atm. 
Rheotrophic 
T r a n s i t i o n a l 
Ombrotrophic 
Blanket 

0.007 
0.012 
0.013 
0.14 
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4 ( 1 ) Confirmation of l i v i n g n i t r o g e n a s e a c t i v i t y 

The p o s s i b i l i t y t h a t the a c e t y l e n e r e d u c t i o n was due to n o n - l i v i n g 

o r g a n i c c a t a l y s t s had to be i n v e s t i g a t e d , because t h i s r e a c t i o n had been 

c a t a l y s e d i n v i t r o by o r g a n i c complexes of molybdenum w i t h l i g a n d s con

t a i n i n g sulphur ( S c h r a u z e r and Doemeny, 1971). Such compounds might be 

generated during the decomposition p r o c e s s e s i n peat. The experiments 
15 

w i t h high p0 o, glucose, carbon monoxide, thermal s t a b i l i t y , and N, 

were a l l performed i n order to t e s t the c o n t e n tion t h a t the observed 

a c e t y l e n e r e d u c t i o n by rheotrophic peat d i d i n f a c t r e s u l t from l i v i n g 

n i t r o g e n a s e a c t i v i t y . S c hrauzer and Doemeny (1971) reported t h a t carbon 

monoxide had l i t t l e e f f e c t on n o n - l i v i n g o r g a n i c c a t a l y s t s of a c e t y l e n e 

r e d u c t i o n , however l i v i n g n i t r o g e n a s e i s completely i n h i b i t e d by t h i s 

gas (Hardy and Knight, 1967). I n F i g u r e 12 i t can be seen t h a t the r a t e 

of r e a c t i o n changed soon a f t e r the i n t r o d u c t i o n of carbon monoxide, f o l l o w 

ed i n due course by complete i n h i b i t i o n (Curve I ) . The apparent delay i n 

complete i n h i b i t i o n may have r e s u l t e d from delay of p e n e t r a t i o n by carbon 

monoxide to s i t e s of a c t i v i t y i n s i d e the peat mass, a l s o p o s s i b l y from 

delay i n e q u i l i b r a t i o n of p r e v i o u s l y formed e t h y l e n e w i t h the ambient 

gas phase. Curve I I ( F i g u r e 12) shows that an ambient gas phase con

t a i n i n g 50 per cent oxygen i n h i b i t e d the r e a c t i o n almost completely f o r 

about 10 hr; Drozd and Postgate (1970) reported a s i m i l a r i n h i b i t i o n of 

a c e t y l e n e reduction by Azotobacter chroococcum under high oxygen l e v e l s . 

The subsequent renewal of a c t i v i t y was probably due to lowering of the 

ambient oxygen concentrat ion by metabolic a c t i v i t i e s of the peat micro

f l o r a a s mentioned above. Glucose had a s t i m u l a t i n g e f f e c t on the 

r e a c t i o n ( F i g u r e 12, Curve I I I ) , c a u s i n g an e x p o n e n t i a l i n c r e a s e i n the 

r a t e of e t h y l e n e production a f t e r a l a g of about 5 hr. 

R e s u l t s of the p r e - i n c u b a t i o n experiment i n d i c a t e t h a t the chemical 

r e s p o n s i b l e f o r the r e d u c t i o n i s u n s t a b l e above about 37°C ( F i g u r e 9 ) . 
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T h i s again i s more c h a r a c t e r i s t i c of a l i v i n g enzyme than of a n o n - l i v i n g 

c a t a l y s t . Furthermore, the response of a c e t y l e n e r e d u c t i o n by peat to 

temperature change ( F i g u r e 10) i s very s i m i l a r to the response of 

he t e r o t r o p h i c b a c t e r i a (Hardy et a l . , 1968). 
15 

E i g h t e e n of 24 peat samples t e s t e d became en r i c h e d w i t h N, and 

in 11 of t h e s e the enrichment was s t a t i s t i c a l l y s i g n i f i c a n t at p e 0.1 

or l e s s ( T a b l e 2 ) . 

Table 2 

1 5 1 5 F i x a t i o n of N by developing r h e o t r o p h i c peat. Exposure to ^ S * 0 1 ' 7 

days a t 2 0 C. Average f o r 6 r e p l i c a t e c o n t r o l s not exposed to N was 
0 . 3 7 3 atom % w i t h a standard d e v i a t i o n of 0 . 0 0 6 . Enrichment s i g n i f 
i c a n t at p a 0 . 1 * ; a t p a 0 . 0 5 * * ; at p s 0 . 0 1 * * * ; N => not s i g n i f i c a n t . 

imple 15„ . N atom Sample N atom 
No. % excess No. % excess 
1 0.013 * 10 0.006 N 
2 0.150 *** 11 0.001 N 
3 0.211 *** 12 0.024 ** 
4 0.001 N 13 0.013 * 
5 0.015 ** 14 0.010 N 
6 0.006 N 15 0.043 *** 
7 0.013 * 16 0.018 ** 
8 0.009 N 17 0.022 ** 
9 0.006 N 18 0.028 ** 

6 other samples had no d e t e c t a b l e enrichment 

A l l these r e s u l t s s e r v e to confirm t h a t the phenomenon of a c e t y l e n e 

reduction by developing peat i s i n f a c t the r e s u l t of l i v i n g n i t r o g e n a s e 

a c t i v i t y , and t h a t the technique might be used w i t h confidence i n peat 

s t u d i e s . 
15 

Although the r e s u l t s of the N t e s t s were p o s i t i v e , the l e v e l s of 

enrichment were low when compared with enrichment by other n i t r o g e n - f i x i n g 

systems. The l a r g e l y anaerobic incubation was probably one cause of these 

very low enrichments ( s e e below); these values are too near the l i m i t of 

s e n s i t i v i t y to allow any experimental manipulation, or to be u s e f u l i n any 

wide ranging f i e l d survey, t h i s i s not the case w i t h the a c e t y l e n e reduction 

a s s a y . 
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4(m) E f f e c t of l i g h t : r e s u l t s and d i s c u s s i o n 

The r e s u l t s presented i n Table 3 show that l i g h t had no e f f e c t on 

n i t r o g e n a s e a c t i v i t y . T h i s was to be expected as most of the peat samples 

were c o l l e c t e d from below the s u r f a c e of the peat mass where l i t t l e or 

no l i g h t p e n e t r a t e s . Some blue-green algae can grow i n the dark provided 

a source of chemical energy i s a v a i l a b l e (Tretyakova, 1966). M i c r o f l o r a 

s u r v e y s of Swedish mires by Flensburg (1967), and F l e n s b u r g and Maimer 

(1970) record the presence of blue-green algae i n these ecosystems. 

However, w h i l s t G r a n h a l l and Selander (1973) found that a u t o t r o p h i c 

f i x a t i o n was l o c a l l y s i g n i f i c a n t i n a s u b - a r c t i c mire i n the T o r n e t r a s k 

region of Sweden, a recent i n v e s t i g a t i o n of I r i s h peats r e s u l t e d i n the 

c o n c l u s i o n t h a t blue-green algae d i d not make a s i g n i f i c a n t c o n t r i b u t i o n 

to b i o l o g i c a l l y f i x e d n i t r o g e n (Dooley & Houghton, 1973). At present 

t h e r e i s i n s u f f i c i e n t evidence to i n d i c a t e t h a t a u t o t r o p h i c f i x a t i o n i s of 

widespread importance i n the n i t r o g e n balance of mire ecosystems. 

T a b l e 3 

Summary of e f f e c t of d i f f e r e n t l i g h t and oxygen c o n d i t i o n s on a c e t y l e n e 
r e d u c t i o n by rheotrophic peat. ( D e t a i l s i n Table A13). 

Conditions 
l i g h t l i g h t dark dark 

a e r o b i c anaerobic a e r o b i c anaerobic 
nmolC„HVml/48h 40 26 48 25 2 4 

L.S.D. between any two means 26 nmolC H /ml/48h 
f o r p = 0.05, and 21 f o r p = 0.1 (A13). 

4 ( n ) E f f e c t of temperature : r e s u l t s and d i s c u s s i o n 

Nitrogenase a c t i v i t y was u n a f f e c t e d by prolonged exposure to 
o 

temperatures up to about 35 C, but i n a c t i v a t i o n occurred above t h i s 

temperature ( F i g u r e 9 ) . The r a t e of r e a c t i o n was very s e n s i t i v e to 
o o 

temperature change w i t h the optimum between 30 C and 35 C f o r a 24 hour 
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incubation period ( F i g u r e 10). Although these data a r e c o n s i s t e n t w i t h 

known f a c t s concerning temperature and n i t r o g e n f i x a t i o n by f r e e l i v i n g 

h e t e r o t r o p h i c b a c t e r i a ( M i s h u s t i n and S h i l ' n i k o v a , 1971), they do con

t r a d i c t the f i e l d r e s u l t s of G r a n h a l l and Selander (1973), who found 

no c o r r e l a t i o n between a c e t y l e n e r e d u c t i o n and temperature i n peat. 

G r a n h a l l and Selander came to t h e i r c o n c l u s i o n s on the b a s i s of f i e l d 

a s s a y s c a r r i e d out at 4 temperatures on two separate o c c a s i o n s , and as the 

m a t e r i a l assayed at each of these 4 temperatures came from 4 d i f f e r e n t 

f i e l d s i t e s , i t i s p o s s i b l e t h a t t h e i r f a i l u r e to detect any temperature 

response was a r e s u l t of t h e i r experimental methods. 

The r a t e of a c e t y l e n e r e d u c t i o n by the peat m i c r o f l o r a i s c o n s i d e r a b l y 

l e s s s e n s i t i v e to temperature change than laboratory c u l t u r e s of f r e e 

l i v i n g heterotrophs f o r which 20 f o l d i n c r e a s e s between 10°C and 20°C 

have been reported. (Hardy e t a l . , 1968; Burns et a l . , 1971). The 

approximately 6 f o l d i n c r e a s e obtained i n t h i s i n v e s t i g a t i o n i s c l o s e r to 

the e a r l y r e s u l t s of Koch (1907) who found that the n i t r o g e n f i x e d by 
o o 

f r e e l i v i n g b a c t e r i a was 5 times g r e a t e r at 24 C than at 7 C. 

T h i s e s t i m a t e of temperature response may be of value when a c e t y l e n e 

re d u c t i o n by the peat m i c r o f l o r a obtained at one temperature must be con

ve r t e d to another f o r purposes of f i e l d comparison and e v a l u a t i o n . A l l 

f i e l d e s t i m a t e s of peat n i t r o g e n a s e a c t i v i t y obtained i n t h i s i n v e s t i g a t i o n 

have been s t a n d a r d i s e d w i t h r e s p e c t to temperature using the constant 

de r i v e d from the A r r h e n i u s p l o t of temperature response shown i n F i g u r e 11. 

( F u l l d e t a i l s of themethod of temperature c o r r e c t i o n a r e d e s c r i b e d and 

d i s c u s s e d i n Chapter 5 ) . F u r t h e r r e s e a r c h i s r e q u i r e d i n order to 

e s t a b l i s h whether the constant shown i n Table 4 (-6200) i s v a l i d over a 

wide range of c o n d i t i o n s ; i t i s t h i s constant which i s used i n the 

suggested temperature c o r r e c t i o n equation. 
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4(o) E f f e c t of oxygen : r e s u l t s , and d i s c u s s i o n 

I t was mentioned above that a high l e v e l of oxygen i n the ambient 

gas phase i n h i b i t e d n i t r o g e n a s e a c t i v i t y i n the peat ( F i g u r e 12). However, 

other experiments suggested that although the peat m i c r o f l o r a was 

capable of reducing a c e t y l e n e i n s t r i c t l y anaerobic c o n d i t i o n s , the r a t e 

i n such c o n d i t i o n s was much reduced ( T a b l e 3 ) . I n order to gain f u r t h e r 

i n s i g h t i n t o the e f f e c t of oxygen a s e r i e s of time courses were run w i t h 

d i f f e r e n t l e v e l s of oxygen i n the ambient gas phase at the s t a r t ; the 

r e s u l t s of t h i s experiment a r e presented i n F i g u r e 13. F i g u r e 14 shows 

the r a t e of r e a c t i o n at d i f f e r e n t times a f t e r the s t a r t , these were 

estimated by u s i n g the c e n t r a l d i f f e r e n c e between the v a r i o u s time i n t e r v a l s 

as an e s t i m a t e of Av/AX. 
F o r about the f i r s t e i g h t hours the anaerobic a s s a y s had the h i g h e s t 

r a t e of a c t i v i t y , those s t a r t e d w i t h an 0 c o n c e n t r a t i o n of 40% the 

lowest; however during t h i s e a r l y p e r i o d the former were d e c e l e r a c t i n g , 

w h i l s t the l a t t e r were a c c e l e r a t i n g . A f t e r about 25 hours the anaerobic 

a s s a y s had s t a b i l i s e d at about 0.4 nmolC H /ml peat/h. T h i s i s c l o s e to 

the f i g u r e obtained i n the a s s a y s where precautions were taken to exclude 

a i r a t a l l times from c o l l e c t i o n onwards ( T a b l e 3 ) . 

The a s s a y s which had been s t a r t e d w i t h an oxygen c o n c e n t r a t i o n of 

4% had a g r e a t e r r a t e of a c t i v i t y over the f i r s t few hours than those 

s t a r t e d w i t h higher l e v e l s of oxygen. T h i s i n i t i a l p a t t e r n suggests that 

at l e a s t one f a c t o r involved was the r e d u c t i o n of the oxygen c o n c e n t r a t i o n 

by r e s p i r a t o r y a c t i v i t i e s to a l e v e l s u i t a b l e f o r n i t r o g e n a s e a c t i v i t y . 

Even the aerobe Azotobacter f u n c t i o n s more e f f e c t i v e l y at low oxygen 

l e v e l s ( P a r k e r and S c u t t , 1960; Dalton and Postgate, 1969). Drozd and 

Postgate (1970) demonstrated t h a t the s i t e of n i t r o g e n a s e a c t i v i t y i n 

Azotobacter chroococcum could be protected from oxygen i n h i b i t i o n by i t s 

own r e s p i r a t o r y a c t i v i t i e s . Azotobacter spp. have been i s o l a t e d from the 
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peat ( T a b l e A17), and i t i s p o s s i b l e t h a t such a mechanism may have 

been o p e r a t i n g i n c o n j u n c t i o n w i t h the background r e s p i r a t o r y a c t i v i t i e s 

of the non-nitrogen f i x i n g m i c r o f l o r a . F a c i l i t i e s f o r the a c c u r a t e 

monitoring of the oxygen l e v e l during the time course were not a v a i l a b l e , 

but when measured at the end of the f i r s t time course experiment there 

was only 0.7% 0 i n the ambiant gas phase of the rheotrophic peat a s s a y s 

(Table 1 ) . 

No diagram of the second d e r i v a t i v e i s shown, however the s l o p e 

of the curves at 40 hours i n F i g u r e 14 i n d i c a t e s that the a s s a y s s t a r t e d 

w i t h a 40% 0 were a c c e l e r a t i n g most r a p i d l y , followed by those s t a r t e d 
2 

w i t h 16%, those w i t h 4% 0 were a c c e l e r a t i n g the slowest, and the 

anaerobic a s s a y s were f a i r l y steady. Thus a f t e r 45 hours the r a t e of 

a c e t y l e n e r e d u c t i o n by the peat m i c r o f l o r a was r e l a t e d to the i n i t i a l 

oxygen t e n s i o n , and t h i s r e l a t i o n s h i p was the r e v e r s e of that during 

the f i r s t few hours of the time course. These r e s u l t s demonstrate t h a t 

n i t r o g e n a s e a c t i v i t y i n peat i s s t i m u l a t e d by exposure to a i r . The 

gradual d e c l i n e of the r a t e from 3.0 to 0.4 C„H /ml peat/h i n the a s s a y s 
A 4 

s t a r t e d a n a e r o b i c a l l y could be e x p l a i n e d by the f a c t that i n t h i s 

experiment the peat was exposed to the a i r f o r a time w h i l s t the a s s a y s 

were being s e t up. ( U n l i k e the previous experiment, d e s c r i b e d above, 

where every e f f o r t was made to exclude a i r from c o l l e c t i o n onwards). 

An abundance of c o l o n i e s was obtained i n p l a t i n g experiments u s i n g 

both Azotobacter and C l o s t r i d i u m media ( T a b l e s A16, A17). However, i n 

the context of t h i s d i s c u s s i o n i t may be s i g n i f i c a n t t h a t when i n d i v i d u a l 

c o l o n i e s were i s o l a t e d i n t o l i q u i d media f o r a c e t y l e n e r e d u c t i o n t e s t s , a l l 

the a e r o b i c a s s a y s gave negative r e s u l t s whereas 4 out of 9 anaerobic 

t e s t s were p o s i t i v e ( T a b l e A19). S i m i l a r l y L i n e and L o u t i t (1973) were 

unable to o b t a i n any a c e t y l e n e r e d u c t i o n of a e r o b i c a l l y incubated 

p u t a t i v e n i t r o g e n f i x i n g s p e c i e s of Pseudomonas; but when t h e i r c u l t u r e s 
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became contaminated w i t h a s t r a i n of C l o s t r i d i u m butyricum, they obtained 

p o s i t i v e r e s u l t s i n a e r o b i c i n c u b a t i o n w i t h Pseudomonas as w e l l as wi t h 

other o l i g o n i t r o p h i l i c s p e c i e s . These r e s u l t s support the view t h a t 

mixtures of a e r o b i c and anaerobic organisms may be s i g n i f i c a n t i n nitrog e n 

f i x a t i o n . 

I n l a b o r a t o r y experiments w i t h model s o i l s Magdoff and Bouldin (1970) 

found t h a t the ae r o b i c - a n a e r o b i c i n t e r f a c e was s i g n i f i c a n t i n ni t r o g e n 

f i x a t i o n ; the mixture of ae r o b i c and anaerobic c o n d i t i o n s s t i m u l a t i n g 

a c t i v i t y . They suggested that products of anaerobic fermentation of 

c e l l u l o s e might s e r v e as an energy source f o r a e r o b i c n i t r o g e n f i x e r s . 

I n c o n t r a s t R i c e et a l . , ( 1967), working w i t h straw ammended s o i l , con

cluded t h a t the products of a e r o b i c metabolism might be used f o r anaerobic 

f i x a t i o n . Whatever the p r e c i s e e x p l a n a t i o n , these three e a r l i e r r e p o r t s , 

together w i t h the r e s u l t s presented here, show th a t a mixture of a e r o b i c 

and anaerobic c o n d i t i o n s can s t i m u l a t e n i t r o g e n a s e a c t i v i t y ; the f l u c t 

u a t i n g water t a b l e i n many mire ecosystems w i l l f r e q u e n t l y c r e a t e such 

c o n d i t i o n s . 

V arious workers have suggested an i n t e r a c t i o n between s o i l aerobes 

and s o i l anaerobes i n order to e x p l a i n t h e i r r e s u l t s (e.g. Pringsheim, 

1909; Shklyar, 1956). A s s o c i a t i o n s of n i t r o g e n f i x i n g b a c t e r i a w i t h fungi 

have a l s o been proposed ( K r i s h n a , 1928; V a r t i o v a a r a , 1938) w h i l s t 

Jensen (1942) found evidence of symbiosis between OPrynebacterium sp. 

and n i t r o g e n f i x i n g b a c t e r i a . Andriyuk (1967) reported a s s o c i a t i o n s of 

Azotobacter and actinomycetes i n p l a t e c u l t u r e s . S p e c i f i c r e f e r e n c e to 

m i c r o b i a l a s s o c i a t i o n s i n peat was made by Makrinov and Stepanova (1930) 

who suggested a r e l a t i o n s h i p between c e l l u l y t i c and ni t r o g e n f i x i n g 

s p e c i e s ; a l s o by K a i l a (1954) who found c o n s i d e r a b l e n i t r o g e n gains i n 

sedge peat samples incubated a e r o b i c a l l y , and yet f a i l e d to i s o l a t e any 

Azotobacter s p e c i e s from these same samples. 
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K a l i n i n s k a y a , who used the term 'symbiotrophic' to d e s c r i b e these 

r e l a t i o n s h i p s , attempted to i s o l a t e s p e c i f i c m i c r o b i a l combinations 

from the s o i l , and considered B a c i l l u s polymyxa to be an important 

p a r t n e r i n numerous a s s o c i a t i o n s ( K a l i n i n s k a y a , 1967). T h i s f a c u l t a t i v e 

anaerobe was once thought to f i x n i t r o g e n only i n anaerobic c o n d i t i o n s 

(Hino and Wilson, 1958), but Moore and Becking (1963) l a t e r showed t h a t 

i t was capable of t h i s a c t i v i t y under both a e r o b i c and anaerobic c o n d i t i o n s . 

I t i s a l s o p e r t i n e n t i n the present context, to note that B a c i l l u s polymyxa 

has been i s o l a t e d from peat (Popova, 1961). These f a c t s , together with 

the r e s u l t s of oxygen s t u d i e s presented above, i n d i c a t e t h a t a rewarding 

approach to f u t u r e m i c r o b i o l o g i c a l i n v e s t i g a t i o n s of peat might be one 

which c o n c e n t r a t e s on a s e a r c h f o r nitrogen f i x i n g a s s o c i a t i o n s , with 

p a r t i c u l a r a t t e n t i o n being paid to any i n v o l v i n g B a c i l l u s polymyxa. 

4(p) C o n c l u s i o n s 

The r e s u l t s of v a r i o u s t e s t s confirm t h a t a c e t y l e n e r e d u c t i o n by 

developing rheotrophic peat i s a m a n i f e s t a t i o n of l i v i n g n itrogenase 

a c t i v i t y , thus the a c e t y l e n e r e d u c t i o n assay provides a v a l u a b l e t o o l f o r 

the i n v e s t i g a t i o n of n i t r o g e n f i x a t i o n i n peatlands. 

A c e t y l e n e reduction, and t h e r e f o r e presumably n i t r o g e n f i x a t i o n , 

o c curs i n the complete absence of oxygen; the r a t e of a c t i v i t y i n 

r h e o t r o p h i c sedge peat i s of the order of 0.5 nmolC H /ml/h at 20°c. 
Exposure t o a i r s t i m u l a t e s a c t i v i t y , although r e s u l t s of time courses 

i n d i c a t e t h a t the r e a c t i o n i s f a s t e r a f t e r m i c r o b i a l r e s p i r a t i o n has 

lowered the oxygen t e n s i o n i n the ambient gas phase. T h i s s t i m u l a t i o n of 

a c t i v i t y a f t e r exposure to a i r occurs even i f the a s s a y i s c a r r i e d out 

under anaerobic c o n d i t i o n s . A l l these responses to oxygen a r e probably 

a m a n i f e s t a t i o n of the i n t e r r e l a t i o n s h i p s and a s s o c i a t i o n s which e x i s t 

w i t h i n the peat m i c r o f l o r a ; however they a l s o have i m p l i c a t i o n s regarding 
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use of the assay i n peatland s t u d i e s . I f the 'peat i s d i s t u r b e d p r i o r to 

the assay ( c . f . some l i t e r a l l y i n s i t u method), then every e f f o r t should 

be made to ensure l i t t l e or no contact between the peat and the 

atmosphere; e r r o r s w i l l be g r e a t e r w i t h anaerobic a s s a y s of short 

d u r a t i o n , e.g. l e s s than about f i v e hours, during which time s t i m u l a t e d 

a c t i v i t y r e s u l t i n g from contact w i t h the atmosphere i s c o n s i d e r a b l e . T h i s 

s t i m u l a t i o n caused by exposure to a i r adds to the d i f f i c u l t y of i n t e r 

p r e t i n g r e s u l t s of a e r o b i c a s s a y s . 

The t h e o r e t i c a l e l e c t r o n requirements i n d i c a t e that C H w i l l be 

reduced t h r e e time f a s t e r than N , and i n many i n v e s t i g a t i o n s t h i s r a t i o 

has been approximated. However i n c e r t a i n i n s t a n c e s , e s p e c i a l l y under 

anerobic c o n d i t i o n s l a r g e r r a t i o s have been reported. T h i s could r e s u l t 

from the anaerobic c o n d i t i o n s a f f e c t i n g a part of the biochemistry of 

f i x a t i o n that i s not in v o l v e d i n C^H^ reduction. R i c e and Paul (1971) 

have reported t h a t waterlogging may a l s o a f f e c t the r a t i o , due to the lower 

s o l u b i l i t y of N as compared w i t h C H S o l u b i l i t y i s one of the f a c t o r s 

t h a t determines the d i f f u s i o n r a t e of a gas i n water, t h e r e f o r e R i c e and 

Paul suggest t h a t i n waterlogged c o n d i t i o n s the c o n c e n t r a t i o n of nitrog e n 

at the s i t e of n i t r o g e n a s e a c t i v i t y could be i n s u f f i c i e n t to s a t u r a t e 

the enzyme. 

A l l of the above c o n s i d e r a t i o n s i n d i c a t e that the use of a c e t y l e n e 

r e d u c t i o n f o r e s t i m a t i n g a c t u a l amounts of b i o l o g i c a l l y f i x e d n i t r o g e n 

i n peat i s u n r e l i a b l e w i t h our present s t a t e of knowledge. However, 

pr o v i d i n g c o r r e c t i o n i s made f o r temperature d i f f e r e n c e s , r e s u l t s of the 

a s s a y s can give v a l u a b l e information regarding p o t e n t i a l n i t r o g e n f i x a t i o n 

i n peat lands, f o r purposes of comparison. 
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CHAPTER F I V E : 

THE RELATIONSHIP BETWEEN ACETYLENE REDUCTION AND TEMPERATURE 

The d i s c u s s i o n which f o l l o w s c o n s i d e r s both the p r a c t i c a l and 

t h e o r e t i c a l i m p l i c a t i o n s of the way i n which nitrogenase a c t i v i t y 

responds to temperature change. Although the e f f e c t of temperature on 

a c e t y l e n e r e d u c t i o n by legume nodules has been w e l l s t u d i e d (e.g. Hardy 

et a l . , 1968; Gibson, 1971; Dart and Day, 1971), t h i s i s not the ca s e 

w i t h other types of n i t r o g e n a s e : i n order to c o n s t r u c t the f u l l e s t 

p o s s i b l e p i c t u r e a d d i t i o n a l data w i l l be d i s c u s s e d which r e l a t e s t o 

s p e c i e s not a s s o c i a t e d w i t h mires. 

5 ( a ) Two main c a t e g o r i e s of temperature response 

I f the temperature response r e s u l t s presented i n F i g u r e s 1, 5 and 10, 

together w i t h the data summarised i n Table 4 are c o n t r a s t e d with those 

f o r the 8 s p e c i e s of legumes quoted i n the r e f e r e n c e s mentioned above, 

one very obvious d i s t i n c t i o n emerges: a c e t y l e n e r e d u c t i o n has an 
o o 

ex p o n e n t i a l response to temperature change between about 5 C and 20 C i n 

a l l the non-legume m a t e r i a l i n v e s t i g a t e d to date. T h i s g i v e s a l i n e a r 

'Arrhenius p l o t ' between these temperatures w i t h a marked d i s c o n t i n u i t y 
o 

of s l o p e a t 20 C, such a p a t t e r n does not appear to be c h a r a c t e r i s t i c of 

a c e t y l e n e r e d u c t i o n by legume nodules. The r e s u l t s f o r Azotobacter 

n i t r o g e n a s e (Burns et a l . , 1971) and f o r C l o s t r i d i u m whole c e l l s (Hardy 

et a l . , 1968), a r e c o n s i s t e n t w i t h t h i s p a t t e r n , as are the r e s u l t s 

obtained f o r detached nodules of the non-legumes Hippophae rhamnoides 

and C a s u a r i n a e q u i s e t i f o l i a shown i n Table 4. Temperature responses 

of the l i c h e n s Stereocaulon paschale ( k a l l i o , 1973), Nephroma a r c t i c u m 

and S o l o r i n a crocea ( K a l l i o e t a l . , 1972) a l s o follow t h i s p a t t e r n : 

a l l t hese l i c h e n s c o n t a i n s y m b i o t i c blue-green algae. Thus an e x p o n e n t i a l 
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p a t t e r n of temperature response by a c e t y l e n e r e d u c t i o n i s found i n a l l 

the 11 non-legume s p e c i e s f o r which data are now a v a i l a b l e . (Nitrogenase 

a c t i v i t y i n n e i t h e r ^ t h e two blue-green algae t h a t are reported here, 

nor i n the l i c h e n s mentioned above show t h i s response to temperature when 

the l i g h t i n t e n s i t y i s reduced to below the s a t u r a t i o n l e v e l . ) 

5(b) Legume and non-legume nodules 

The r e s u l t s obtained f o r a c e t y l e n e reduction by detached nodules of 

G l y c i n e i n t h r e e s e p a r a t e i n v e s t i g a t i o n s are a l l very s i m i l a r (Hardy et a l . , 

1968; Dart and Day, 1971; Waughman, 1977). The most i n t e r e s t i n g f e a t u r e 

i s a marked i n f l e x i o n i n the temperature response curve at about 25°C, 

which appears to be c h a r a c t e r i s t i c of t h i s s p e c i e s . The temperature 

response curves f o r detached nodules of 8 legume s p e c i e s . p r e s e n t e d by Dart 

and Day (1971), may be c o n t r a s t e d w i t h curves f o r non-legumes ( F i g u r e 1 ) . 

I n a d d i t i o n to the f a c t s a l r e a d y mentioned the main points which emerge 

a r e as f o l l o w s : (1) a c e t y l e n e reduction i n legumes does not appear to 

have any d i s t i n c t i v e p a t t e r n of response to temperature change between 

5°C and 20°C; ( 2 ) the process i n legumes i s g e n e r a l l y l e s s s e n s i t i v e to 

temperature than i n non-legumes; ( 3 ) i n some legumes there i s s e n s i t i v i t y 

to temperature change, but t h i s f o l l o w s no c o n s i s t e n t p a t t e r n and g i v e s 

r i s e to various i n f l e x i o n s of the temperature response curve. 

I t i s p o s s i b l e t h a t the d i f f e r e n c e s i n temperature response between 

ni t r o g e n a s e a c t i v i t y i n detached nodules of legumes as compared w i t h 

responses of n i t r o g e n a s e i n detached non-legume nodules are a manifest

a t i o n of fundamental d i f f e r e n c e s i n the physiology of the symbiosis i n 

the two groups. I n t h i s r e s p e c t i t i s perhaps p e r t i n e n t that the 

nitrogenase enzyme i s very s e n s i t i v e to oxygen ( K e l l y , 1969), and that the 

e f f e c t of oxygen on a c e t y l e n e r e d u c t i o n by nodules i s very d i f f e r e n t i n 

legumes and non-legumes; the optimum oxygen c o n c e n t r a t i o n f o r n i t r o g e n a s e 

4 
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a c t i v i t y i n nodules of non-legumes s t u d i e d to date i s 15-20% ( F i g u r e 3 

and Bond, 1961), whereas t h e r e i s evidence that i n legume nodules the 

optimum oxygen c o n c e n t r a t i o n may be c l o s e r to 50%. (Bergersen, 1962). 

Bergersen observed t h a t the r a t e of r e s p i r a t i o n i n detached nodules of 

G l y c i n e i n c r e a s e d i n two s t e p s as the oxygen c o n c e n t r a t i o n i n c r e a s e d ; 

the f i r s t maximum, which occurred at 50% 0^, a l s o corresponded to the 

oxygen c o n c e n t r a t i o n at which n i t r o g e n f i x a t i o n was the g r e a t e s t . In 

order to e x p l a i n these r e s u l t s Bergerson suggested that oxygen 

p e r m e a b i l i t y b a r r i e r s may e x i s t between the b a c t e r o i d s and the nodule 

t i s s u e . L a t e r , Bergersen suggested t h a t flow of oxygen to the s i t e of 

n i t r o g e n f i x a t i o n i n the b a c t e r o i d might be c o n t r o l l e d by leghaemoglobin 

(Bergersen, 1969). Temperature would a f f e c t p e r m e a b i l i t y of oxygen 

through any such b a r r i e r s , t h e r e f o r e these may a l s o be r e s p o n s i b l e f o r 

the various i n f l e x i o n s which occur i n the temperature response curve 

f o r a c e t y l e n e reduction by G l y c i n e and other legumes. No e q u i v a l e n t 

to leghaemoglobin has been found non-legumes (Becking, 1970), and i t i s 

p o s s i b l e that the l a c k of any such b a r r i e r s may account f o r the simple 

response to temperature of n i t r o g e n a s e i n the nodules of non-legumes. 

No a c t i v a t i o n e n e r g i e s have been c a l c u l a t e d f o r the legume 

nit r o g e n a s e because A r r h e n i u s p l o t s of the a v a i l a b l e data do not g i v e 

s t r a i g h t l i n e s ; however, a c e t y l e n e r e d u c t i o n by legume nodules appears to 

be g e n e r a l l y l e s s s e n s i t i v e to temperature change than nitrogenase of 

non-legumes, and t h i s does i n d i c a t e lower a c t i v a t i o n e n e r g i e s i n the 

former group. T h i s d i f f e r e n c e between a c t i v a t i o n e n e r g i e s suggests t h a t 

s p e c i f i c r a t e s of a c e t y l e n e r e d u c t i o n i n legumes might be higher than 

i n non-legumes. R e s u l t s obtained so f a r do support t h i s view: the 
o 

a c t i v i t y at 15 C i n detached nodules of the 4 non-legumes f o r which data 

a r e a v a i l a b l e i s about 1 jimolCgH^/g dry w;/h, compared w i t h an average of 

about 70 jjmolCgH^/g dry wt/h f o r the legumes s t u d i e d by Dart and Day 
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(1971); the average f o r f i e l d t e s t e d m a t e r i a l i n the data summarised by 

Hardy et a l . , ( T a b l e 3, 1973) i s 14 umolCgHg/g f r e s h wt/h f o r legumes and 

2.4 umolC H /g f r e s h wt/h f o r non-legumes (no temperatures s t a t e d ) . A l l 

the d i f f e r e n c e s d e s c r i b e d above suggest that the ni t r o g e n f i x i n g s ymbiosis 

i n non-legume nodules may be l e s s e f f i c i e n t than the r e l a t i o n s h i p between 

the symbionts i n legume nodules. 

Nitrogenase a c t i v i t y i n detached nodules of the t r o p i c a l non-legume 

Cas u a r i n a ( T a b l e 4) i s c o n s i d e r a b l y more t o l e r a n t of higher temperatures 

than i n nodules of the 3 temperate non-legume s p e c i e s ( T a b l e 4 ) . T h i s may 

a l s o be a s s o c i a t e d w i t h oxygen t o l e r a n c e because the temperate s p e c i e s f o r 

which data a r e a v a i l a b l e a r e c o n s i d e r a b l y l e s s t o l e r a n t of oxygen than 

C a s u a r i n a (Bond, 1961). Uemura (1964) concluded that the actinomycetes 

a s s o c i a t e d w i t h Alnus and Cas u a r i n a were of the same type. However, i t i s 

not yet p o s s i b l e to say whether the t o l e r a n c e s e x h i b i t e d by C a s u a r i n a 

a r e p r o p e r t i e s of the micro-organism or of the higher p l a n t , or both. 

5 ( c ) Temperature response of a c e t y l e n e r e d u c t i o n by blue-green a l g a e 

Lowering of the oxygen c o n c e n t r a t i o n caused the optimum temperature 
o o 

f o r a c e t y l e n e r e d u c t i o n by Anabeana to be r a i s e d from 25 C to about 35 C, 
o 

and i n c o n d i t i o n s of reduced oxygen t e n s i o n a c t i v i t y a t 40 C was s t i l l 

about 38% of maximum r a t e , whereas i n 20% the r a t e a t 40°C was only 

about 9% of the maximum ( F i g u r e 5 ) . An i n c r e a s e i n t o l e r a n c e of 

temperature above the a e r o b i c optimum has a l s o been observed f o r nitr o g e n a s e 

a c t i v i t y i n Nephroma a r c t i c u m under anaerobic c o n d i t i o n s ( K a l l i o e t a l . , 

1972). These r e s u l t s suggest that n i t r o g e n a s e i n blue-green a l g a e may be 

more t o l e r a n t of high temperatures i n co n d i t i o n s of low oxygen t e n s i o n ; 

such c o n d i t i o n s occur i n hot s p r i n g s , and may have c o n t r i b u t e d to the 

su c c e s s of blue-green algae i n these environments (Copeland, 1963). 

Photosynthesis i n blue-green a l g a e i s b e l i e v e d to be i n t i m a t e l y 
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i n v o l v e d i n nitrogenese a c t i v i t y ; p o s s i b l y by d i r e c t l y s upplying the 

reductant (Haystead and Stewart, 1972) or the ATP (Cox and Fay, 1969). 

P h y s i c a l r e a c t i o n s are not very s e n s i t i v e to temperature, and where l i g h t 

l i m i t s n i t r o g e n a s e a c t i v i t y i n blue-green algae, l i t t l e response to 

temperature would be expected. T h i s i s the s i t u a t i o n i n Anabeana below 

about 15°C ( F i g u r e 5 ) , and i n Plectonema below about 20°C ( F i g u r e 6 ) . 

Above these temperatures a c e t y l e n e r e d u c t i o n does respond to temperature 

change. A s i m i l a r change of s e n s i t i v i t y i n low l i g h t i n t e n s i t i e s has a l s o 
15 

been recorded i n N s t u d i e s w i t h Anabeana c y l i n d r i c a (Fogg and Than-Tun, 

1960). These f a c t s i n d i c a t e that l i g h t does not l i m i t the r e a c t i o n above 

about 20°C; as l i g h t apparently can be the l i m i t i n g f a c t o r below t h i s 

temperature the s i m p l e s t e x p l a n a t i o n would be that a l t e r n a t i v e r e a c t i o n s 

e x i s t f o r at l e a s t some a s p e c t s of nitr o g e n a s e a c t i v i t y , and that a change 
o o of mechanism occurs at about 20 C. I t i s perhaps noteworthy t h a t 20 C 

i s the approximate temperature at which a change of a c t i v a t i o n energy 

occurs i n many s p e c i e s ( F i g u r e s 2, 7 and Table 4 ) . 

5(d) Anaerobic n i t r o g e n a s e a c t i v i t y 

I t was pointed out above that the response to temperature change of 

legume n i t r o g e n a s e appears to be d i f f e r e n t from the response of nitr o g e n a s e 

d e r i v e d from non-legume m a t e r i a l , and i t was suggested that such d i f f e r e n c e s 

may be a m a n i f e s t a t i o n of fundamental d i f f e r e n c e s i n physiology. Nitrogenase 

from non-legume m a t e r i a l shows two temperature response p a t t e r n s , one of 

which appears to be a s s o c i a t e d w i t h the anaerobic h a b i t . A r r h e n i u s p l o t s 

of n i t r o g e n a s e a c t i v i t y by Plectonema ( F i g u r e 7 ) , C l o s t r i d i u m c e l l s , and 

a n a e r o b i c a l l y incubated e x t r a c t from Azotobacter (Hardy et a l . , 1968), a l l 
o 

have an e x p o n e n t i a l response to temperature above 20 C, the l o g a r i t h m i c 

p l o t o i t h i s response g i v e s a second s t r a i g h t l i n e d i s c o n t i n u o u s w i t h the 
o 

one below 20 C. T h i s second s l o p e i n d i c a t e s t h a t the r a t e l i m i t i n g 
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p r o c e s s e s above 20 C have an a c t i v a t i o n energy of 12-14 Kcal/mol ( T a b l e 4 ) . 

These b i p h a s i c A r r h e n i u s p l o t s probably r e s u l t from the f a c t that 

n i t r o g e n a s e a c t i v i t y c o n s i s t s of many s e q u e n t i a l processes with d i f f e r e n t 

temperature c o e f f i c i e n t s ( d i s c u s s e d below). 

5 ( e ) The s i g n i f i c a n c e of d i f f e r e n t a c t i v a t i o n e n e r g i e s 

The v e l o c i t y of a complex b i o l o g i c a l system i n steady s t a t e operation 

i s c onsidered to be l i m i t e d by the r a t e of the slowest process of the 

complex (Blackman, 1905), or by a s m a l l number of processes (Hearon, 1952). 

A c t i v a t i o n e n e r g i e s determined by A r r h e n i u s p l o t s ( T a b l e 4) r e f e r to the 

o v e r a l l a c t i v a t i o n energy of the l i m i t i n g r e a c t i o n , or r e a c t i o n s . 

V e l o c i t i e s of d i f f e r e n t processes have d i f f e r e n t temperature c o e f f i c i e n t s , 

t h e r e f o r e d i f f e r e n t r e a c t i o n s become l i m i t i n g as the temperature i s 

changed, a break of s l o p e i n an A r r h e n i u s p l o t i s thus i n d i c a t i v e of a 

change of l i m i t i n g r e a c t i o n (Dixon and Webb, 1966). 

Owing to the complexity of the many r e a c t i o n s involved i n 'nitrogenase' 

a c t i v i t y a p r e c i s e e x p l a n a t i o n of the values obtained f o r a c t i v a t i o n 

e n e r g i e s i s d i f f i c u l t . Hardy et a l . , (1968) suggested that the a c t i v a t i o n 

e n e r g i e s which they had determined were a s s o c i a t e d w i t h the nitrogenase 

per se r a t h e r than w i t h r e a c t i o n s which supply energy or reductant; 

however, based upon f e a t u r e s of temperature response of ATP h y d r o l y s i s by 

e x t r a c t e d n i t r o g e n a s e Burns (1969) l a t e r concluded that the a c t i v a t i o n 

e n e r g i e s r e f e r r e d to t h i s process. Although an a c t i v a t i o n energy of about 

30-40 Kcal/mol below 20°C, and change of temperature response at about 
o 

20 C are c h a r a c t e r i s t i c of a l l the non-legume m a t e r i a l i n v e s t i g a t e d to 

date, the exact s i g n i f i c a n c e of these f a c t s must await more d e t a i l e d 

i n v i t r o a n a l y s i s of n i t r o g e n a s e a c t i v i t y from many s p e c i e s . 
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5 ( f ) Temperature c o r r e c t i o n of a c e t y l e n e r e d u c t i o n r e s u l t s 

A l l the data d i s c u s s e d above i n d i c a t e that the r a t e of n i t r o g e n a s e 

a c t i v i t y i s very s e n s i t i v e to temperature change. T h i s i s a f a c t of some 

p r a c t i c a l importance i n f i e l d work where the temperature cannot be con

t r o l l e d . I f f i e l d r e s u l t s a r e to be compared some allowances f o r 

temperature d i f f e r e n c e s must be made. 

The t r a d i t i o n a l way of e x p r e s s i n g the response to temperature change 

of a b i o l o g i c a l a c t i v i t y i s the Q^Q! the quo t i e n t of two r a t e s obtained 
o 

at a temperature d i f f e r e n c e of 10 C. v a l u e s of more than 20 have 

been recorded f o r a c e t y l e n e reduction, t h e r e f o r e the value i s not 

a p a r t i c u l a r l y u s e f u l way of e x p r e s s i n g the e f f e c t of temperature on 

n i t r o g e n a s e a c t i v i t y . 

The v e l o c i t y of a chemical r e a c t i o n i s r e l a t e d to temperature change 

by the A r r h e n i u s equation ( 2 ) (Morris, 1965) 

v • - i k r " (2> 
e 

where V i s the r a t e of r e a c t i o n ; A i s a c o n s t a n t ; E the o v e r a l l a c t i v a t i o n 

energy; R i s the gas c o n s t a n t : 1.987 cal/mol/degree; and T i s the 

temperature i n degrees K e l v i n . 

As A i s a constant, a graph of L o g ^ V vs 1/̂ , (an Arrhenius p l o t ) i s 

a s t r a i g h t l i n e of s l o p e b, such that E = -4.576b cal/mol. However, what 

i s more u s e f u l i s the f a c t t h a t the nature of the r e l a t i o n s h i p i s such 

that f o r any value of E d i f f e r e n t s p e c i f i c a c t i v i t i e s only a f f e c t the 

p o s i t i o n of the A r r h e n i u s p l o t i n r e l a t i o n to the Log^V a x i s , but not the 

slope. Thus, provided b i s known only a s i n g l e s p e c i f i c a c t i v i t y i s 

r e q u i r e d to p l o t the graph of Log^V vs 1/ T which can then be used to f i n d 

the r a t e of a c t i v i t y which would have occurred at any other r e q u i r e d 

temperature. I t i s , of course, not necessary to p l o t a curve f o r every 
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s p e c i f i c a c t i v i t y , provided t h a t b i s known the conversion between 

temperatures can be made using the simple e x p r e s s i o n ( 3 ) . 

L o g 1 0 V 2 = L o g l o V l + b(V - \ ) . . . . . . ( 3 ) 
2 1 

o 
where i s the known r a t e at temperature K and r e f e r s to the 

o 

unknown r a t e at temperature T K. 

An i n v e s t i g a t o r c a r r y i n g out a c e t y l e n e t e s t s at ambient f i e l d 

temperatures should, i d e a l l y , determine the extent to which t h e i r e x p e r i 

mental m a t e r i a l i s a f f e c t e d by temperature before the r e s u l t s a r e used 

f o r comparative purposes. However few i n v e s t i g a t o r s w i l l be disposed 

to c a r r y out such experiments, even i f they have the f a c i l i t i e s a v a i l a b l e , 

t h e r e f o r e the data presented i n Table 4 may be of some help to f i e l d 

workers. 

The information p r e s e n t l y a v a i l a b l e i n d i c a t e s t h a t between 5°C and 
o 

20 C the v a l u e s of b f o r non-legume m a t e r i a l can be used w i t h some con

f i d e n c e . However, low l i g h t c o n d i t i o n s g r e a t l y reduce the response of 

nitrogenase a c t i v i t y i n blue-green a l g a e , so t h a t u n l e s s c o n d i t i o n s are 

known to be l i g h t s a t u r a t e d , c o r r e c t i o n s cannot be made by the above 

method. The s i n g l e value f o r a peat assay shown i n Table 4 (Chapter 4) 

i n d i c a t e s a s e n s i t i v i t y s l i g h t l y lower than i n l a b o r a t o r y c u l t u r e s of 

b a c t e r i a . 

C o n s i d e r i n g the v a r i a b i l i t y of f i e l d m a t e r i a l and the present s t a t e 

of knowledge, i n most c a s e s only an approximate temperature c o r r e c t i o n i s 
o o 

j u s t i f i e d , t h e r e f o r e f o r temperatures between 1 C and 25 C, conversion 

can be adequately approximated by ( 4 ) T - T 
V 2 . V j U . 2 7 ) 2 1

 ( 4 ) 
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where the constant 1.27 i s the average increment per' C below 25 C f o r 

non-legume m a t e r i a l , d e r i v e d from the b values shown i n Table 4. 

5(g) Concluding D i s c u s s i o n 

I t has been suggested above that the responses of d i f f e r e n t types of 

n i t r o g e n a s e to temperature change may be d i v i d e d i n t o t h r e e c a t e g o r i e s . 

( i ) The anaerobic group, i n which the response i s e x p o n e n t i a l but w i t h a 
o 

s l i g h t change of s e n s i t i v i t y o c c u r i n g between about 20 and 25 C. T h i s 
o 

type of response g i v e s a l i n e a r a r r h e n i u s p l o t up to about 35 C, but 

w i t h a break i n s l o p e corresponding t o the change i n s e n s i t i v i t y . S p e c i e s 

reported to date: C l o s t r i d i u m pasteurianum, Plectonema boryanum, 

Azotobacter v i n l a n d i i n i t r o g e n a s e ( a n a e r o b i c i n v i t r o a s s a y ) , and 

Anabaena c y l i n d r i c a low pO assay. ( i i ) A erobic nitrogenase a c t i v i t y but 

e x c l u d i n g legumes. T h i s group e x h i b i t s an e x p o n e n t i a l response to 
o 

temperature change only up to about 25 C, thus the l i n e a r a r r h e n i u s p l o t 

t e r m i n a t e s at t h i s temperature. S p e c i e s reported to date: Stereocaulon 

paschale, Nephroma arcticum, S o l o r i n a c r o c e a , Anabaena c y l i n d r i c a , Alnus 

g l u t i n o s a , Hippophae rhamnoides, Myrica g a l e , C a s u a r i n a e q u i s e t i f o l i a . 

( i i i ) Legume n i t r o g e n a s e a c t i v i t y , which appears r e l a t i v e l y i n s e n s i t i v e 

to temperature, and has no d i s c e r n i b l e p a t t e r n of response which i s 

c o n s i s t e n t f o r the v a r i o u s s p e c i e s t e s t e d . Examples: A l l . legumes t e s t e d 

to date, see r e f e r e n c e s . ( D e t a i l s of a l l non-legume s p e c i e s mentioned 

above a r e l i s t e d i n Table 4 ) . 

The t h r e e types of temperature response a r e a l l m a n i f e s t a t i o n s of 

p h y s i o l o g i c a l d i f f e r e n c e s , and i t i s p o s s i b l e that these d i f f e r e n c e s may 

be a s s o c i a t e d w i t h the supply of e i t h e r the energy, or the reductant used 

i n n i t r o g e n f i x a t i o n , r a t h e r than w i t h d i f f e r e n c e s i n the enzyme i t s e l f . 

Furthermore, i t i s i n t e r e s t i n g to s p e c u l a t e on the p o s s i b i l i t y t h a t the 

t h r e e groups represent stages i n the e v o l u t i o n of the nitrogenase system. 



44 

rH 
H 

CD 
U 

3 
O 

q 
o 
•iH 
•u 
X) 

u g 
C -H 

CO 
0) Jj 
a 
c 

•rl 

H H 5 

i—I 
id H 
o o 

• S u 
X 3 0 
o S • 
U H ft 
ft-p 6 
ft ft <U < O EH 

6 
CO 

•H 
C 
<d » 
o 

0 

ID 
ft 
>> 

01 
<U 

•H 
U 
ID 
P. 
0) 

0^ 

00 
vO 
0> 
rH 

rH 
IN 
CT> 
rH 

0> 
rH rH vO rH 
<d cd (d 

•P -P — • -p 
0) (I) CD 

>> >> [/> 
TJ TJ e 
t. !-. Li 
cd <d 

3: pa 

ty? 
o o o 
vO vO rH 

o m rH o 
t\i r n 

I 
CM 1 01 

o o i n o 
rH rH 

* * * * 
o o O 
o m o O 
o O m r> 

rH cn t r f 
rH 
1 1 ' 

O _-t- m 
l O rH r n r n 

0) 
• • • • 

55 

s g R Q 
3 3 3 

•H •H •iH •H 
IH fH f-l 
<D 0) CD (U 
-P 4-> j j -p 
O q O CJ 
id cd cd 
XI -C XI Xi 

m 

0< 

o 
•H 

id 

03 

o 
o 
o 

o " 
rH 
I 

* 
vO 

OJ. 

fj> 
(V/ 

0) 

o 
•H 
H 
rH 
cd 

•P 

o 
•H 

cd 

•p 
o 
0) 

o 

ft 

CO 
•rH 
si tH 

-P 
O 

a> 
•r-J 
O 
(H 
ft 
10 

•H 
x i 

•P 
o 
CD 
•r-i 

. o 
ft 
CO 

•H 
x : 
EH 

O-

rH 

(-, 
CD rH 
CD 
CD 

X 
3 

• o o . o o o o i n m 
vO CO c n m J -

i n i n i n o o m o o 
rH 

| H 
| 

rH 
1 

(Vi r n cv cy 

m m 1 
o U". i n o m m i n 

CAI 

* 

m 

* 
to 
m 

<0 
CM 

o O m 
cu W rH 

a C q 
2) CD CD 
i) CD CD 

U (H 
bO bO U) 
CD 1 

CD 
1 
CD 3 3 3 

rH rH rH 
x> X I — * X> — 

4-> — -P ^ - -P 
c c c 

c o C C C O 
CD -H a -<H CD -H 

X! XI X! XI XI XI 
U 6 o e ° P •rl >, rH >, •H F , 

H (0 rH W rH rn 

o o o m 
CV2 

o 
CM 

i n 
01 

cd cd cd bo bO bO 
rH l-l r-H 
cd cd cd 

c c c 
CD CD *y 
CD CD i ) 
U U !-, bO bO m 

CD 1 
CD O 

3 3 3 
r-H i ( i-H 
XI .n XI 

bO 
CD 

rH 
I 
c 
O 

bO 
o 

rH 

c 
O 
q 

CD 
6 
3 
bO 
o 

rH 
I 
n 
o 
q 

o 
r n 

o 
CM i 

* o rH to m 
m rH r n r n m >n 
. s . * 
0 ! m 

i n 
r n 

CD 
5 

bC 
CD 

m 

o 
CM 
I 

1> 

* * o o o W o o o o o 
o o o b r H o o o o c 
m r n rH vO vO to r n o i n *o 

•* 
a to vO vO to r> to 

o 
CTi 

o 

b!. 01 
i H 
I 
G 
o 
c 

q 
cd 

r: 
n •rl •rl CD 

cd 
•H 
. -1 

•H •iH . -I •rl i H CO 0 ^ • a X) cd cd CD <H 
3 3 X i o 3 ~t T3 •H 
CD CD <d -P id <P ' J •rl c q •H -P 
•P 40 •H o H U U) 3 id jd o <D 
CO u> q cd q cd a o id TJ >> cd cd q m 
cd cd rH r l •rl U a •rl CD r; t, CO CO tq •rl 
ft ft > 4J > P •P O •H o o o o 3 

s 
rl X q O o r-l X .a q q x ; c r 

I 
s J - >" t. CD o u r»> •H •H CD CD 

I 3 CD CD rH id o !3 id -P -p rH 
•H •r| -P iJ -P ID 3 B S 3 3 CD cd <0 
T3 X5 cj CD O CD cd id cd id CD CD rH rH tr q bU 
•H •H cd u cd 5̂  o d c c C c bO bO 

" a 
•rl 

?H (H XI <M XI <rl o o •H <u 0 o " a u id 
-P 4J o O CD u id -p -p CO o o cd o 
CO CO •P H •P rH o X 1 o \J 3 3 ft 3 •rl 
O 0 O H O rH CD ft rH n.' CD "1 c c ft CO r 

rH rH N CD N CD •O <D o q rH rH rH H •rl id 
u u < o < o 0 ) Z J) «< < u 

r n r n 
t v 

0^ 
.-I rH 
~— 

- -
rH i-H 
•d cd 4-1 

CJ 
•P (U 

CD ID 

CO w 2 
CD CD ft rH .—1 
% CO 
0 o •rl 
q q 

EH 

o O 
vO 

m m 
cv 
| 

r n 

o i n 
rH 

* * 
O 
m o> 
rH o 

1 

rH 

ON i n 
rH 

CS i>-
r n m 

u o 
•H •rl 
x ; X. 
ft ft o o 
u cd !H 

4J -H - P • 
O (H O 
<H CD 5-, 
CD CD"" 
4 J O 4J 
ai cd CD 

x ; x i X . -

,-H 
•rl 
O 
CO 

n 
cd o 

to 

•rl 
O 
CO 

6 
id o 

c 
cd 
to 

o 

o 
r n 

m 

o 
o 

i 

m 

r n 

o 
•rl 
x ; 
ft 
o 
U id 
4i -rl 
0 U 
ii CD 
CD P 
-P O 
CD cd XIXI 

H 
•H 
O 
10 
-P 
cd 
CD 

m 



45 

I t i s g e n e r a l l y accepted t h a t during the e a r l y development of l i v i n g 

m a t e r i a l on t h i s planet the atmosphere was anaerobic; thus the b i p h a s i c 

response to temperature may be m a n i f e s t a t i o n of the most p r i m i t i v e stage 

i n the e v o l u t i o n of n i t r o g e n f i x i n g systems, and the simple l i n e a r 

response p o s s i b l y r e f l e c t s some l a t e r a daptation to oxygen. I n the 

legumes we can observe the most e f f i c i e n t n i t r o g e n f i x i n g arrangements 

of a l l , and n i t r o g e n a s e a c t i v i t y i n the group appears to be c o m p a r i t i v e l y 

i n s e n s i t i v e to temperature change. I n other words the most e f f i c i e n t and, 

presumably, most h i g h l y evolved system behaves l e a s t of a l l l i k e a simple 

chemical r e a c t i o n . 

The hypothesis t h a t n i t r o g e n a s e systems may f a l l i n t o three 

c a t e g o r i e s i s based upon the r e s u l t s of only about 25 s p e c i e s . C l e a r l y 

data from many more s p e c i e s are r e q u i r e d before t h i s hypothesis can be 

accepted, r e j e c t e d , or modified. 

F i n a l l y , I would l i k e to once more s t r e s s the importance c o r r e c t i n g 

f o r temperature d i f f e r e n c e s when r e s u l t s of a c e t y l e n e reduction a s s a y s 

on non-legume m a t e r i a l are to be used f o r comparative purposes. T h i s 

importance i s emphasised by the f a c t t h a t between 5 and 20°C the known 

data (Table 4) i n d i c a t e t h a t a r i s e i n temperature of only 3°C may cause 

the r a t e of r e a c t i o n to more than double. A l l the f i e l d a s s a y s reported 

i n Part Two have been s t a n d a r d i s e d u s i n g the method d e s c r i b e d here. 



CHAPTER SIX : 

INTRODUCTION TO PART I I 

6 ( a ) Nomenclature and terminology 

Pl a n t i d e n t i f i c a t i o n and naming i n t h i s t h e s i s f o l l o w s Clapham e t a l 

(1958), w i t h r e f e r e n c e being made to Oberdorfer (1970) f o r more d e t a i l e d 

information on the naming and d i s t r i b u t i o n of s p e c i e s i n Southern Europe. 

Rheotrophic (from rheophilous, K u l c z y n s k i , 1949) and r i c h mires a r e 

used synonymously to d e s c r i b e v e g e t a t i o n and peat o c c u r i n g i n mi n e r a l r i c h 

c o n d i t i o n s ; l i k e w i s e ombrotrophic and poor mires a r e used to d e s c r i b e 

m i n e r a l poor c o n d i t i o n s , i . e . n u t r i e n t supply i s mainly from p r e c i p i t a t i o n 

Peat and v e g e t a t i o n a r e r e f e r r e d to one of the f l o r i s t i c c l a s s e s 

d e s c r i b e d by S j o r s ( 1 9 5 0 ) ; t h e s e c a t e g o r i e s a r e extreme r i c h fen, r i c h 

f e n , fen, poor fen , and bog. As used here, r i c h mires w i l l i n c l u d e : 

extreme r i c h f e n , r i c h fen and fen; poor mires w i l l i n c l u d e poor f e n and 

bog. I t w i l l be pointed out below t h a t i t i s not always p o s s i b l e to 

a s c r i b e v e g e t a t i o n to such c a t e g o r i e s w i t h great accuracy, however the 

val u e of these terms l i e s i n the f a c t t h a t most e n g l i s h speaking 

e c o l o g i s t s a r e f a m i l i a r w i t h them. 

When the term e c o c l i n e i s used i t r e f e r s s p e c i f i c a l l y t o the 

gradi e n t a s s o c i a t e d w i t h change i n chemical c o n d i t i o n s from fen to bog, 

u n l e s s otherwise s t a t e d . Complex gradient and co e n o c l i n e r e f e r 

r e s p e c t i v e l y to the edaphic and v e g e t a t i o n a l g r a d i e n t s which comprise 

the above d e f i n e d e c o c l i n e (Whittaker, 1967). 

6(b) The n u t r i e n t e c o c l i n e 

I t i s s e l f evident to any person who has examined mires t h a t an 

exce s s of water i s an e s s e n t i a l c h a r a c t e r i s t i c of the ecosystem, and by 
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the beginning of t h i s century the importance of both d i s s o l v e d calcium, 

and water flow were w e l l a p p r e c i a t e d (Ramann, 1895). I t was a l s o i n 

the f i r s t decade of t h i s century t h a t Weber o u t l i n e d h i s t e r r e s t r i a l -

i s a t i o n h y p o t h e s i s , i n which he suggested that d i f f e r e n t types of mire 

comprised an ontogenetic sequence, r e f l e c t i n g the edaphic s u c c e s s i o n from 

fen to bog (Weber, 1908). The f a c t that d i f f e r e n t v e g e t ation i s 

c h a r a c t e r i s t i c of d i f f e r e n t types of mire had been recorded before 1850 

(Witte, 1947) and by the 1930's many vegetation u n i t s i n mires had been 

i d e n t i f i e d and named (Du R i e t z , 1936). With t h i s w e l l e s t a b l i s h e d taxonomy, 

attempts were made to i d e n t i f y chemical d i s t i n c t i o n s between bogs and 

fe n s . The work of K i v i n e n (1935), and Thunmark (1942) i n d i c a t e d a f i g u r e 

of about 1 p.p.m. c a l c i u m i n the mire water as the l i m i t below which no 

types of fen would develop. T h i s c r i t e r i o n has been g e n e r a l l y confirmed 

i n many s t u d i e s s i n c e then (e.g. S j o r s , 1948; W i t t i n g , 1949; Maimer, 

1962b; Heinselman, 1970). 

I t must be emphasised that t h i s c r i t i c a l l e v e l of c a l c i u m i s merely 

a measurable chemical d i s t i n c t i o n , and not n e c e s s a r i l y the d i r e c t or 

i n d i r e c t c a u s a t i v e f a c t o r ; indeed the movement of water i n i t s e l f has 

been p a r t i c u l a r l y s t r e s s e d by v a r i o u s workers (e.g. K u l i z y n s k i , 1949; 

Gorham, 1950; Bellamy, 1968). 

Chemical and vegetation d i s t i n c t i o n s between fen, poor fen, and bog 

were thus accepted at the g e n e r a l l e v e l (Du R i e t z , 1949 and 1954), but the 

e x i s t e n c e of c r i t i c a l chemical l i m i t s and the concept of ' i n d i c a t o r 

v e g e t a t i o n ' encountered c r i t i c i s m s . 

I t i s easy to a p p r e c i a t e why e f f o r t s had been made to d e f i n e d i s c r e t e 

v e g e t a t i o n u n i t s w i t h d i s t i n c t chemical perameters when we r e a l i s e t h a t i n 

the t h r e e or four decades preceding 1950, most European e c o l o g i s t s had been 

t r a i n e d i n a t r a d i t i o n of phytosociology which adopted the organismal 

concept of community almost as a s a c r o s a n c t tenet. Seen i n t h i s l i g h t , 



S j o r s ' c o n c l u s i o n that mire vegetation could not be considered as being 

composed of d i s c r e t e taxa i s - a development of c o n s i d e r a b l e s i g n i f i c a n c e 

( S j o r s , 1950a). S j o r s d i v i d e d the mire system from fen to bog i n t o 

seven types based upon f l o r a l assemblages of i n d i c a t o r s p e c i e s , but he 

c o n s i d e r s t h e s e are a b s t r a c t i o n s from a continuum of v e g e t a t i o n change 

and a r e not f i n i t e u n i t s on the r e a l mire s u r f a c e ( o . c . 248-249). 

The e x i s t e n c e of g r a d i e n t s i n mires, whether i n the form of a 

continuum or d i s c r e t e t a x a , had been i m p l i c i t i n most r e p o r t s of mire 

i n v e s t i g a t i o n s s i n c e the work of Weber. Even i n F i n l a n d , where the 

c l a s s i f i c a t i o n i s based upon t r e e stand (Cajander, 1913), more d e t a i l e d 

i n v e s t i g a t i o n s recognised, and u t i l i s e d g r a d i e n t s (e.g. R u u h i j a r v i , 1960; 

Heikurainen, 1972). North American mires have been d e s c r i b e d i n terms 

of g r a d i e n t s (Heinselman, 1970; P o l l e t t , 1972); and i t i s i n t e r e s t i n g to 

note t h a t Osvald, i n h i s postumus paper on North American peatlands, 

accepted the v a l i d i t y of the continuum concept f o r mire complexes i n that 

country (Osvald, 1970, p. 9 4 ) . 

The concepts of i n d i c a t o r s p e c i e s , c r i t i c a l c a l c i u m l e v e l s , and 

Ca/Mg r a t i o s (<1 i n ombrotrophic peat and water) have been of only 

l i m i t e d u s e f u l n e s s i n d e f i n i n g d i f f e r e n t types of peatland, e s p e c i a l l y 

i n N.W. B r i t a i n , and W. S c a n d i n a v i a . From h i s d e t a i l e d study of a 

Swedish fen, Gorham (1950) concluded that supposed t o l e r a n c e ranges of 

s p e c i e s was of very l i m i t e d value as a c r i t e r i o n of minerotrophy; and 

f o l l o w i n g t h e i r measurements of c a l c i u m i n mire waters of Northern 

B r i t a i n , Gorham and P e a r s a l l (1956) c r i t i c i s e d the value of c a l c i u m 

c o n c e n t r a t i o n as a c r i t e r i o n of bog development, concluding t h a t the amount 

of water i n s o i l was e q u a l l y , i f not more important. I n the T o r n e t r a s k 

area of Northern Sweden, Sonesson (1970a) was unable to d i s t i n g u i s h 

d i f f e r e n t mi re types on the b a s i s of f l o r i s t i c s : he found fen p l a n t s 

and minerotrophic c o n d i t i o n s near to the s u r f a c e of bog s i t e s , and 
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decided that the hydrotopographic c o n d i t i o n s i n the region must have 

been d i f f e r e n t from those elsewhere. 'Fen p l a n t s ' a r e a l s o found 

growing on the 'bogs' of Western I r e l a n d (Gorham, 1953a). Attempts to 

r e l a t e peat type and f l o r i s t i c s w i t h d e t a i l e d a n a l y s i s of peat chemistry 
it ii ii have a l s o produced d i s c r e p a n c i e s ( K i v e k a s and K a i l a , 1957; Mornjso, 1968). 

R e c e n t l y Schneekloth and Schneider (1972) conclude t h a t i t was not 

p o s s i b l e to i n f e r s p e c i f i c growth c o n d i t i o n s i n German mires from the 

vegetation. The l a s t mentioned authors wrote a statement which i s 

apposite i n the context of some of the above f a c t s : 'There i s no develop

mental sequence f o r bogs which could be extended to c o n s i s t e n t s y s t e m a t i c s 

... a bog i s c h a r a c t e r i s e d by p a r t l y u n c o r r e c t a b l e c r i t e r i a ' ( t r a n s l . 

p. 62). 

I n p r a c t i c e the v a l u e of f l o r i s t i c s as a c r i t e r i o n of peat q u a l i t y 

i s probably a f u n c t i o n of the d e t a i l i n which the information i s r e q u i r e d , 

many workers have u t i l i s e d v e g e t a t i o n cover of mires as an i n d i c a t i o n of 
I I 

g e n e r a l land-use p o t e n t i a l ( e.g. P u u s t j a r v i , 1960; Abramova, 1965; 

Boch, 1965; Holmen, 1964). One p o s s i b l e reason f o r the problems that 

have a r i s e n i n attempts to develop a chemical background t o the mire 

complex, i s t h a t so much a t t e n t i o n has been paid to chemistry of the mire 

water. The composition of water e n t e r i n g a complex depends upon c l i m a t e , 

rock type of the catchment, uptake 'by vegetation, e t c . The d a i l y 

v a r i a t i o n i n p r e c i p i t a t i o n w i l l a f f e c t the d i l u t i o n , which i n turn w i l l 

a f f e c t the i o n i c c o n c e n t r a t i o n s . C o n t i n u a l monitoring of the water 

composition over a period of y e a r s would be r e q u i r e d to provide an 

e s t i m a t e upon which any confidence could be placed. Provided t h a t the 

mire has developed n a t u r a l l y , i t i s p o s s i b l e that a more s a t i s f a c t o r y 

i n t e g r a t i o n of the chemical c o n d i t i o n s might be obtained by a n a l y s i s of 

the t o t a l q u a n t i t i e s i n peat, or i n the vegetation cover; the evolved 

homeostasis of the mire ecosystem reduces the extent to which d a i l y 
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f l u c t u a t i o n s i n water composition w i l l be r e f l e c t e d i n the chemical 
composition of e i t h e r the peat or the v e g e t a t i o n . 

There are very many reported determinations of chemicals i n peat, 

but only a minority of these have been made w i t h r e f e r e n c e to the mire 

e c o c l i n e . There have a l s o been numerous r e p o r t s on the chemical 

c o n s t i t u t i o n of the v e g e t a t i o n over the y e a r s . (e.g. Wiegmann, 1837; 

Z a i l e r and Wilk, 1907; Minssen, 1913; Simonis and H i r s c h , 1962), but 

again the number of d e t a i l e d s t u d i e s of the v e g e t a t i o n chemistry w i t h 

r e s p e c t to the e c o c l i n e a r e very few (e.g. K i v i n e n , 1933; Gorham, 1953; 

Maimer and S j o r s , 1955; Maimer, 1962b). These and o t h e r s w i l l be 

d i s c u s s e d i n more d e t a i l l a t e r . 

I f one s c r u t i n i s e s the data a v a i l a b l e f o r the mire chemical g r a d i e n t , 

s u r p r i s i n g l y few f a c t s a r e c o n s i s t e n t i n the d i f f e r e n t r e p o r t s . I t i s 

p o s s i b l e to s t a t e w i t h confidence that c a l c i u m and magnesium are 

present i n high c o n c e n t r a t i o n s i n fen peat and fen v e g e t a t i o n , but l i t t l e 

e l s e . There a r e p o s s i b l y t h r e e main reasons f o r t h i s s i t u a t i o n . (1) 

P h y t o s o c i o l o g i s t s g e n e r a l l y do not have a s t r o n g i n c l i n a t i o n towards 

chemistry, and peat chemists often do not have the taxonomic knowledge 

r e q u i r e d to a b s t r a c t d e t a i l e d p h y t o s o c i o l o g i c a l g r a d i e n t s ; apart from the 

f a c t t h a t phytosociology i t s e l f i s a somewhat e s o t e r i c s u b j e c t . ( 2 ) U n t i l 

recent y e a r s , i n s t r u m e n t a t i o n appropriate f o r r a p i d and d e t a i l e d chemical 

a n a l y s i s has not been a v a i l a b l e ; t h i s i s e s p e c i a l l y t r u e w i t h r e s p e c t to 

t r a c e element and n i t r o g e n f i x a t i o n s t u d i e s . ( 3 ) There a r e few l o c a t i o n s 

where an u n i n t e r r u p t e d chemical gradient from bog to fen can be s t u d i e d 

without too much c o m p l i c a t i o n being introduced by v a r i o u s other g r a d i e n t s 

t h a t e x i s t on mires ( S j o r s , 1950b). 

6 ( c ) Nitrogen, phosphorus and the mire e c o c l i n e 

From the previous s e c t i o n i t w i l l be apparent that most of the 
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c r i t i c a l c h emical i n v e s t i g a t i o n s of the bog-fen e c o c l i n e have cent r e d 

upon acid-base r e l a t i o n s h i p s , or c o n c e n t r a t i o n s of the a l k a l i - e a r t h 

c a t i o n s . Calcium dominates the acid-base r e a c t i o n , and although the 

l a t t e r i s g e n e r a l l y regarded as being one of, i f not the most important 

c a u s a t i v e f a c t o r of the p h y t o s o s i o l o g i c a l g r a d i e n t , t h e r e i s no evidence 

that c a l c i u m i t s e l f i s d i r e c t l y i n v o l v e d ; i n f a c t S j o r s c o n s i d e r s that 

c a l c i u m i s probably never l i m i t i n g , even on the most n u t r i e n t poor 

bogs (Maimer and S j o r s , 1955, p. 61). I f the a c i d - b a s e s t a t u s i s the main 

determinant of the g r a d i e n t , i t i s l i k e l y much of i t s a f f e c t i s v i a other 

chemicals. Many workers have concluded t h a t a d e f i c i e n c y i n phosphorus 

l i m i t s growth on ombrotrophic s i t e s ( e .g. Tamm, 1954; McVean, 1959; Maimer, 

1962b; Holman, 1964; Watt and Heinselman, 1965); n i t r o g e n has l e s s 

f r e q u e n t l y been proposed as a l i m i t i n g chemical. I n t h i s context i t i s 

p e r t i n e n t to note that Saebo (1970), i n h i s s h o r t review of xeromorphy 

i n bog p l a n t s , concluded that these p l a n t s are w e l l adapted to low l e v e l s 

of a v a i l a b l e n i t r o g e n . 

There have been few, i f any, i n v e s t i g a t i o n s designed s p e c i f i c a l l y 

to study phosphorus and n i t r o g e n i n mire.s w i t h r e s p e c t to the e c o c l i n e . 

No doubt one reason f o r t h i s i s t h a t a n a l y t i c a l procedures f o r these two 

elements a r e more d i f f i c u l t and time consuming than f o r the c a t i o n s , and 

t h i s i s e s p e c i a l l y t r u e f o r nitrogen. Regarding n i t r o g e n f i x a t i o n i n 

peatlands, t h e r e have been few i n v e s t i g a t i o n s of any d e s c r i p t i o n , and most 

of those w i t h which I am aquainted have been d i s c u s s e d i n Chapters 1 and 4. 

S t u d i e s of h e t r e o t r o p h i c n i t r o g e n f i x a t i o n w i t h regard to the mire e c o c l i n e 

are, to the best of my knowledge, n o n - e x i s t e n t , although some i n v e s t i 

g a t i o n s concerning the d i s t r i b u t i o n of Alnus sp. and Myrica sp. have 

re l e v a n c e to the n i t r o g e n balance, and t h e s e w i l l be d i s c u s s e d i n 

Chapter 12. Although s t u d i e s i n v o l v i n g phosphorus and n i t r o g e n i n mires 

have r a r e l y been designed s p e c i f i c a l l y w i t h r e f e r e n c e to the e c o c l i n e , 
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workers often present t h e i r data i n a manner which approximately 

corresponds to the p h y t o s o c i o l o g i c a l g r a d i e n t , or they g i v e d e t a i l s of 

pH, base s a t u r a t i o n , ash content, or f l o r i s t i c s which permit such an 

approximation to be made. Thus i t appears that the t o t a l n i t r o g e n content 
i t 

of peat i s lower i n bogs than i n fens (Gorham, 1953; S j o r s , 1961; Maimer, 

1962a; Sonesson, 1971b). The same appears to be t r u e f o r t o t a l phosphorus 

although the few data a v a i l a b l e do not demonstrate such an obvious 

gradient ( K a i l a , 1956; S j o r s , 1961; Maimer, 1962a; P o l l e t t , 1972). 

Thus i t i s g e n e r a l l y considered t h a t bogs c o n t a i n l e s s phosphorus 

and n i t r o g e n than fens, however, although the few data on t o t a l n i t r o g e n 

and phosphorus lend some support f o r t h i s contention, the r e s u l t s f o r 

e a s i l y s o l u b l e phosphorus ( o f t e n regarded as a v a i l a b l e phosphorus) a r e 

i n c o n c l u s i v e . S j o r s (1961) i n h i s chemical survey of Swedish s o i l s found 

the lowest v a l u e s i n peat land to occur i n poor fens; Holman (1964) 

recorded an i n c r e a s e i n l a c t a t e s o l u b l e phosphorus w i t h i n c r e a s i n g a c i d i t y 

of s i t e s d r a i n e d f o r f o r e s t r y , and i n Maimer's study of a n u t r i e n t poor 

mire i n Gotland the highest l e v e l s of a v a i l a b l e phosphorus were found on 

bog s i t e s (Maimer, 1962a). These r e s u l t s , together w i t h o t h e r s to be 

d i s c u s s e d i n Chapters 10 and 12, suggest that the higher l e v e l s of t o t a l 

phosphorus i n fen peat may not be matched by higher l e v e l s of s o l u b l e 

phosphorus. The few data on s o l u b l e n i t r o g e n known to me a l s o show no 

obvious t r e n d s , these too w i l l be f u l l y d i s c u s s e d l a t e r . 

The e a r l i e s t f o l i a r a n a l y s i s of bog p l a n t s dates back at l e a s t 140 

y e a r s (Wiegmann, 1837) and i n the present context i t i s i n t e r e s t i n g to note 

that Wiegraann found more phosphorus i n the l e a v e s of the fen s p e c i e s Carex 

•Caespitosa than i n the bog s p e c i e s Eriophorum vaginatum. S i n c e then 

t h e r e have been i n v e s t i g a t i o n s i n v o l v i n g the chemical composition of mire 

s p e c i e s , but most of these have been d i r e c t e d towards s i t e p o t e n t i a l f o r 

a g r i c u l t u r a l or f o r e s t r y purposes, (e.g. Watt and Heinselmen, 1965; 
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Holmen, 1964). Gorham (1953b) found that the n i t r o g e n content of bog 

p l a n t s was lower than fen p l a n t s , t h i s work i n v o l v e d the a n a l y s i s of a 

number of s p e c i e s from s e v e r a l l o c a t i o n s i n the E n g l i s h Lake D i s t r i c t . 

Maimer and S j o r s (1955) a n a l y s e d samples of a s i n g l e s p e c i e s (Menyanthes 

t r i f o l i a t a ) from s e v e r a l v e g e t a t i o n types at one mire, no trends i n e i t h e r 

phosphorus or n i t r o g e n a r e apparent from t h e i r r e s u l t s . 

6(d) O b j e c t i v e s and arrangement of P a r t Two 

The above d i s c u s s i o n draws a t t e n t i o n to the d e a r t h of information 

regarding n i t r o g e n and phosphorus i n r e l a t i o n to peatlands, e s p e c i a l l y 

w i t h regard to the chemistry of the p l a n t s themselves; i t was a l s o pointed 

out that p r e v i o u s l y t h e r e have been no i n v e s t i g a t i o n s i n t o the d i s t r i b 

u t i o n of h e t e r o t r o p h i c n i t r o g e n f i x a t i o n i n peatlands. The second h a l f 

of t h i s t h e s i s i s concerned w i t h these a s p e c t s of mire chemistry. Many 

other chemical parameters have been estimated i n both the peat and 

vegetation, these a r e somewhat a n c i l l a r y to the main o b j e c t i v e s , and 

although the data are presented i n Chapter 11 they a r e not d i s c u s s e d 

so f u l l y . 

Chapter 7 c o n t a i n s d e t a i l s and, where a p p r o p r i a t e , d i s c u s s i o n 

concerning c h o i c e of methods. For convenience some d e t a i l s of the 

p h y t o s o c i o l o g i c a l a n a l y s i s a r e a l s o presented i n t h i s s e c t i o n . The f i e l d 

and p r e l i m i n a r y l a b b r a t o r y procedures are d e s c r i b e d , but not d e t a i l s of 

the a n a l y t i c a l methods u t i l i s e d f o r e s t i m a t i o n of d i f f e r e n t chemicals 

and n i t r o g e n f i x a t i o n , those being d e a l t with i n the a p p r o p r i a t e c h a p t e r s . 

Chapter 8 p r e s e n t s r e s u l t s of the n i t r o g e n f i x a t i o n f i e l d i n v e s t i 

g a t i o n s , w i t h s p e c i a l a t t e n t i o n being paid to chemical f a c t o r s which might 

a f f e c t the r a t e of a c t i v i t y . 

Chapter 9 examines the d i s t r i b u t i o n of N i n peat and vegetation 

w i t h r e s p e c t to the mire e c o c l i n e . Chemical f a c t o r s which may a f f e c t the 
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n i t r o g e n content of mire v e g e t a t i o n , as w e l l as the extent to which the 
d i f f e r e n t forms of i n o r g a n i c n i t r o g e n i n peat may be used as an i n d i c a t i o n 
of a v a i l a b l e n i t r o g ^ n ^ ore Ccms!o\etf-ecl. 

Chapter 10 repeats Chapter 9 f o r phosphorus. 

Chapter 11 d e a l s b r i e f l y w i t h c a t i o n s i n r e l a t i o n to the e c o c l i n e . 

Chapter 12 examines i n t e r r e l a t i o n s h i p s between the v a r i o u s parameters, 

and d i s c u s s e s some t h e o r e t i c a l i m p l i c a t i o n s of the f i n d i n g s . A g e n e r a l 

summary of n i t r o g e n f i x a t i o n i n peatlands i s a l s o presented i n t h i s 

chapter. 

6 ( e ) Choice of l o c a t i o n s 

I n order to study m i n e r a l o g i c a l changes along a mire gr a d i e n t i t i s 

a p r e - r e q u i s i t that a wide range of vegetation should e x i s t i n the mire 

complexes developing w i t h i n a s i n g l e water catchment. L o c a t i o n s w i t h a l l 

phases of the n u t r i e n t e c o c l i n e w e l l developed a r e d i f f i c u l t to f i n d i n 

England, where one type or another u s u a l l y predominates. F o r example, 

most of the mires i n E a s t A n g l i a tend to be rheotrophic, whereas i n 

S c o t l a n d and the North of England they a r e predominately ombrotrophic. 

F l a t t e r t i a r y mires, where a wide range of types develop w i t h i n a s i n g l e 

complex, occur e x t e n s i v e l y i n c e n t r a l Europe (Moore and Bellamy, 1974). 

I t i s f o r t h i s reason that l o c a t i o n s i n Southern Germany were chosen as the 

main i n v e s t i g a t i o n s i t e s . 
i i 

P f r u l e Moss, s i t u a t e d between Murnau and Garmisch, i s a t e r t i a r y 

mire of s e v e r a l square k i l o m e t e r s i n .area, w i t h i n t h i s mire complex many 

d i f f e r e n t s t a g e s i n the fen-bog e c o c l i n e a r e very w e l l developed; f o r 

t h i s reason P f r u l e Moss was chosen as the main i n v e s t i g a t i o n a r e a . The 

chemical gradient i s one of, and p o s s i b l y the dominant gradient i n mires, 
• i 

however, o t h e r s do e x i s t ( S j o r s , 1950b). At P f r u l e Moss the e f f e c t of 

o t h e r g r a d i e n t s was reduced by u t i l i s i n g the open mire expanse of pioneer 

v e g e t a t i o n as the main i n v e s t i g a t i o n a r e a , and avoiding, as f a r as p o s s i b l e , 
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open pools, humbcks, t r e e s , s p r i n g s and mud bottoms. P f r u l e Moss was 

chosen as the l o c a t i o n f o r the main i n v e s t i g a t i o n because a wide range 

of v e g e t a t i o n types corresponding to d i f f e r e n t p a r t s of the e c o l c i n e a r e 

prese n t , without e x t e n s i v e development of the v a r i o u s s m a l l s c a l e 

hydrotopographic f e a t u r e s t h a t a r e very abundant i n Northern mire 

complexes. 

Some samples were a l s o c o l l e c t e d from t h r e e other l o c a t i o n s i n S. 

Germany: Wurzacher Rie d , Taufach Moss; and Grundlen R i e d ; these t e r t i a r y 

mires a l l c a r r y a wide range of vegetation, but not the e x t e n s i v e 

development of intermediate types found at P f u l e Moss 

The ecology of n i t r o g e n f i x a t i o n i n developing peat had r e c e i v e d 

l i t t l e or no a t t e n t i o n p r i o r to t h i s p r o j e c t , t h e r e f o r e t h i s aspect was 

considered s u f f i c i e n t l y important to warrent extending the i n v e s t i g a t i o n 

beyond the German s i t e s . A c e t y l e n e r e d u c t i o n t e s t s were c a r r i e d out on 

developing peat i n numerous s i t e s both i n the United Kingdom and elsewhere, 

although i n a l l c a s e s the range of mire types w i t h i n any one catchment 

was l i m i t e d . L o c a t i o n s , other than those i n Germany and the United 

Kingdom, were not chosen s p e c i f i c a l l y , but were surveyed when t r a v e l f o r 

other purposes made a v i s i t to the s i t e p o s s i b l e . 

A f u l l d e s c r i p t i o n of a l l the s i t e s v i s i t e d i s given i n Appendix A. 

6(g) Vegetation chemistry 

Previous attempts to study the chemistry of mire p l a n t s have u t i l i s e d 

i n d i v i d u a l s p e c i e s : e i t h e r one, two or s e v e r a l . A problem w i t h the use 

of i n d i v i d u a l s p e c i e s i s that no one s p e c i e s e x i s t s which grows throughout 

the e n t i r e mire e c o c l i n e , i n f a c t no important s p e c i e s covers more than 

about h a l f of i t . Another problem i s phenology: v a r i o u s s p e c i e s reach 

t h e i r v e g e t a t i o n peaks at d i f f e r e n t times, indeed a s i n g l e s p e c i e s may have 

s l i g h t l y d i f f e r e n t v e g e t a t i v e peak dates f o r each a s s o c i a t i o n i n which i t 
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occurs. I d e a l l y , many I f not a l l s p e c i e s should be analysed, p r e f e r a b l y 

throughout the season. T h i s would i n v o l v e a sampling and a n a l y t i c a l 

programme of c o n s i d e r a b l e s i z e , to the extent t h a t i t would c o n s t i t u t e 

a major i n v e s t i g a t i o n i n i t s own r i g h t . For t h i s p r o j e c t advantage was 

taken of the f a c t that a l l the vegetation under i n v e s t i g a t i o n i s herbaceous, 

thus e n a b l i n g samples of the e n t i r e sward to be cropped. Although t h i s 

method does not provide d e t a i l e d information regarding the chemistry of 

i n d i v i d u a l s p e c i e s , i t can*provide an i n t e g r a t e d r e s u l t f o r the e n t i r e 

v e g e t a t i o n at approximately the s e a s o n a l peak of v e g e t a t i v e growth. 

I m p l i c i t i n t h i s work i s the assumption t h a t , i n t h i s n a t u r a l system, the 

veg e t a t i o n chemistry w i l l have evolved to a steady s t a t e s i t u a t i o n w i t h 

the edaphic chemical template. I t i s t h i s steady s t a t e s i t u a t i o n which 

i s being i n v e s t i g a t e d . 
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CHAPTER SEVEN ; 

DISCUSSION AND DESCRIPTION OF METHODS 

7 ( a ) F i e l d methods 

At the German l o c a t i o n s , stands of apparently homogenous herbaceous 

vegetation were s e l e c t e d f o r sampling, and a plant l i s t recorded f o r 

each one u s i n g Braun Blanquet c o v e r / s o c i a b i l i t y s c a l e (aufname) (Braun 

Blanquet, 1961), An area of approximately 4 m2 was marked out and 6 or 

7 s u b - s i t e s randomly l o c a t e d w i t h i n t h i s a r e a . I n g e n e r a l , vegetation 

types which were not c o n s i d e r a b l y l a r g e r than the above mentioned 4 m2 

were not examined, but i n some ombrotrophic a r e a s s m a l l s c a l e mosaics 

were encountered ( c . 1 m2 ) , these were sampled by l o c a t i n g one s u b - s i t e 

i n each of s e v e r a l s i m i l a r patches of the mosaic: Sphagnetum c u s p i d a t a e 

and Sphagnetum mage1lanicae a r e examples of vegetation types where t h i s 

procedure was used. 

A sample of the above-ground vegetation was cropped from each stand, 

i n order to o b t a i n an i n t e g r a t e d r e s u l t f o r the vegetation chemistry at 

v a r i o u s l o c a t i o n s along the e c o c l i n e . At each s u b - s i t e the v e g e t a t i o n 

i n about 30 cm sq. was cropped to the l e v e l of the peat. (Some 

ombrotrophic vegetation was cropped to the lower l i m i t of obvious photo-

s y n t h e t i c t i s s u e ) . A core of peat 15 cm sq. and 20 cm deep was then 

e x t r a c t e d from each of the s u b - s i t e s w i t h a long k n i f e . A t o t a l of 

approximately 3D0 vegetation samples and 300 peat c o r e s were c o l l e c t e d 

from the 50 v e g e t a t i o n stands. A l l the vegetation samples from the sub-

s i t e s of each stand were bulked, as were the peat c o r e s , so t h a t one 

composite sample of peat and one of vegetation from each stand was 

obtained. The 100 composite samples were s t o r e d i n p l a s t i c bags, those 

c o n t a i n i n g peat being h e r m e t i c a l l y s e a l e d . 
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I n order to reduce the e f f e c t of d a i l y and s e a s o n a l v a r i a t i o n , 

samples of vegetation and peat were c o l l e c t e d between 10.00 a.m. and 

2.00 p.m. during J u l y . F i e l d work connected w i t h n i t r o g e n f i x a t i o n 

was not r e s t r i c t e d to J u l y , and was c a r r i e d out between 1971 and 1974; 

a l l other a s p e c t s of f i e l d work were completed during the summers of 1972 

and 1973. I n 1972 a l i m i t e d range of vegetation and peat was c o l l e c t e d 

and analysed. I n 1973 the survey was repeated and extended. 

7(b) P r e l i m i n a r y l a b o r a t o r y procedures 

The v e g e t a t i o n samples were s o r t e d i n t o s p e c i e s which were d r i e d 

f o r 48 h, and then weighed. A f t e r weighing, the v e g e t a t i o n samples from 

each stand were r e c o n s t i t u t e d by re-combining the s p e c i e s . Each sample 

was then ground and s t o r e d i n p r e p a r a t i o n f o r chemical a n a l y s i s . The 

biomass of each s p e c i e s was u t i l i s e d i n the p h y t o s o c i o l o g i c a l a n a l y s i s . 

E r c h peat sample was d i v i d e d i n t o two p a r t s , one of these was used 

to e s t i m a t e exchangeable and a v a i l a b l e elements, water content, and pH. 
o 

The other sample was d r i e d at 90 C f o r 72 h, then ground and s t o r e d f o r 

measurements of t o t a l elements and ash. Volume to weight r a t i o s were 

determined by weighing a known volume of f r e s h peat. 

E s t i m a t i o n of a v a i l a b l e and exchangeable elements was s t a r t e d as soon 

as the peat samples reached the l a b o r a t o r y . 

Ash content was determined by l o s s on i g n i t i o n at 360°C f o r 24 h; 

pH was measured by i n s e r t i n g the e l e c t r o d e of a pH meter d i r e c t l y i n t o 

the f r e s h peat, and t o t a l carbon i n the 1972 peat samples was estimated by 

gas chromatography. 
o 

The f r e s h peat was s e a l e d i n p l a s t i c bags, and s t o r e d at 4 C between 

the v a r i o u s s e t s of a n a l y s e s . 

A l l other experimental d e t a i l s a re d e s c r i b e d i n the appropriate 

chapters. 



59 

7 ( c ) Phytosociology 

The main o b j e c t i v e of t h i s r e s e a r c h was a d e t a i l e d i n v e s t i g a t i o n 

of the r e l a t i o n s h i p between i n o r g a n i c n u t r i e n t s , and vegetation a s s o c i a t e d 

w i t h the s u c c e s s i o n a l change from f e n s to bogs; t h e r e f o r e a d e t a i l e d 

d i s c u s s i o n of the v a r i o u s schools of phytosociology would be out of p l a c e 

i n the present context. However, i t i s necessary to c o n s i d e r the v a r i o u s 

techniques i n order to achieve the most e f f e c t i v e a n a l y s i s of the r e s u l t s . 

Reviews of the philosophy, together w i t h e v a l u a t i o n s of the methods, have 

been presented i n many recent p u b l i c a t i o n s (e.g. Tuxen, 1973; Gauch and 

Whittaker, 1972; Whittaker, 1967). The f o l l o w i n g s e c t i o n d e a l s with the 

method used i n t h i s p r o j e c t , and reasons f o r the choice. 

A study of the i n t e r r e l a t i o n s h i p s between peat chemistry and the 

chemical c o n s t i t u t i o n of the v e g e t a t i o n as such, can be handled by numerous 

s t a t i s t i c a l procedures; however an i n v e s t i g a t i o n of chemical i n t e r a c t i o n 

along an e c o c l i n e r e q u i r e s the v e g e t a t i o n samples (aufnamen) to be 

arranged i n a sequence ( o r d i n a t e d ) , such that the o r d i n a t e d aufnamen 

become a t r u e r e f l e c t i o n of the c o e n o c l i n e . D i r e c t o r d i n a t i o n of the 

aufnamen on the b a s i s of some chemical f a c t o r would give information i n 

r e l a t i o n to that p a r t i c u l a r f a c t o r , but t h i s would not r e l a t e to the f e n / 

bog co e n o c l i n e , u n l e s s the f a c t o r chosen was the c r i t e r i o n of t h i s g r a d i e n t . 

There a r e s e v e r a l other reasons why I considered t h i s type of d i r e c t 

o r d i n a t i o n u n s u i t a b l e , the f i r s t being t h a t i n the present context i t could 

l e a d to c i r c u l a r arguments. Secondly, i t i s l i k e l y that many f a c t o r s 

i n t e r a c t along the fen-bog e c o c l i n e ( i . e . i t i s a com p o s i t i o n a l g r a d i e n t ) . 

F i n a l l y , i t i s the a v a i l a b l e m i n e r a l s i n the peat, r a t h e r than t o t a l 

amounts, that a r e more important i n c o n t r o l l i n g the ve g e t a t i o n , i n which 

ca s e s e a s o n a l f l u c t u a t i o n s could lead to c o n s i d e r a b l e e r r o r s . Vegetation 

m a n i f e s t s an i n t e g r a t i o n of a l l the environmental parameters, t h e r e f o r e an 

o r d i n a t i o n based upon vegetation r e l a t i o n s h i p s o f f e r e d a more r e l i a b l e way 



of arranging the aufnamen such t h a t they become a reasonably a c c u r a t e 

r e p r e s e n t a t i o n of the fen-bog c o e n o c l i n e . 

Having accepted that an o r d i n a t i o n based upon f l o r i s t i c s was 

re q u i r e d , then a number of methods were a v a i l a b l e . A s u b j e c t i v e o r d e r i n g 

of the aufnamen based upon previous experience might be considered 

s a t i s f a c t o r y when only a few samples widely placed i n the c o e n o c l i n e a r e 

involved, but t h i s method i s u n l i k e l y to be s u c c e s s f u l when more than a 

few v e g e t a t i o n types are being i n v e s t i g a t e d . 

An i n d i r e c t o r d i n a t i o n based upon f l o r i s t i c r e l a t i o n s h i p s to p o l a r 

aufnamen was a l s o considered. T h i s method, developed by the Wisconsin 

School of phytosociology (e.g. Bray & C u r t i s , 1957), s e l e c t s the two 

most d i s s i m i l a r aufnamen by examining a f u l l matrix of comparisons. The 

r e s t of t h e aufnamen a r e g e o m e t r i c a l l y l o c a t e d on the a x i s by comparing 

each one i n t u r n w i t h the two p o l a r aufnamen. However, t h e r e a r e s e v e r a l 

problems when the y3 d i v e r s i t y ( r a t e of f l o r i s t i c change along the 

c o e n o c l i n e ) i s high. The f i r s t i s that s e v e r a l p a i r s of aufnamen are 

l i k e l y to have the same degree of d i s s i m i l a r i t y , and the p a i r s e l e c t e d 

may not re p r e s e n t end p o i n t s of the a x i s . Another problem which a r i s e s 

when the p o l a r aufnamen are very d i s s i m i l a r i s t h a t many aufnamen, not 

a s s o c i a t e d w i t h e i t h e r pole, w i l l c l u s t e r i n the middle of the a x i s . The 

standard Wisconsin procedure would be to u t i l i s e t h i s c l u s t e r as the 

b a s i s of a second a x i s r e p r e s e n t i n g another environmental parameter, but 

when the p o l a r aufnamen of the f i r s t a x i s a r e f l o r i s t i c a l l y very d i f f e r e n t , 

t h i s clumping i s merely an a r t i f a c t of the method, and a second a x i s 

i s not n e c e s s a r i l y j u s t i f i e d . 

Maycock and C u r t i s (1960) have suggested that the aufnamen could 

be d i v i d e d i n t o 2, 3, or 4 s e t s w i t h known r e l a t i o n s h i p s to each other, 

each then being o r d i n a t e d by means of a p a r t i a l m a t r i x of comparisons 

(one matrix f o r each s e t ) . A f t e r each s e c t i o n has been or d i n a t e d they 
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are then f i t t e d together. They a l s o c o n s i d e r i t more s a t i s f a c t o r y to 

s e l e c t the p o l a r aufnamen by u t i l i s i n g previous experience whenever 

p o s s i b l e . Many, but not a l l of the aufnamen recorded during t h i s r e s e a r c h 

could have e a s i l y been placed i n t o the category of rheotrophic, i n t e r 

mediate or ombrotrophic mire types, t h e r e f o r e t h i s method was attempted. 

However, the r e s u l t i n g o r d i n a t i o n placed many aufnamen i n p o s i t i o n s 

bearing no r e l a t i o n s h i p to t h e i r l o c a t i o n i n the mire coenocline, t h i s 

was probably due to the f a c t that s e v e r a l aufnamen could not be placed 

w i t h c e r t a i n t y i n t o one of the three c a t e g o r i e s . The method was 

e v e n t u a l l y abandoned. 

An o r d i n a t i o n based upon the degree of rheotrophy or ombrotrophy 

e x h i b i t e d by aufnamen was then considered; such a method was used by 

Whittaker (1960) i n h i s s t u d i e s of the S i s k i y o u Mountain vegetation. 

Whittaker ( o . c . ) gave each of the major s p e c i e s a c o e f f i c i e n t of 0, 1, 

2 or 3 depending upon i t s hydrophily. These c o e f f i c i e n t s were then u t i l i s e d 

to d e r i v e a weighted average f o r each aufname ( w i t h respect to m o i s t u r e ) , 

these averages were then used f o r l o c a t i n g the aufnamen on the moisture 

gr a d i e n t . The main problem w i t h t h i s technique i s that a knowledge of 

s p e c i e s t o l e r a n c e i s r e q u i r e d before a weighting can be a p p l i e d , such 

data were hot a v a i l a b l e f o r the s i t e s being i n v e s t i g a t e d . I t would have 

been p o s s i b l e to u t i l i s e the accumulated information of s p e c i e s d i s t r i b 

u t i o n on mires i n other p a r t s of Europe, but the r e l i a b i l i t y of such 

methods would be q u e s t i o n a b l e i n view of the f a c t s presented i n Chapter 6. 

I n order to d i s c o v e r the approximate range of s p e c i e s , aufnamen 

recorded during the 1973 survey of P f r u l e Moss were f i r s t arranged i n an 

approximate order from fen to bog. T h i s was achieved by o r g a n i s i n g a 

matrix of s i m i l a r i t y v alues so that the h i g h e s t values were near to the 

a x i s and the lowest at the c o r n e r s . Two c a t e g o r i e s of s i m i l a r i t y value 

a r e a v a i l a b l e : ( 1 ) a s i m i l a r i t y measure based upon presence and absence, 
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or ( 2 ) a s i m i l a r i t y measure based upon some q u a n t i t a t i v e measure. The 

i n d i c e s based upon presence or absence are g r e a t l y i n f l u e n c e d by s p e c i e s 

which a r e not abundant i n the v e g e t a t i o n ; c o n v e r s l y r a r e s p e c i e s have 

very l i t t l e a f f e c t on an index u t i l i s i n g a q u a n t i t a t i v e measure. The 

f i n a l ranking was based upon the average of two m a t r i c e s : one 

u t i l i s i n g presence and absence 

2C 
b + 100 (Stfrenson, 1948) 

where C i s the number of s p e c i e s common to both aufnamen, A and B the 

number of s p e c i e s present i n each aufname; the other, based upon the 

q u a n t i t a t i v e measure i s a m o d i f i c a t i o n of the above equation, 

n 
a 2 m i n (A.B.) (Bray and C u r t i s , 1957) 

i = l 1 1 

where and a r e performances of the i t h s p e c i e s expressed as a 

percentage of the t o t a l performance i n each of the aufnamen, A and B which 

a r e under comparison. 

D e t a i l e d data on s p e c i e s phytomass were obtained and a p p l i e d to the 

second of the above formulae, but the s i m i l a r i t y v a l u e s obtained w i t h 

t h e s e f i g u r e s were much too low t o be u s e f u l i n o r g a n i s i n g the matrix. 

S e v e r a l workers have concluded t h a t a s u b j e c t i v e e s t i m a t e of abundance, 

such as the Braun-Blanquet cover/abundance v a l u e s provide a b e t t e r b a s i s 

f o r the o r d i n a t i o n of vegetation types than d e t a i l e d measurements of 

every s p e c i e s ( B a n i s t e r , 1968; Moore, et a l . , 1970; Gauch and Whittaker, 

1972). Two of the p o s s i b l e reasons f o r t h i s a r e : ( 1 ) these s u b j e c t i v e 

e s t i m a t e s g i v e more weight to r a r e s p e c i e s than purely o b j e c t i v e measure

ment; and (2) the s u b j e c t i v e estimate i s based upon o b s e r v a t i o n of the 
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e n t i r e v e g e t a t i o n u n i t , whereas an o b j e c t i v e measurement i s u s u a l l y based 

upon a very s m a l l sample. Therefore the q u a n t i t a t i v e measure of per

formance f i n a l l y used was the Braun Blanquet cover abundance value 

transformed a c c o r d i n g to the s c a l e suggested by Moore et a l . (1970), as 

f o l l o w s : 

+ 1 2 3 4 5 
0.2 1 4 6 8.5 10.5 

Each transformed value was then expressed as a percentage of the sum of 

the transformed v a l u e s f o r i t s aufname. The r e s u l t i n g m a t r i c e s a r e d i s 

played i n F i g u r e 15. 

The next s t e p was to examine the performances of each s p e c i e s i n 

r e l a t i o n to the ranking obtained from the average of the two m a t r i c e s 

shown i n F i g u r e 15. T h i s was done f o r a l l the important s p e c i e s , and 

the d i s t r i b u t i o n s of those o c c u r r i n g i n 4 r e l e v e s or more a r e shown i n 

F i g u r e 16. The standing crop of each s p e c i e s expressed as a percentage 

of the t o t a l s t a n d i n g crop was used f o r t h i s purpose. Both range and 

modal p o s i t i o n were considered before a s s i g n i n g any s p e c i e s to a 

weighting. F i v e weightings were used: 0, 25, 50, 75 and 100, corresponding 

approximately to s p e c i e s c h a r a c t e r i s t i c of extreme r i c h fen, r i c h fen, 

fen, poor fen, and bog. The weighting given to a l l the important s p e c i e s 

i s shown i n T a b l e A23. 

F i n a l l y , the ctupncmen from each of the mires v i s i t e d i n S. Germany 

«ere or d i n a t e d on the b a s i s of the weighted index I , 

n 
I - 2 s.w. 

where S. i s the r e l a t i v e performance of the i t h s p e c i e s d e r i v e d from the 
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Braun Blanquet index as d e s c r i b e d above, and ¥L i s the weighting a s s i g n e d 

to the i t h s p e c i e s . Thus, the index r e f l e c t s the p o s i t i o n of the aufname 

on the n u t r i e n t e c o c l i n e without d i r e c t r e f e r e n c e to any chemical 

parameters. S u b j e c t i v e examination of the aufnamen suggested t h a t the 

d i s t r i b u t i o n of the i n d i c e s i n r e l a t i o n to the mire c a t e g o r i e s of S j o r s 

(1950) i s approximately as f o l l o w s : 

ERF RF F PF B 
0 12 37 62 87 100 

7(d) U n i t s 

Whether r e s u l t s a r e expressed i n m i l l i g r a m s , moles, e t c . , i s a 

matter of convention and does not a f f e c t comparative i n v e s t i g a t i o n s of a 

s i n g l e element, although when d i f f e r e n t elements a r e being compared 

m i l l i e q u i v a l e n t s may be considered more s a t i s f a c t o r y ; however whether s o i l 

r e s u l t s are expressed i n terms of u n i t volume, dry weight, organic content, 

area, f r e s h weight, e t c . , can a f f e c t the c o n c l u s i o n s reached. I n most 

e c o l o g i c a l work the q u a n t i t y of any element a v a i l a b l e i n s o i l i s u s u a l l y 

r e q u i r e d , but the u n i t which e x p r e s s e s t h i s most a c c u r a t e l y i s not known. 

In an examination of some 20 papers i n which peat chemistry i s reported 

i n r e l a t i o n t o a v a i l a b i l i t y t o p l a n t s I found t h a t 2 expressed r e s u l t s i n 

terms of per u n i t a r e a , 14 per u n i t volume, and 14 per u n i t dry weight. 

One a l s o reported the r e s u l t s i n terms of per u n i t o r g a n i c content. Only 
i i 

one d i s c u s s e d the problem of u n i t s , t h i s was S j o r s (1961) who c o n s i d e r s 

per u n i t volume a measure/total amount a v a i l a b l e , and per u n i t o r g a n i c 

content a measure of the i n t e n s i t y of an element. I t i s noteworthy t h a t 
I I 

S j o r s r e s u l t s show l i t t l e d i f f e r e n c e between v a l u e s obtained when r e s u l t s 

are expressed i n terms of per l i t r e of s o i l , and per 100 g humus. Many 

of the r e s u l t s obtained i n t h i s i n v e s t i g a t i o n were examined i n both per 
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u n i t humus and per gram dry weight of peat, and l i t t l e d i f f e r e n c e was 

found, except f o r a few extreme fen samples. I n t h e s e c a s e s the c l a y 

c o l o i d s can form a l a r g e f r a c t i o n of the peat or 'muck', and the s l i g h t l y 

h i gher f i g u r e s obtained when expressed i n terms of o r g a n i c content may 

misrepresent the i n t e n s i t y w i t h which an element i s r e t a i n e d . F u r t h e r 

more, i n order to express r e s u l t s i n terms of volume or o r g a n i c content, 

i t i s necessary to make s e v e r a l more laboratory measurements, thus 

compounding the experimental e r r o r s . 

I n view of the above c o n s i d e r a t i o n s , a l l data i n the diagrams 

r e l a t i n g to the e c o c l i n e have been expressed i n terms of u n i t dry weight, 

however information on volume and ash contents a r e r e p o r t e d i n the appendix 

so t h a t the reader may convert to t h e s e u n i t s i f he so wishes. The one 

e x c e p t i o n to t h i s i s i n Chapter 8 where p o t e n t i a l n i t r o g e n f i x a t i o n has 

been expressed ( a ) i n terms of volume, i n order to provide an i n d i c a t i o n 

of the t o t a l c o n t r i b u t i o n beneath each vegetation type; and (b) i n terms 

of o r g a n i c content f o r d e t a i l e d a n a l y s i s ; t h i s i s a more a c c u r a t e measure 

of the i n t e n s i t y of a c t i v i t y because the i n o r g a n i c f r a c t i o n could not 

p o s s i b l y c o n t r i b u t e to l i v i n g n i t r o g e n f i x a t i o n . 

7 ( e ) Notes on the s t a t i s t i c s used 

I n F i g u r e 17 a s e l e c t i o n of data have been p l o t t e d i n the form of 

frequency d i s t r i b u t i o n s , i t can be seen that many of these show marked 

skewness. Therefore " c e r t a i n s t a t i s t i c a l t e s t s which r e q u i r e normal 

d i s t r i b u t i o n of the e r r o r component a r e precluded, u n l e s s a transformation 

i s c a r r i e d out. The r i g h t hand s e t of f i g u r e s i l l u s t r a t e s the e f f e c t of 

l o g a r i t h m i c t ransformation, i t can be seen that i n most c a s e s normality i s 

reasonably approximated; a more complete l i s t of d e v i a t i o n s from normality 

and the e f f e c t of log t r a n s f o r m a t i o n i s shown i n Table A20. Therefore, 

i n a l l i n s t a n c e s where normality i s r e q u i r e d , the d i s t r i b u t i o n s were 
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examined, and i f necessary, log t r a n s f o r m a t i o n s c a r r i e d out. 

I n view of the l a c k of p r e v i o u s data on mire n i t r o g e n f i x a t i o n , I 

decided t h a t the e x t r a labour r e q u i r e d i n order to obtain an e s t i m a t e 

of f i e l d v a r i a b i l i t y was j u s t i f i e d , t h i s enables s t a t i s t i c a l l i m i t s to 

be a p p l i e d to the f i g u r e s f o r each v e g e t a t i o n type. Logarithmic t r a n s 

formation of the data gave an approximation to normality as w e l l as a 

s t a b i l i s a t i o n of the v a r i a n c e . Due to t h i s t r a nsformation, data on 

a c e t y l e n e r e d u c t i o n i n r e l a t i o n to the e c o c l i n e are presented i n the 

diagrams i n the form of log. geometric means; a r i t h m e t i c means can be 

found i n the Appendix. 

(Note: 1 was added to each f i g u r e before t r a n s f o r m a t i o n i n order 

to e l i m i n a t e z e r o s ) . 

The r e l a t i o n s h i p s of the v a r i o u s chemical parameters to the mire 

e c o c l i n e were examined by t e s t i n g the s i g n i f i c a n c e of the trends u s i n g 

l i n e a r , o r where necessary polynomial, r e g r e s s i o n techniques. 

The manner i n which v a r i o u s chemical f a c t o r s are r e l a t e d to n i t r o g e n 

f i x a t i o n , as w e l l as to n i t r o g e n and phosphorous i n the v e g e t a t i o n was 

i n v e s t i g a t e d by means of m u l t i p l e r e g r e s s i o n and p a r t i a l c o r r e l a t i o n 

methods. The g e n e r a l approach used f o r t h i s was as f o l l o w s : 

1. General s c r e e n i n g of p o t e n t i a l independent v a r i a b l e s by means of 

simple c o r r e l a t i o n c o e f f i c i e n t s . 

2. V a r i a b l e s w i t h a high c o r r e l a t i o n c o e f f i c i e n t w i t h the de

pendent v a r i a b l e were then examined f o r l i n e a r i t y w i t h the dependent 

v a r i a b l e , and c o - l i n e a r i t y amongst themselves. M u l t i p l e r e g r e s s i o n cannot 

be c a r r i e d out i f t h e r e i s high c o r r e l a t i o n between the independent 

v a r i a b l e s , t h e r e f o r e where r values g r e a t e r than 0.8 were found, one of 

the independent v a r i a b l e s was e l i m i n a t e d on the b a s i s of p a r t i a l 

c o r r e l a t i o n c o e f f i c i e n t s w i t h the dependent v a r i a b l e . 

3. For the a n a l y s i s of f a c t o r s a f f e c t i n g nitrogenase a c t i v i t y and 
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phosphorus i n vegetation, a log t r a n s f o r m a t i o n was used because i n 

a d d i t i o n to improving the r>or-mality, i t gave r i s e to a more n e a r l y 

l i n e a r r e l a t i o n s h i p w i t h the independent v a r i a b l e s , and s t a b i l i s e d the 

v a r i a n c e , both c h a r a c t e r i s t i c s being r e q u i r e d by r e g r e s s i o n techniques. 

4. The v a r i a b l e s which appeared to be most important as a r e s u l t of 

s t e p 2 were then s u b j e c t e d to step-wise r e g r e s s i o n procedure each f a c t o r 

being i n c l u d e d so as to maximise the explained v a r i a n c e . 

M u l t i p l e r e g r e s s i o n becomes i n a c c u r a t e when the number of v a r i a b l e s 

i s more than about ~ the number of data p o i n t s (Draper & Smith, 1967) and 

cognisance of t h i s f a c t was taken during the a n a l y s i s . 

F v a l u e s a d j a c e n t to i n d i v i d u a l f a c t o r s i n the t a b l e s r e f e r to the 

proportion of the v a r i a n c e accounted f o r by that f a c t o r , when the v a r i a n c e 

accounted f o r by the other f a c t o r s i n the equation is c o n t r o l l e d ( i . e . 

they a r e d e r i v e d from the s e m i - p a r t i a l c o r r e l a t i o n c o e f f i c i e n t s ) . The 

s i g n i f i c a n c e of each s t e p of the r e g r e s s i o n i s not shown, but w i t h n g r e a t e r 

than about 20, and the R 2 value ( c o e f f i c i e n t of m u l t i p l e determination) 

g r e a t e r than about 0.5, then i n c r e a s e s of 3-5% a r e s i g n i f i c a n t i n the 

p = 0.1-0.05 range. T h e r e f o r e the g e n e r a l l i m i t f o r increments i s s e t 

at 3% above R 2 = 0 . 5 . 

Beta values shown i n the t a b l e s are s t a n d a r d i s e d r e g r e s s i o n 

c o e f f i c i e n t s : these provide a u s e f u l i n d i c a t i o n of the r e l a t i v e i n f l u e n c e 

of the d i f f e r e n t f a c t o r s i n the r e g r e s s i o n equation as the e f f e c t of 

d i f f e r e n t u n i t s i s reduced. The more important s t a t i s t i c a l data are 

presented i n the form of t a b l e s , the r e s t i s summarised i n the t e x t . The 

f o l l o w i n g symbols are used i n a s s o c i a t i o n w i t h the s t a t i s t i c s : F = v a r i a n c e 

r a t i o ; n = number of samples; d.f. = degrees of freedom; s.e. = standard 

e r r o r of estimate; p =» the p r o b a b i l i t y l e s s than; N.S. not s t a t i s t i c a l l y 

s i g n i f i c a n t ; r = c o r r e l a t i o n c o e f f i c i e n t ; R 2 a c o e f f i c i e n t of m u l t i p l e 

determination. *p < 0.05; ** p < 0.01; ***p < 0.005. 



A l l the elementary s t a t i s t i c a l techniques employed are standard 

ones which can be found i n any s t a t i s t i c a l t e x t , the more advanced 

r e g r e s s i o n procedures are from Draper & Smith, (1967). The computer 

programmes are those of Nie, et a l . , (1972). 



CHAPTER EIGHT : 

HETEROTROPHIC NITROGENASE ACTIVITY IN VIRGIN PEATIANDS 

8( a ) Methods 

Peat samples, v a r y i n g i n number between 7 and 25, were c o l l e c t e d 

from each vegetation type sampled to a depth of 20 cm. About 15 ml of 

f r e s h peat from each sample was assayed i n 30 ml u n i v e r s a l b o t t l e s w i t h 

an incubation period of 4 hours i n the dark at ambient f i e l d temperature. 

At the end of the incubation period a sample of the gas was c o l l e c t e d and 

s t o r e d f o r a n a l y s i s (Waughman, 1971). 

The temperature was noted at various times throughout the assay 

period, and the average obtained. I n order to f a c i l i t a t e comparisons a l l 
o 

r a t e s of nitrogenase a c t i v i t y a re s t a n d a r d i s e d to 20 C u s i n g the technique 

d e s c r i b e d i n Chapter 5. 

I n order to determine the r e l a t i o n s h i p , i f any, between nitr o g e n a s e 

a c t i v i t y and s p e c i f i c chemical f a c t o r s , i t was necessary to a n a l y s e the 

peat c o r e s and vegetation samples. D e t a i l s of these v a r i o u s a n a l y s e s are 

d e a l t h w i t h i n Chapter 7, 9, 10 and 11. The method of e s t i m a t i o n used 

f o r nitrogenase a c t i v i t y has been d e s c r i b e d i n Chapter 4. 

8(b) The d i s t r i b u t i o n of n i t r o g e n f i x a t i o n i n peatlands 

The r e s u l t s of the survey a r e d i s p l a y e d i n F i g u r e s 18-20, and from 

these i t can be concluded at once that n i t r o g e n f i x a t i o n i s widespread i n 

peatlands. A c t i v i t y was e a s i l y detected i n every one of the 11 systems 

examined. Thus i t appears t h a t n i t r o g e n f i x a t i o n i n peatland s o i l s i s 

much more common than i n m i n e r a l s o i l s , to which an energy source must 

f r e q u e n t l y be added i f n i t r o g e n f i x a t i o n i s to be even detected. 

In peatland systems where i t was p o s s i b l e to assay more than one 
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mire type, the lowest r a t e s of a c t i v i t y were recorded i n ombrotrophic 

communities, and the highest i n the r h e o t r o p h i c ones: t h i s f e a t u r e i s 

apparent i n the r e s u l t s from German mires (Figures 19 arid 2 0 ), and i n those 

from Tarn Moor, Roydo.n Common, Achmelvich, Dun Moss, and Simanggang 

( F i g u r e 18). The rheotrophic mire at Simanggang s i t e i s i n f a c t 

R i v e r i n e Mangrove, and the ombrotrophic s i t e i s the adjacent Shorea 

a l b i d a f o r e s t ; these vegetation types are considered to have a r e l a t i o n 

s h i p which i s e q u i v a l e n t to the f e n s and bogs of Temperate lands, (Anderson, 

1964). 

F i g u r e s 18 A, B, D and E suggest that the r a t e of n i t r o g e n a s e 

a c t i v i t y i s i n f a c t q u i t e c l o s e l y r e l a t e d to the mire e c o c l i n e , g r a d u a l l y 

i n c r e a s i n g from bog to fen; however, these f i g u r e s a l s o suggest a marked 

d e c l i n e i n a c t i v i t y i n extreme r i c h f e n s , as compared w i t h r i c h fens 

( F i g u r e s 18A, B and C ) . The German s i t e s permitted a more d e t a i l e d 

examination of the r e l a t i o n s h i p between nitrogenase a c t i v i t y and peatland 

type, and i n these mires s i m i l a r trends were observed. A l l the t r e n d s 

shown i n F i g u r e s 19 and 20 a r e s t a t i s t i c a l l y s i g n i f i c a n t , except those f o r 

Wurzacher R i e d ( F i g u r e 19B). The general s t a t i s t i c a l s i g n i f i c a n c e of the 

q u a d r a t i c term i n the equations f o r trends i n F i g u r e s 18A, B and F i g u r e 

20 supports the suggestions made above t h a t a c t i v i t y i n extreme r i c h fen 

i s s i g n i f i c a n t l y lower than i n fens ( T a b l e 5 ) . The f e a t u r e was not 

observed i n the r e s u l t s from Taufach Moss, where no r i c h fens occur. 

I t must be emphasised t h a t these experiments were c a r r i e d out only 

during the peak growing seasons of 1972 and 1973, t h e r e f o r e i t i s not 

p o s s i b l e to d e r i v e a p r e d i c t i v e equation f o r n i t r o g e n f i x a t i o n which i s 

meaningful, and t h i s was not the o b j e c t i v e . However, hope th a t such an 

equation might be e v e n t u a l l y obtained by a development of the methods used 

here i s encouraged by the s i m i l a r i t y of equation obtained f o r Phrule Moss 

on the two s e p a r a t e s u r v e y s : 



B 
WURZACHER RIED 

PFRULE MOSS 1973 

L S D I 3 

.S.D.T 
2 

2 

0-44 N.S. 
0 ' 3 2 

100 8 0 8 0 4 0 2 0 100 8 0 6 0 4 0 2 0 

TAUFACH MOSS PFRULE M O S S 1972 

J 3 3 

LS.O.T LS.D.1 

2 2 

0-76 
0-92 

l i 100 8 0 8 0 4 0 2 0 6 0 8 0 2 0 4 0 100 

Weighted Index 

FIG.19 ACETYLENE REDUCTION BV FRESH PEAT FROM GERMAN HIRES IN RELATION TO THE MIRE ECOCLINE 
POINTS AS INDICATED, p - 0.05. R 2 VALUE OF TREND SHOWN. 

L.S.D. BETWEEN 



Table 5 

S i g n i f i c a n c e of the trends of nitrog e n f i x a t i o n i n r e l a t i o n to the mire 
e c o c l i n e . ( F i g u r e s 19 and 20) 
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Locat ion Source of 
reduct ion. 

Reduction 
i n sums of 
squares 

R e s i d u a l 
S.O.S. 
a f t e r re
duction 

Resid
u a l 
d.f. 

P f r u l e Moss 
1973 

l i n e a r 
q u a d r a t i c 

2.010 
1.068 

7.469 
6.400 

20 
19 

5.38* 
3.17* 

Wurzacher l i n e a r 
q u a d r a t i c 

0.600 
0.189 

1.181 
0.993 

6 
5 

3.05 N.S. 
0.95 N.S. 

Taufach 
Moss 

l i n e a r 
q u a d r a t i c 

1.182 
0.064 

0.0963 
0.0161 

3 
2 

36.81** 
4.00 N.S. 

P f r u l e Moss 
1972 

l i n e a r 
q u a d r a t i c 

4.482 
1.5098 

3.312 
1.803 

8 
7 

10.82** 
5.86* 

A l l 1973 
r e s u l t s 
pooled 

l i n e a r 
q u a d r a t i c 

3.298 
3.543 

12.019 
8.469 

33 
32 

19.06*** 
13.41*** 

(Note: a l l subsequent curves i n the 
manner). 

t h e s i s were analysed i n the above 
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1972 y o 1.5 + 0.03x - 0.00053X 2 

1973 y * 1.0 + 0.022x - 0.00034X 3 

(Symbols correspond to axes i n F i g u r e 18). 

P l a t e counts of Azotobacter sp on e l e c t i v e media were performed w i t h 

m a t e r i a l c o l l e c t e d from Tarn Moor i n Westmoreland. Only a simple comparison 

of rheotrophic peat w i t h ombrotrophic pe'at was f e a s i b l e . The e s t i m a t e s 

of 71,000,000 organisms per gram f o r rheotrophic, and about 100 organisms 

per gram f o r the ombrotrophic peat (Table A17) are c o n s i s t e n t w i t h the 

trends d e s c r i b e d above. I t i s i n t e r e s t i n g to note that some Azotobacter 

s£.were detected i n peat from the ombrotrophic s i t e where the measured pH 

was 4.6. C l o s t r i d i a were a l s o detected, and although no attempt was made 

to count these s p e c i e s , the r e s u l t s i n d i c a t e g r e a t e r numbers i n the 

rheotrophic peat ( T a b l e A16). 

8 ( c ) Chemical f a c t o r s i n f l u e n c i n g heterotrophic n i t r o g e n a s e a c t i v i t y i n 
peat 

The g e n e r a l r e l a t i o n s h i p between the mire e c o c l i n e and nitrogenase 

a c t i v i t y has been d e s c r i b e d above, t h i s , i n part at l e a s t , i s a t t r i b u t a b l e 

to the g r e a t e r metabolic a c t i v i t y i n fens, hence f a s t e r breakdown and 

c y c l i n g of m i n e r a l s , which i n t u r n helps to support g r e a t e r p r o d u c t i v i t y 

p r o v i d i n g more energy f o r m i c r o b i a l a c t i v i t y e t c . The o b j e c t i v e of t h i s 

s e c t i o n of the work was to d i s c o v e r which, i f any, s p e c i f i c elements might 

have a s i g n i f i c a n t i n f l u e n c e on the r a t e of nitrogen f i x a t i o n . The 

exchangeable and e x t r a c t a b l e forms of the v a r i o u s elements may, or may not 

be a v a i l a b l e to higher p l a n t s , however they do provide some information 

r e l a t i n g to the chemical milieu i n which the n i t r o g e n f i x i n g organisms 

e x i s t . The f a c t o r s which were included i n the a n a l y s i s were Ca, K, Mg, 

Fe, Mn, Zn, A l , pH and Ash content. The s t a t i s t i c a l a n a l y s i s has been 

c a r r i e d out i n 3 p a r t s : ( 1 ) u t i l i s i n g a l l the samples; ( 2 ) those from the 
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poorer mires only; and ( 3 ) those from the r i c h e r mires. The weighted 

index of 50 was used to s e p a r a t e the two s e t s . 

T a ble 6 

R e l a t i v e c o n t r i b u t i o n by s o l u b l e i n o r g a n i c f a c t o r s i n peat to the e x p l a i n e d 
v a r i a n c e of h e t e r o t r o p h i c n i t r o g e n a s e a c t i v i t y i n peat 

F a c t o r s added to 
equation 

pH 
Ca 
K 
Fe 
P 
(R 2 

Ca 
K 
P 
Fe 
(R 2 

PH 
K 
Fe 
Mg 
NHt 
C a 4 

(R 2 

= 0.65***; n = 35) 

0.73**; n = 13) 

% v a r i a n c e 
e x p l a i n e d 

E n t i r e Mire 

30 
16 
12 
4 
3 

R i c h e r Mires 

32 
23 
13 
5 

Poorer Mires 

32 
21 
5 
4 
3 
3 

Beta 

1.07 
-0.64 
0.42 
0.18 
-0.20 

-0.74 
0.67 
-0.37 
0.24 

0.83 
0.54 
0.29 
0.40 
-0.35 
-0. 55 

24*** 
12*** 
11*** 
2.1 N.S, 
2.1 N.S. 

9.5** 
8.7** 
3.6 N.S. 
1.3 N.S. 

12*** 
11*** 
2.3 N.S. 
4.4* 
0.38N.S. 
3.2 N.S. 

= 0.68***; n = 22) 

S o l u b l e P a average of NH C I and 0.02 NH SO, e x t r a c t a b l e 
4 2 4 

R e s u l t s of the step-wise r e g r e s s i o n a n a l y s i s a re d i s p l a y e d i n Table 

6, and the f i r s t f a c t which i s apparent i s the appearance of potassium i n 

a l l t h r e e s e c t i o n s of the T a b l e , t h i s element not only e x p l a i n s a con

s i d e r a b l e proportion of the v a r i a t i o n i n nitrogenase a c t i v i t y , but i t s F 

values i n d i c a t e that potassium i s probably important i n i t s own r i g h t , as 

w e l l as through i n t e r a c t i o n s with other v a r i a b l e s i n the r e g r e s s i o n equation. 
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pH a l s o e x p l a i n s a l a r g e proportion of the v a r i a t i o n , and again the F 
values i n d i c a t e t h a t i t may ex e r t some d i r e c t i n f l u e n c e . I t should be 
emphasised that the F values f o r i n d i v i d u a l v a r i a b l e s a r e based upon 
the p a r t - c o r r e l a t i o n c o e f f i c i e n t w i t h allowance made f o r other v a r i a b l e s 
i n the r e g r e s s i o n equation. Therefore when an F value i s s i g n i f i c a n t i t 
can be concluded that the v a r i a b l e i n question e x e r t s some i n f l u e n c e 
independently of other v a r i a b l e s i n the r e g r e s s i o n equation (but t h i s , of 
course, does not preclude the p o s s i b i l i t y of i n t e r a c t i o n w i t h f a c t o r s not 
i n the equation, chemical or o t h e r w i s e ) . On the ombrotrophic part of the 
mire pH i s the main determinant, a f t e r which potassium accounts f o r a 
f u r t h e r 21% of the v a r i a b i l i t y . The F values f o r these two v a r i a b l e s are 
about the same, which i n d i c a t e s t h a t pH must e x e r t a c o n s i d e r a b l e i n f l u e n c e 
through other f a c t o r s i n the equation. pH does not appear to e x e r t any 
s i g n i f i c a n t i n f l u e n c e on nitr o g e n a s e a c t i v i t y at the rheotrophic end of the 
mire g r a d i e n t , which i n c l u d e s samples g e n e r a l l y above about pH 4.8. 

The best e s t a b l i s h e d chemical f e a t u r e of the peatland e c o c l i n e i s 

the general decrease i n the a l k a l i elements towards the ombrotrophic end, 

where the r o o t i n g zone i s g r a d u a l l y removed from the i n f l u e n c e of ground 

waters by growth of the peat mass. Thus the gen e r a l r e l a t i o n s h i p of 

ni t r o g e n f i x a t i o n to pH might have been p r e d i c t e d once the o v e r a l l r e l a t i o n 

s h i p w i t h the e c o c l i n e was e s t a b l i s h e d as d e s c r i b e d above. However, a 

f a c t which i s p a r t i c u l a r l y i n t e r e s t i n g i s that the c a t i o n which appears 

to e x e r t the most p o s i t i v e i n f l u e n c e o v e r a l l , namely potassium, i n c r e a s e s 

from the rhe o t r o p h i c to the ombrotrophic areas which i s opposite to the 

gene r a l d i r e c t i o n of d e c l i n e of n i t r o g e n a s e a c t i v i t y ( F i g u r e 41B). 

Calcium appears to have c o n s i d e r a b l e negative i n f l u e n c e on the r a t e 

of a c t i v i t y , and again the high F value suggests some d i r e c t a f f e c t at 

the rheotrophic end; i t s i n f l u e n c e i s not s t a t i s t i c a l l y s i g n i f i c a n t a t the 

ombrotrophic end. Exchangeable c a l c i u m d e c l i n e s from fen to bog, which 



i s the ge n e r a l d i r e c t i o n of d e c l i n e of nitr o g e n a s e a c t i v i t y , however 

the r e g r e s s i o n c o e f f i c i e n t s f o r t h i s v a r i a b l e a r e negative, suggesting 

some form of i n h i b i t o r y e f f e c t . Calcium appears to have l i t t l e d i r e c t 

i n f l u e n c e on ni t r o g e n a s e a c t i v i t y i n ombrotrophic mires, although i t s 

i n c l u s i o n i n the r e g r e s s i o n equation i n c r e a s e s the e x p l a i n e d v a r i a n c e by 

3%, of g r e a t e r i n t e r e s t i s the f a c t that once again the r e g r e s s i o n co

e f f i c i e n t i s negative. 

Magnesium appears to be of f a r l e s s consequence w i t h regard to the 

nitrogenase a c t i v i t y than e i t h e r potassium or calcium, however i t does 

make a s m a l l and s t a t i s t i c a l l y s i g n i f i c a n t c o n t r i b u t i o n to the r e s u l t s fo 

ombrotrophic mires. Ammonium nitroge n a l s o appears to have some s m a l l 

n e g a t i v e i n f l u e n c e . 

I r o n accounts f o r a s i g n i f i c a n t amount of the e x p l a i n e d v a r i a b i l i t y 

i n each a n a l y t i c a l category, however i n no i n s t a n c e i s the p a r t i a l 

c o e f f i c i e n t i t s e l f s t a t i s t i c a l l y s i g n i f i c a n t . 

Phosphorus appears i n the r e s u l t s f o r the e n t i r e mire, and the r i c h 

mires s e c t i o n s only, i n both c a s e s i t s a f f e c t appears to be ne g a t i v e , and 

l i k e i r o n , the r e g r e s s i o n c o e f f i c i e n t s a r e not 'themselves s i g n i f i c a n t . 

Numerous t r a c e elements a r e known to play an important part i n 

nitrogen f i x a t i o n , e.g. molybdenum, c o b a l t ; and vanadium i n the absence 

of molybdenum (Mortenson, e t a l . , 1967; Burns et a l . , 1971; Saubert and 

Stri j d o m , 1968). These could not be detected i n the a c e t i c a c i d 

e x t r a c t s , t h e r e f o r e t o t a l q u a n t i t i e s of these elements were determined i n 

the peat, and a s t a t i s t i c a l a n a l y s i s performed i n order to d e t e c t any 

i n d i c a t i o n of some e f f e c t ; the a d d i t i o n a l elements i n c l u d e d i n t h i s 

a n a l y s i s were Co, Cd, Ni, Cu, Pb, V and Mo. Using the same p a r t i a l 

r e g r e s s i o n technique as above, no i n f l u e n c e of these elements could be 

detected. 

One general c o n c l u s i o n which may be drawn from the s t a t i s t i c a l 



a n a l y s i s , i s t h a t chemical f a c t o r s account f o r about 60-70% of the 

v a r i a b i l i t y of h e t e r o t r o p h i c n i t r o g e n f i x a t i o n i n mires. 

These r e s u l t s w i l l be f u l l y d i s c u s s e d i n Chapter 12. 
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CHAPTER NINE : 

NITROGEN IN PEATIANDS 

9 ( a ) Methods 

T o t a l n i t r o g e n i n peat and veg e t a t i o n was determined by K J e l d a h l 

d i g e s t i o n of 100 mg samples, f o l l o w e d b y - e s t i m a t i o n of the ammonium formed 

us i n g the indophenol r e a c t i o n . The d i g e s t i n g mixture f o r each sample was 

2 ml concentrated H SO c o n t a i n i n g 0.1% Se, and 1 ml H O . Heating was 

continued f o r 1.5 h a f t e r the fuming had stopped. C o l o r o m e t r i c e s t i m a t i o n 

of ammonium, without d i s t i l l a t i o n , was c a r r i e d out f o l l o w i n g the method 

d e s c r i b e d by A l l a n and W h i t f i e l d (1965). 

S o l u b l e forms of n i t r o g e n i n peat (NO , NH* and NO ) were e x t r a c t e d 

from f r e s h samples w i t h 2N NaCl. NaCl was p r e f e r r e d to KC1 or Na 2
S 0

4 

because t e s t s showed t h a t the former contained the lowest NH* - N impurity: 

' a n a l a r ' grade chemicals were used throughout. Water content of the v a r i o u s 

peats was estimated, and peat e q u i v a l e n t to 2 g dry weight was added to 

50 ml of 4N NaCl, the volume of each sample was then made up to 100 ml, 

i . e . 1 g dry weight e x t r a c t e d w i t h 50 ml 2N NaCl. S o l u b l e n i t r o g e n i n 

the 1972 samples was e x t r a c t e d u s i n g only n e u t r a l NaCl, f o r the 1973 samples 

both n e u t r a l and a c i d i f i e d NaCl was used. The e x t r a c t i n g s o l u t i o n was 

a c i d i f i e d by adding s u f f i c i e n t HC1 to give a pH of 2.3 p r i o r to making 

up to volume, a pH meter and magnetic s t i r r i n g d e v i c e was used during t h i s 

procedure. The samples were then shaken f o r 30 m and then l e f t to stand 

overnight before f i l t e r i n g . 

NH* - N i n the f i l t e r e d e x t r a c t s was estimated by c o l d semi-micro 

d i s t i l l a t i o n ( E t h e r i n g t o n & Morrey, 1967) using 1 ml of a 12% l i g h t MgO 

suspension f o r each e x t r a c t a l i q u o t , i n order t o c r e a t e a l k a l i n e c o n d i t i o n s . 

T h i s m i l d l y a l k a l i n e reagent i s more s u i t a b l e than s t r o n g e r ones (e.g. 
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KOH, NaOH) because w i t h i t , the problem of r e d u c t i o n of amino a c i d s to 

ammnia i s minimal (Bremner & Shaw, 1955). D i s t i l l a t i o n took 24 h at 

25°C. NO was reduced to NH usi n g t i t a n o u s suphate, and the NH then 

4. being d i s t i l l e d as d e s c r i b e d above (Waughman, 1969). The d i s t i l l e d NH^ 

was estimated w i t h sodium phenate using n i t r o p r u s s i d e as a c a t a l y s t 

(Lubochinsky & Z a l t a , 1954). NO content of the n e u t r a l 1973 e x t r a c t s 

was estimated c o l o r o m e t r i c a l l y u s i n g sulphanilomide and N-(1-naphthyl)-

ethylenediamine as d e s c r i b e d by Hesse (1971). The methods of sample 

p r e p a r a t i o n , a r e d e s c r i b e d i n Chapter 10. 

9(b) R e l a t i o n s h i p s between n i t r o g e n and the mire e c o c l i n e 

These r e s u l t s are d i s p l a y e d i n F i g u r e s 21-27: F i g u r e s 21 and 22 

i l l u s t r a t e the r e s u l t s from i n d i v i d u a l mires, and F i g u r e s 23-27 i l l u s t r a t e 

pooled data. Only a summary of the s t a t i s t i c s i s provided on each f i g u r e , 

the procedure used f o r s t a t i s t i c a l a n a l y s i s of the trends was e x a c t l y the 

same as shown i n T a b l e 5. I n F i g u r e 22 the r e s u l t s f o r t o t a l n i t r o g e n 

content i n peat at Taufach Moss i n d i c a t e a trend towards higher l e v e l s at 

the ombrotrophic end of the e c o c l i n e , t h i s trend i s s t a t i s t i c a l l y s i g n i f 

i c a n t at p < 0.05. No other trends regarding t o t a l n i t r o g e n content of 

the peat i n r e l a t i o n to the e c o c l i n e a re s i g n i f i c a n t , although r e s u l t s from 

other l o c a t i o n s i n d i c a t e a s l i g h t decrease i n the n i t r o g e n content of 

peat towards the ombrotrophic end of the gradient ( F i g u r e s 22 and 26). 

The range of values obtained f o r poor mires (5-35 mg N/g dry wt.) i s 

g r e a t e r than the range i n r i c h mires, and may e x p l a i n why some previous 

i n v e s t i g a t o r s have f a i l e d to reach any f i r m c o n c l u s i o n s r e g a r d i n g the 

n i t r o g e n content of peat and the mire g r a d i e n t . K a i l a et a l . (1954) and 

K a i l a (1956b) were unable to d e t e c t any d i f f e r e n c e s between the d i f f e r e n t 

types of peat, and S j O r s (1954) concluded t h a t the n i t r o g e n content of peat 

i n mire meadows was not r e l a t e d to pH. I n a l a t e r p u b l i c a t i o n S j o r s again 
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reported very v a r i a b l e t o t a l n i t r o g e n v a l u e s , but concluded that bog 

peats contained l e s s n i t r o g e n than fen peats when the r e s u l t s were 

expressed i n terms of per u n i t humus ( S j o r s , 1961). A f t e r examining a 

few mires Maimer d i d not i n c l u d e t o t a l nitrogen as one of the chemical 
it 

f e a t u r e s d i s t i n g u i s h i n g bogs and fen s , (Maimer and S j o r s , 1955); but 

i n a l a r g e r survey he a l s o concluded that fen peats contained r a t h e r more 

nit r o g e n than bog peats (Maimer, 1962a). P o l l e t t (1972) found the 

nitroge n content of fen peats i n E a s t e r n Cenada higher than bog peats 

when expressed i n terms of u n i t volume. 

The consensus of r e s u l t s from e a r l i e r i n v e s t i g a t i o n s i n d i c a t e s a 

s l i g h t d e c l i n e i n ni t r o g e n content i n peat towards the ombrotrophic end of 

the gra d i e n t , but t h i s i s by no means a u n i v e r s a l l y obvious f e a t u r e of a l l 

e a r l i e r data. R e s u l t s d i s p l a y e d i n F i g u r e 26 i l l u s t r a t e the l a r g e v a r i a b 

i l i t y i n values f o r t h i s element, and i t ' i s c l e a r how the c o n c l u s i o n s 

might e a s i l y be a f f e c t e d by ch o i c e of s i t e i n a s m a l l i n v e s t i g a t i o n . 

The d e c l i n e i n c o n c e n t r a t i o n i s somewhat more obvious when the r e s u l t s are 

expressed i n terms of e i t h e r per u n i t volume or per u n i t humus (Table A21). 

T o t a l n i t r o g e n i n peat does not appear to be a u s e f u l d i a g n o s t i c parameter 

by which to d i s t i n g u i s h bog and fen peats. 

The c o n c e n t r a t i o n of s o l u b l e NO - N i s g r e a t e s t i n r i c h fens, 

d e c r e a s i n g towards fens, and i s non-existent i n poor fens and bogs ( F i g u r e s 

21 and 25). R e s u l t s f o r the c o n c e n t r a t i o n of NH* - N i n d i c a t e that t h i s 
4 

ion i s present i n much g r e a t e r q u a n t i t i e s than NO - N, and has a trend i n 

c o n c e n t r a t i o n which i s opposite to the l a t t e r ion, i . e . i t i s lower i n the 

r i c h mires and i n c r e a s e s towards the ombrotrophic end of the e c o c l i n e . 

T h i s trend i s s t a t i s t i c a l l y h i g h l y s i g n i f i c a n t i n most i n s t a n c e s . ( F i g u r e s 

21, 23 and 24). The same trend was found whether n e u t r a l or a c i d i f i e d 

NaCl was used as the e x t r a c t i n g f l u i d . 

NO - N was not detected i n any of the samples; c o n s i d e r i n g the 
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s e n s i t i v i t y of the method t h i s i n d i c a t e s t h a t the c o n c e n t r a t i o n of NO - N 

i n peat could not have been g r e a t e r than about 3 p.p.m. ( d r . wt. p e a t ) , 

which i s much lower than the c o n c e n t r a t i o n of NH* - N i n most of the 
4 

samples. These r e s u l t s show th a t NH* - N i s the most important source of 
4 

in o r g a n i c n i t r o g e n i n mire systems. 

S u f f i c i e n t data are provided i n the Appendix to permit the reader to 

convert r e s u l t s from most s i t e s i n t o any u n i t s d e s i r e d . I f the r e s u l t s 

were presented here i n every p o s s i b l e way i t would r e q u i r e at l e a s t a 

t h r e e - f o l d i n c r e a s e i n the number of f i g u r e s . However, some of the more 

important t r e n d s i n r e l a t i o n to the mire g r a d i e n t have been r e - c a l c u l a t e d 

i n terms of a l t e r n a t i v e u n i t s , and the r e s u l t s l i s t e d i n Ta b l e A21. I t 

can be seen t h a t the d i r e c t i o n of the tre n d s i s not a l t e r e d , although the 

l e v e l s of s i g n i f i c a n c e are. 

9 ( c ) The main forms of i n o r g a n i c n i t r o g e n i n peat 

The r e s u l t s o u t l i n e d above show NH* - N to be by f a r the most 

important form of n i t r o g e n i n peat, t h i s i s c o n s i s t e n t w i t h the r e s u l t s of 

previous workers, although i n some i n s t a n c e s a s m a l l amount of NO - N has 

been detected. For example, Cyplenkin & S c h i l i n (1936) found abundant 

NH* - N but very l i t t l e N0_ - N i n t h e i r m i n e r a l i s a t i o n s t u d i e s of Tundra 4 3 

peats. S i m i l a r r e s u l t s were obtained by K a i l a e t a l . (1953), even a f t e r 

l i m i n g to pH 6.0; however i n l a t e r experiments t h i s group found l e v e l s of 

up to 150 p.p.m. fen peat. T h i s high f i g u r e f o r NO - N must be questioned, 

because i t was obtained u s i n g the phenoldisulphonic a c i d method of NO - N 
o 

e s t i m a t i o n : a technique which i s n o t o r i o u s l y prone to i n t e r f e r e n c e by 

many of the substances present i n peat, i n c l u d i n g c h l o r i d e , i r o n , and 

organi c substances (Johnson & U l r i c h , 1959). The phenoldisulphonic a c i d 

technique p r e s e n t s too many problems to be of any r e a l value f o r n i t r a t e 

e s t i m a t i o n i n peat. Persson (1962) examined NO - N i n r i c h fens and 
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found the c o n c e n t r a t i o n g e n e r a l l y l e s s than about 0.05 m mol NO - N 

per l i t r e of f r e s h peat (about 3 p.p.m. dr. wt. of p e a t ) . 
+ 

There a r e s e v e r a l p o s s i b l e reasons why NH^ - N predominates i n 

mires, e s p e c i a l l y bogs. The most obvious i s that n i t r i f y i n g b a c t e r i a 

are i n h i b i t e d below about pH5, whereas ammonifying b a c t e r i a are t o l e r a n t 

of a c i d c o n d i t i o n s (Harmsen and Kolenbrander, 1965). However, th e r e a r e 

many complex r e a c t i o n s between i n o r g a n i c n i t r o g e n chemical s p e c i e s i n 

peat, and not a l l of these chemical conversions a r e b i o l o g i c a l i n o r i g i n 

(Mortland & Wolcott, 1965). The r e l a t i v e amounts of NO - N, NO - N and 

NH* - N reported i n the previous s e c t i o n a r e q u i t e c o n s i s t e n t w i t h t h e i r 

known chemistry i n re s p e c t of pH and redox p o t e n t i a l . F i g u r e 28 shows 

a pH-redox diagram f o r the r e l a t i v e s t a b i l i t y of these three ions, i t 

i l l u s t r a t e s which s p e c i e s i s l i k e l y t o predominate i n any s p e c i f i c c o n d i t i o n s 

of redox and pH. The normal ranges of redox and pH u s u a l l y found i n peat 

have been superimposed onto t h i s diagram, and i t can be seen t h a t only 
NO - N and NH* - N a r e l i k e l y to e x i s t w i t h i n the c i r c u m s c r i b e d l i m i t s . « 4 

T h i s e x a c t l y p r e d i c t s the r e s u l t s obtained i n t h i s p r o j e c t . I t a l s o 

shows how a e r a t i n g c a l c a r e o u s peats and mucks might cause NO - N to 

i n c r e a s e , p o s s i b l y even to t o x i c l e v e l s (e.g. L e v i n & Shoham, 1972). 

I f NO - N i s ev e r to be found i n abundance i t would be i n near o 

n e u t r a l , or a l k a l i n e c o n d i t i o n s . However, such c o n d i t i o n s i n mires a r e 

always rheotrophic, and as anions a r e not s t r o n g l y bound by c o l l o i d s i t 

f o l l o w s that any n i t r a t e formed and not absorbed by the vegetation would 

be removed from the peat by the l e a c h i n g a c t i o n of moving groundwater. 

The f a c t that no NO^ - N was found does not mean that none had been formed, 

the pH-redox diagram i n d i c a t e s which chemical s p e c i e s w i l l predominate i n 

any s e t c o n d i t i o n s , but t h i s does not preclude the e x i s t e n c e of others i n 

such p r e s c r i b e d c o n d i t i o n s . The g r e a t e r amounts of NH* - N i n poorer mires 

i s c o n s i s t e n t w i t h Marthalers f i n d i n g s that bog p l a n t s a r e adapted to 
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NH - N uptake. He a l s o observed t h a t NO. - N gave r i s e to l e s s growth 4 3 

i n these p l a n t s , and was even t o x i c i n some c o n c e n t r a t i o n s ; Marthaler 

noted that bog p l a n t s can t o l e r a t e high l e v e l s of ni t r o g e n , provided that 

i t i s s u p p l i e d as NH* - N (Marthaler, 1939). By c o n t r a s t some p l a n t s 

growing i n s p r i n g fens a r e known to accumulate n i t r a t e i n t h e i r above-

ground t i s s u e (Hesselman, 1917; Persson, 1962). 

The above f a c t s may be summarised as f o l l o w s : 

( 1 ) I t has been shown th a t a p p r e c i a b l e amounts of NH* - N can be detected 
4 

i n mires during the peak growing season, and th a t amounts of t h i s ion 

i n c r e a s e along the e c o c l i n e i n the d i r e c t i o n of poorer mires, s m a l l amounts 

of NO - N were detected at the rheotrophic end, but no NO - N; a l l t h e s e 

r e s u l t s are q u i t e c o n s i s t e n t w i t h b a s i c chemical theory, as w e l l as known 

s p e c i f i c a t i o n s f o r m i c r o b i a l n i t r o g e n t r a n s f o r m a t i o n . 

( 2 ) Previous work has shown th a t some s p r i n g fen p l a n t s accumulate 

NO - N; w h i l s t bog p l a n t s r e q u i r e NH - N, and f i n d NO - N t o x i c . Thus 

i t i s q u i t e p o s s i b l e t h a t t o l e r a n c e of, and requirement f o r d i f f e r e n t 

n i t r o g e n ion s p e c i e s may be an important f a c t o r i n determining f l o r i s t i c 

p a t t e r n s i n t h i s e c o c l i n e . Our understanding of peatland systems might 

w e l l p r o f i t from any f u t u r e i n v e s t i g a t i o n s d i r e c t e d towards t h i s t o p i c . 

9(d) Nitrogen i n mire v e g e t a t i o n 

The c o n c e n t r a t i o n of ni t r o g e n i n the vegetation v a r i e d between about 

5 and 30 mg N/g dr. wt. t and, as i n the case of n i t r o g e n i n peat, v a r i a b 

i l i t y was g r e a t e s t at the ombrotrophic end of the gradient ( F i g u r e 2 7 ) . 

The r e s u l t s from Wurzacher Ried and Taufach Moss show a s l i g h t d e c l i n e 

i n c o n c e n t r a t i o n i n the more ombrotrophic mires, t h i s d e c l i n e i s s i g n i f 

i c a n t on the former s i t e . No apparent trend i s seen i n e i t h e r of the 

two s e t s of r e s u l t s from P f r u l e Moss ( F i g u r e 22). The pooled data 

i n d i c a t e that the c o n c e n t r a t i o n of ni t r o g e n i n fen ve g e t a t i o n i s always 
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g r e a t e r than about 12 mg/g dr. wt., i . e . very low f i g u r e s a r e encountered 

only i n extreme bogs. A very low nitrogen content i n the t i s s u e s of 

sphagnum mosses has been observed by s e v e r a l workers. (e.g. Mattson and 
i i 

K a r l s s o n , 1944; Gorham, 1953b; Maimer and S j o r s , 1955), however the 

r e l a t i o n s h i p between n i t r o g e n i n p l a n t s , and the mire gr a d i e n t has r a r e l y 
I I 

been i n v e s t i g a t e d . S j o r s arranged h i s r e s u l t s f o r the n i t r o g e n content 

of S c i r p u s c a e s p i t o s u s , Carex l a s i o c a r p a , and Menyathes t r i f o l i a t e i n order 

of phytosociology from r i c h to poor mires, but found no r e l a t i o n s h i p 

between n i t r o g e n and the g r a d i e n t , i n f a c t the n i t r o g e n content of 

M. t r i f o l i a t a showed a d i s t i n c t d e c l i n e towards r i c h fens (Maimer and 

S j o r s , 1955). Gorham (1953b) examined the nitrogen content of s e v e r a l 

s p e c i e s i n r e l a t i o n to the hydrosere, and recorded a marked d e c l i n e at 

t e r r e s t r i a l end; however, Gorham's r e s u l t s a re d i f f i c u l t to i n t e r p r e t i n 

terms of the mire gradient f o r s e v e r a l reasons: (1) only 39 of h i s 85 

samples were growing on s o i l w i t h more than 70% organic m a t e r i a l , i . e . 

most of h i s samples were not growing i n what are c o n v e n t i o n a l l y regarded 

as t r u e peats; (2) he was p r i m a r i l y concerned w i t h the hydrosere, and 

arranged h i s data on a gradient of i n c r e a s i n g organic content; and (3) 

he s t u d i e d many d i f f e r e n t s p e c i e s from many d i f f e r e n t l o c a t i o n s . 

The r e s u l t s d i s p l a y e d i n F i g u r e 27 and the data from previous 

i n v e s t i g a t o r s provide no evidence f o r any c o n s i s t e n t r e l a t i o n s h i p between 

the mire gradient and the n i t r o g e n content of p l a n t s , w i t h the p o s s i b l e 

e x c e p t i o n of the f a c t that low values are f r e q u e n t l y a s s o c i a t e d w i t h sphagna. 

9 ( e ) C o r r e l a t i o n s between nitro g e n i n peat and the n i t r o g e n content of 
v e getation 

I n e c o l o g i c a l i n v e s t i g a t i o n s of the chemical r e l a t i o n s h i p between 

vegetation and s o i l , n itrogen i s o c c a s i o n a l l y one of the parameters s t u d i e d , 

t h e r e f o r e i t i s of some i n t e r e s t to know which of the s o i l ( o r i n t h i s case 

peat) n i t r o g e n c h a r a c t e r i s t i c s bears the c l o s e s t r e l a t i o n s h i p to the 
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n i t r o g e n c o n c e n t r a t i o n i n vegetation. Furthermore, i t i s u s e f u l to know 

whether a b e t t e r c o r r e l a t i o n i s obtained when nitrog e n i s c a l c u l a t e d on 

the b a s i s of peat volume, concentration, or humus. I n Table 7 the simple 

c o r r e l a t i o n c o e f f i c i e n t s a r e d i s p l a y e d f o r d i f f e r e n t p a r t s of the mire. 

Table 7 

Simple c o r r e l a t i o n c o e f f i c i e n t s between nitrogen i n veg e t a t i o n and va r i o u s 
forms of n i t r o g e n i n peat expressed i n terms of v a r i o u s u n i t s . (Co
e f f i c i e n t s not s t a t i s t i c a l l y s i g n i f i c a n t u n l e s s otherwise i n d i c a t e d ) . 

NH* - N T o t a l -N 4 
Ac i d 
E x t r a c t 

ALL MIRES 

u n i t weight -0.04 0. 14 0.31* 0.33* 
u n i t humus -0.10 0.07 0.32* 0.07 
u n i t volume -0.12 0.07 0.32* 0.05 
m RICH MIRES ONLY 

un i t weight -0.22 0.32 0.41 0.38 
u n i t humus -0.38 0.14 0.12 -0.23 
u n i t volume -0.5 0.18 0.02 -0.35 

POOR MIRES ONLY 

u n i t weight - 0.17 0.41* 0.32 
u n i t humus - 0.17 0.42* 0.34 
u n i t volume - 0.16 0.47* 0.23 

The f i r s t f a c t which can be drawn from t h i s Table i s tha t c a l c u l a t i o n s 

based upon u n i t weight g e n e r a l l y account f o r more v a r i a b i l i t y i n the 

ni t r o g e n c o n c e n t r a t i o n of vegetation than when the c a l c u l a t i o n s a r e based 

upon e i t h e r volume or per u n i t humus. The only s i g n i f i c a n t exception to 

t h i s i s i n the case of poor mires where a c i d e x t r a c t a b l e NH* - N g i v e s an 

ap p r e c i a b l y higher c o r r e l a t i o n i n terms of unit volume ( r = 0.47). Two 

a d d i t i o n a l measurements a r e needed i n order to express r e s u l t s i n terms 

of u n i t volume: the water content, and the d e n s i t y . Two a d d i t i o n a l 

N0 n - N NH* - N 2 4 
Ne u t r a l 
E x t r a c t 
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weighings are a l s o r e q u i r e d i f e s t i m a t e s are to be expressed i n terms of 
u n i t humus. L i k e w i s e , i f chemical content of v e g e t a t i o n i s to be expressed 
i n terms of standing crop, then e s t i m a t e s of the biomass per u n i t area 
must be made. Thus e x p r e s s i n g r e s u l t s i n terms of volume, humus, or 
s t a n d i n g crop, g r e a t l y i n c r e a s e s the p o s s i b i l i t y of compounding e r r o r s . 
A f u r t h e r disadvantage of s t a n d i n g crop as a b a s i s f o r comparison i s t h a t 
i t does not r e f l e c t net p r o d u c t i v i t y or turnover, i n f a c t on peat lands 
t h e r e i s evidence that a r e c i p r o c a l r e l a t i o n s h i p e x i s t s between p r o d u c t i v i t y 
and standing crop (Reader & Stewart, 1972, p. 1030). 

When the pooled mires a r e under c o n s i d e r a t i o n the t o t a l n i t r o g e n i n 

peat g i v e s a m a r g i n a l l y higher c o r r e l a t i o n c o e f f i c i e n t than a c i d i f i e d 

NaCl e x t r a c t e d n i t r o g e n , but when e i t h e r the more rheotrophic or the more 

ombrotrophic s i t u a t i o n s alone are under i n v e s t i g a t i o n , then a c i d i f i e d 

NaCl e x t r a c t e d n i t r o g e n i s b e t t e r , accounting as i t does, f o r about 20% 

of the v a r i a t i o n i n v e g e t a t i o n n i t r o g e n . 

The s o l u b l e NH* - N i n peat w i l l vary according to season, whereas 

v a r i a t i o n i n t o t a l n i t r o g e n i s minimal. An e s t i m a t i o n of the f l u c t u a t i o n 

due to the s t a n d i n g crop can be made assuming ( 1 ) an average standing 

crop of 400 g/m2 (Table A41), ( 2 ) 20 mg/g N i n the v e g e t a t i o n ( F i g u r e 27), 

( 3 ) 100 p.p.m. NH* - N i n the peat ( F i g u r e 24), ( 4 ) a peat d e n s i t y of 100 

g dr. wt./L ( T a b l e AP 34) and ( 5 ) a r o o t i n g zone of 20 cm. Using t h e s e 

f i g u r e s the n i t r o g e n i n the s t a n d i n g crop i s about 0.6 g/m2 compared w i t h 2 

g/m3 of s o l u b l e NH* - N. Input from r a i n i s d i f f i c u l t t o a s s e s s , but data 

from the United Kingdom i n d i c a t e the amount to be l e s s than 1 g/m 2/year 

(Holden, 1966). On poor mires p l a n t growth i s slow, t h e r e f o r e as the supply of 

s o l u b l e n i t r o g e n i s high r e l a t i v e to the demands of the v e g e t a t i o n , t h i s 

aspect of s e a s o n a l v a r i a t i o n i s not l i k e l y to i n t e r f e r e too much w i t h the 

c o r r e l a t i o n . These g e n e r a l c o n c l u s i o n s are based upon very s i m p l i f i e d 

assumptions, and make no allowance f o r turnover, however they a r e c o n s i s t e n t 
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w i t h the r e s u l t s of Maimer (1962b) who found very l i t t l e s e a s o n a l v a r i a t i o n 

i n the s o l u b l e n i t r o g e n content of poor mires (o.c. F i g u r e 14b). In 

r h e o t r o p h i c mires, by c o n t r a s t , the f l u x due to ground water may be con

s i d e r a b l e , thus i n c r e a s i n g f l u c t u a t i o n s i n the amount of r e a d i l y s o l u b l e 

n i t r o g e n , and making any p r e d i c t i o n s l e s s r e l i a b l e . A q u a d r a t i c term was 

added and the f o l l o w i n g r e l a t i o n s h i p s are the best obtained. 

Nv ss 2.1Np - 0.049(Np) 2 - 1.3 f o r poor mires 
R 2 = 0.38** s.e. = 5 . 6 

Nv ss 0.37Np - 0.0037(Np) 2 + 11.5 f o r r i c h mires 
R 2 = 0.41N.S. s.e. = 2.9 

where Nv = n i t r o g e n i n the. vegetation (mg/g dr. wt.) and 
Np = : t o t a l nitrogen^peat (mg/g humus) 

I t can be seen t h a t the R 2 v a l u e s are too low, and the standard 

e r r o r s too high f o r t h e s e equations to be of any r e a l p r e d i c t i v e value. 

In g e neral i t appears t h a t none of the forms of ni t r o g e n s t u d i e d 

appear to provide a u s e f u l index of n i t r o g e n i n vegetation; of these 

t o t a l n i t r o g e n i s probably the most s a t i s f a c t o r y where a wide range of 

mire types i s under c o n s i d e r a t i o n , a l s o i n r h e o t r o p h i c s i t u a t i o n s ; and 

a c i d NaCl s o l u b l e NH* - N when only very poor mires a r e being s t u d i e d . 

Furthermore, the r e s u l t s i n d i c a t e l i t t l e advantage i n e x p r e s s i n g the 

r e s u l t s i n terms of u n i t volume or u n i t humus, u n l e s s , of course, the 

nature of the i n v e s t i g a t i o n i s such t h a t the use of these l a t t e r u n i t s i s 

e s s e n t i a l . 

9 ( f ) R e l a t i o n s h i p s between n i t r o g e n and other i n o r g a n i c f a c t o r s 

The study of t o t a l peat n i t r o g e n i n r e l a t i o n to other chemicals i n 

peat has not proved very rewarding i n the past. For example K a i l a (1956b) 

found only a weak c o r r e l a t i o n between n i t r o g e n and phosphorus ( r = 0.20*), 
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w i t h somewhat higher c o e f f i c i e n t s when the t e s t was c a r r i e d out on e i t h e r 

fen or bog peat s e p a r a t e l y ( r = 0.40* and 0.64*). K a i l a ( o . c . ) commented 

that these values were too low to be of any i n t e r e s t . The simple c o r r e l 

a t i o n c o e f f i c i e n t obtained i n t h i s i n v e s t i g a t i o n between t o t a l n i t r o g e n and 

phosphorus i n peat i s 0.63***. I n h i s s t u d i e s of drained peatland i n 

Sweden Holmen (1964) found only a weak c o r r e l a t i o n between t o t a l n i t r o g e n 

and phosphorus i n peat, and none between t o t a l n i t r o g e n and e i t h e r t o t a l 

c a l c i u m or t o t a l potassium; l i k e w i s e my r e s u l t s give i n s i g n i f i c a n t 

c o r r e l a t i o n s f o r these l a s t two r e l a t i o n s h i p s ( r b -0.22 and 0.02). 

Koulter-Anderson (1960) examined the n i t r o g e n i n peat from p r o f i l e s of 12 

r a i s e d bogs, and found a s t a t i s t i c a l l y s i g n i f i c a n t n e g a t ive r e l a t i o n s h i p 

between t o t a l n i t r o g e n and the base content of ash. He d i d not f i n d t h i s 

r e l a t i o n s h i p i n the peat from fen p r o f i l e s , and suggested t h a t the 

c h a r a c t e r i s t i c might be u s e f u l i n d i s t i n g u i s h i n g bogs and f e n s . S j o r s 

(1961) however, found no such r e l a t i o n s h i p i n h i s r e s u l t s , he t h e r e f o r e 

re-examined Koulter-Anderson's data on an Inter-stand b a s i s , and f i n d i n g 

only a weak negative c o r r e l a t i o n concluded that any such r e l a t i o n s h i p must 

be a c h a r a c t e r i s t i c of i n d i v i d u a l bogs. S j o r s ( o . c . ) a l s o found no 

r e l a t i o n s h i p between n i t r o g e n and phosphorus i n peat. The c o r r e l a t i o n 

c o e f f i c i e n t s between t o t a l peat nitrogen, and bases or ash given by my 

r e s u l t s f o r d i f f e r e n t bogs presented here are both weakly p o s i t i v e (0.57 

and 0.40), which r a t h e r support S j o r s c o n c l u s i o n s . 

The highest simple c o r r e l a t i o n between t o t a l peat n i t r o g e n and other 

t o t a l peat f a c t o r s was w i t h phosphorus i n peat from poor mires ( r = 0.82***), 

a l l other c o e f f i c i e n t s were c o n s i d e r a b l y lower than t h i s , and when data 

from bog and fen peats were pooled, again only the r e l a t i o n s h i p w i t h 

phosphorus was s t a t i s t i c a l l y s i g n i f i c a n t . 

The r e l a t i o n s h i p between n i t r o g e n i n vegetation and other chemicals 

i n vegetation was examined, but the c o r r e l a t i o n w i t h phosphorus over a l l 
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mires was the only one found to be s i g n i f i c a n t ( r = 0.62**). There was no 
c o r r e l a t i o n between n i t r o g e n and t o t a l bases i n veg e t a t i o n ( c . f . Mattson 
& K a r l s s o n , 1944). However the r e l a t i o n s h i p s between n i t r o g e n i n 
ve g e t a t i o n and s o l u b l e forms of s e v e r a l elements i n the peat a r e s t a t i s t 
i c a l l y s i g n i f i c a n t , t h e r e f o r e a more d e t a i l e d stepwise r e g r e s s i o n a n a l y s i s 
was performed, the r e s u l t s of which are d i s p l a y e d i n Table 8. As i n 
Chapter 8 t h i s a n a l y s i s was performed on three groups of data, r i c h mires, 
poor mires and a l l mires pooled, the weighted index of 50 was used to 
sepa r a t e r i c h and poor mires. 

Table 8 

R e l a t i v e c o n t r i b u t i o n by s o l u b l e i n o r g a n i c f a c t o r s i n peat to the exp l a i n e d 
v a r i a n c e of t o t a l n i t r o g e n i n veg e t a t i o n 

F a c t o r added to the % v a r i a n c e beta 
equation e x p l a i n e d 

ALL MIRES 

pH 16 0.41 4.6* 
P 14 0.58 18*** 
N 12 0.89 26*** 
Nitrogenase a c t i v i t y 7 0.42 7.4** 
Ca 6 0.41 4.3* 

5 0.30 5.3* 

R 2 = 0.60***; n = 35 

POOR MIRES ONLY 

P 
pH 
N 
A l 

19 
18 
18 
5 

0.39 
0.35 
0.74 
0.29 

6.3* 
3.0 N.S; 
16*** 
2.2 N.S. 

R 2 = G.60***; n = 22 

A c i d i t y i s the s i n g l e f a c t o r which accounts f o r most of the v a r i a b i l i t y 

i n v e g e t a t i o n nitrogen, however the F value f o r i t s p a r t i a l r e g r e s s i o n 

c o e f f i c i e n t and i t s beta value a r e both r e l a t i v e l y low suggesting t h a t 
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pH has l i t t l e d i r e c t e f f e c t ; t h i s c o n c l u s i o n i s even more obvious when the 

r e s u l t s f o r poor mires alone are considered. The two peat chemicals which 

appear to have the g r e a t e s t i n f l u e n c e on the amount of nitrogen i n 

vegetation are s o l u b l e phosphorus and s o l u b l e n i t r o g e n , i n both i n s t a n c e s 

the F value attached to t h e i r p a r t i a l r e g r e s s i o n c o e f f i c i e n t s i s r e l a t i v e l y 

high, both f o r a l l mires and f o r poor mires only: t h i s i n d i c a t e s , as might 

be expected, c o n s i d e r a b l e d i r e c t e f f e c t . 

The only s i g n i f i c a n t r e g r e s s i o n c o e f f i c i e n t obtained f o r r i c h mires 

was a negative one f o r c a l c i u m ( r =-0.58*), t h e r e f o r e no f u r t h e r 

s t a t i s t i c a l a n a l y s i s of the data from t h i s group was performed. A p o s s i b l e 

e x p l a n a t i o n of t h i s n e g a t i v e c o r r e l a t i o n may be found i n the above-mentioned 

f a c t ; t h a t both s o l u b l e n i t r o g e n and s o l u b l e phosphorus appear to have a 

strong p o s i t i v e i n f l u e n c e on the n i t r o g e n content of vegetation. I t has 

a l r e a d y been observed t h a t the c o n c e n t r a t i o n of s o l u b l e n i t r o g e n i n peat 

d e c l i n e s towards the d i r e c t i o n of r i c h f e n s , a l s o a high c a l c i u m value 

might cause a r e d u c t i o n of s o l u b l e phosphorus by the formation of i n s o l u b l e 

phosphates. 

Nitrogen f i x a t i o n appears to have a s m a l l but s i g n i f i c a n t i n f l u e n c e 

upon the n i t r o g e n content of the mire vegetation, and i t i s i n t e r e s t i n g to 

note t h a t t h i s f a c t o r does not appear i n the a n a l y s i s of data from poor 

mires only. The simple c o r r e l a t i o n c o e f f i c i e n t s between nitro g e n f i x a t i o n 

and v e getation n i t r o g e n i n poor and r i c h mires a r e , i n n e i t h e r case, 

s t a t i s t i c a l l y s i g n i f i c a n t , but the c o e f f i c i e n t f o r the r e l a t i o n s h i p i n 

r i c h mires i s c o n s i d e r a b l y higher than i n poor mires (0.39 c f . 0.11). I t 

i s t h e r e f o r e p o s s i b l e t h a t b i o l o g i c a l n i t r o g e n f i x a t i o n i s of g r e a t e r 

importance w i t h regard to the supply of n i t r o g e n i n vegetation on r i c h 

mires, than i t i s on poor mires. 

S o l u b l e aluminium appears i n both s e c t i o n s of the a n a l y s i s , where 

i n each case i t accounts f o r 5% of t h e v a r i a b i l i t y , and the F value f o r 



i t s a l l mire p a r t i a l r e g r e s s i o n c o e f f i c i e n t suggests that t h i s element 

may have some d i r e c t e f f e c t . There have been suggestions p r e v i o u s l y 

that low l e v e l s of aluminium might s t i m u l a t e uptake of n u t r i e n t s i n t o 

p l a n t s , t h e r e f o r e t h i s t o p i c i s d i s c u s s e d i n Chapter 12 a f t e r the r e s u l t 

f o r other chemicals have been presented. 
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CHAPTER TEN :̂ 
PHOSPHORUS IN PEATLANDS 

10(a) Methods 

D e t a i l s of sampling and p r e p a r a t i o n of the peat have been presented 

i n previous Chapters. T o t a l phosphorus i n peat and vegetation was e x t r a c t e d 

u s i n g a p e r c h l o r i c and n i t r i c a c i d wet d i g e s t i o n procedure (Johnson & 

U l r i c h , 1959). A f t e r d i l u t i o n , phosphorus i n the d i g e s t was estimated as 

molybdivanadophosphoric a c i d ( K i t s o n and Mellon, 1944). 

A great v a r i e t y of chemical e x t r a c t a n t s f o r ' a v a i l a b l e ' or e a s i l y 

s o l u b l e phosphorus have been u t i l i s e d , and only a l i m i t e d s e l e c t i o n of 

these were used i n t h i s study. A l l of the phosphorus e x t r a c t e d by Truog's 

(1930) e x t r a c t a n t and N NH^Cl i s considered to be a v a i l a b l e to p l a n t s ; 

weakly a c i d s o l u t i o n s a r e g e n e r a l l y favoured f o r a c i d s o i l s , and s t r o n g e r 

a c i d s f o r e x t r a c t i n g phosphorus which e x i s t s as i n s o l u b l e phosphates. I 

planned to examine the r e l a t i o n s h i p between the amounts of phosphorus 

e x t r a c t e d by the d i f f e r e n t chemicals and the phosphorus content of the 

vegetation, and, as f a r as p o s s i b l e , to compare my r e s u l t s w i t h those 

from other i n v e s t i g a t i o n s on peat. Taking a l l these f a c t o r s i n t o c o n s i d 

e r a t i o n the e x t r a c t a n t s f i n a l l y s e l e c t e d were Truog's s o l u t i o n , N N H ^ l , 

0.02N H SO , 0.5N H SO . N a c e t i c a c i d , and N ammonium a c e t a t e . 

The e x t r a c t i o n procedure was the same as d e s c r i b e d f o r n i t r o g e n ; 

a f t e r shaking f o r one hour the e x t r a c t s were f i l t e r e d and phosphorus 

estimated by the molybdenum blue method (Fogg & Wilkinson, 1958). 

10(b) Peat and vegetation phosphorus i n r e l a t i o n to the mire e c o c l i n e 

The r e s u l t s a re presented i n a s i m i l a r f a s h i o n to those f o r 

n i t r o g e n : data f o r the i n d i v i d u a l mires i n F i g u r e s 29-31, and pooled data 
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i n F i g u r e s 32-39. Trend l i n e s i n r e l a t i o n to the e c o c l i n e have not been 

drawn f o r separate mires, but where trends a r e s t a t i s t i c a l l y s i g n i f i c a n t 

the R 2 values are shown; f o r the pooled data both s i g n i f i c a n t trend l i n e s 

and a l l R 2 v a l u e s a r e i n d i c a t e d . 

The g e n e r a l l e v e l s of t o t a l phosphorus i n both peat and vegetation 

are approximately the same f o r corresponding p a r t s of the e c o c l i n e a t a l l 

l o c a t i o n s ( F i g u r e 3 1 ) . T o t a l phosphorus c o n c e n t r a t i o n i n the vegetation 

i n c r e a s e s very s l i g h t l y from extreme r i c h fens to fen s , t h i s i s followed 

by a decrease i n c o n c e n t r a t i o n at the ombrotrophic end of the e c o c l i n e 

( F i g u r e 38). Maimer s t u d i e d a few s p e c i e s from poorer mires with 

respect to t h e i r phosphorus content and t h e i r p h y t o s o c i o l o g i c a l p o s i t i o n , 

and found a s i m i l a r decrease towards the extreme ombrotrophic end (Maimer, 
I I I I 

1958; Maimer & S j o r s , 1955). S j o r s , however, i n the same p u b l i c a t i o n 

( o . c . ) s t a t e d t h a t the phosphorus content of p l a n t s d i d not c o r r e l a t e 

along the p h y t o s o c i o l o g i c a l s e r i e s ; t h i s d i f f e r e n c e between the two 
• i 

workers could be e x p l a i n e d by the f a c t t h a t S j o r s concentrated on r i c h e r 

mires, whereas Maimer s t u d i e d the poorer mires. 

The l e v e l s of t o t a l phosphorus i n peat i n r e l a t i o n to t i e e c o c l i n e 

f o l l o w a p a t t e r n which i s almost i d e n t i c a l to t h a t f o r phosphorus i n 

vegetation, except t h a t the d e c l i n e at the ombrotrophic end i s even more 

marked ( F i g u r e 39). The low t o t a l phosphorus content of ombrotrophic 

peat appears to be c h a r a c t e r i s t i c , and has been recorded by s e v e r a l 

previous workers (e.g. K a i l a , 1956a; Maimer & S j o r s , 1955; S j o r s , 1961; 

P o l l e t t , 1972). 

The ' e a s i l y s o l u b l e ' phosphorus i n peat, e x t r a c t e d w i t h d i f f e r e n t 

e x t r a c t a n t s , appears, l i k e t o t a l phsophorus, to be at about the same l e v e l 

i n corresponding p a r t s of the e c o c l i n e at a l l the d i f f e r e n t l o c a t i o n s . 

Furthermore, the r e l a t i v e amounts e x t r a c t e d by the v a r i o u s e x t r a c t a n t s a r e 

s i m i l a r f o r each l o c a t i o n ( F i g u r e s 29 and 3 0 ) . These d i f f e r e n c e s between 
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e x t r a c t a n t s a re best seen i n the pooled data ( F i g u r e s 32-37). One 

marked f e a t u r e of these r e s u l t s i s that the s o l u b l e phosphorus content of 

peat, when determined by e x t r a c t i o n w i t h any of the 'weak' e x t r a c t a n t s , 

shows an i n c r e a s e towards the ombrotrophic end of the e c o c l i n e ( F i g u r e s 

33, 34, 35, 36 and 3 7 ) ; t h i s t r e n d i s s t a t i s t i c a l l y s i g n i f i c a n t i n a l l 

i n s t a n c e s , w i t h the e x c e p t i o n of phosphorus e x t r a c t e d w i t h ammonium 

a c e t a t e . There i s no trend when the phosphorus i s e x t r a c t e d w i t h 0.5N 

H SO . These r e s u l t s f o r s o l u b l e phosphorus a r e of c o n s i d e r a b l e i n t e r e s t 

w i t h r e s p e c t to the phosphorus economy of peat lands, and as such they are 

d i s c u s s e d more f u l l y i n the f o l l o w i n g s e c t i o n , and i n Chapter 12. 

10(c) Phosphate f i x a t i o n i n peat 

At the pH values and redox encountered i n peat most of the phosphorus 

w i l l be i n the form of ions or compounds of orthophosphoric a c i d , f u r t h e r 

more H 2 P 0
4 predominate over HP0 4 (Campbell, 1970). The H

2
P 0

4
 i o n m a y 

combine w i t h v a r i o u s substances i n s o i l , and become u n a v a i l a b l e to p l a n t s 

i n v a r y i n g degrees. I n a l k a l i n e c o n d i t i o n s i t may become u n a v a i l a b l e 

because of the p r e c i p i t a t i o n of i n s o l u b l e c a l c i u m phosphates, and i n a c i d 

c o n d i t i o n s through being bound as phosphates or hydroxyphosphates of i r o n 

and aluminium (e.g. Magistad, 1925; Gaarder, 1930; Cole and Jackson, 1950; 

Hsu, 1965). 

Although i t would be of c o n s i d e r a b l e i n t e r e s t to have a b e t t e r under

stan d i n g of the nature of phosphorus compounds i n peat, such an undertaking, 

i n v o l v i n g d e t a i l e d f r a c t i o n a t i o n (e.g. Petersen & Corey, 1966), was 

i m p r a c t i c a l i n t h i s , e s s e n t i a l l y ecological, p r o j e c t . However, s e v e r a l 

e x t r a c t a n t s were u t i l i s e d , and the r e l a t i v e amounts of phosphorus d i s s o l v e d 

by each of these can provide some information on the matter. A l l of the 

phosphorus removed by Truog's s o l u t i o n i s considered to be a v a i l a b l e to 

p l a n t s (Truog, 1930), as i s the l o o s e l y bound ' s a l o i d ' phosphorus, which 
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i s removed by n e u t r a l s a l t s such a s ammonium c h l o r i d e or ca l c i u m sulphate 

(Mattson and K a r l s o n , 1938). N a c e t i c a c i d and 0.02N H SO w i l l i n c l u d e 
« 4 

most of the aluminium and i r o n bound phosphorus together w i t h a s m a l l 

amount bound to calcium. 0.5N HnSO^ w i l l d i s s o l v e most of the i n s o l u b l e 
2 4 

calcium phosphates i n c l u d i n g a p a t i t e s . The afore-going information was 

obtained from s e v e r a l sources i n a d d i t i o n to those a l r e a d y mentioned, but 

p a r t i c u l a r l y Magistad (1925), Hesse (1971), and John (1972). 

A summary of r e s u l t s f o r the e a s i l y s o l u b l e phosphorus i s as f o l l o w s 

( d e t a i l s i n F i g u r e s 29-37 and i n the appendix);-

e x t r a c t a n t extreme r i c h fen extreme bog 

NH C I 1 20 4 
a c e t i c a c i d 10 19 
0.02N H^SO, 10 16 2 4 
0.5 N H SO 25 21 

A 4 
A l l f i g u r e s p.p.m. dr. wt. peat. 

I n r i c h f e n s s a l o i d bound phosphorus i s only a very s m a l l f r a c t i o n 

of the e a s i l y s o l u b l e phsophorus, most presumably being f i x e d i n t o 

i n o r g a n i c compounds. ( F i g u r e 3 5 ) . These r e s u l t s f o r r i c h fens a r e not 

unexpected, and are c o n s i s t e n t w i t h the f i n d i n g s of P u u s t j a r v i (1956) who 

concluded t h a t the r e t e n t i o n of phosphorus by hydrous f e r r i c oxide was 

an important f a c t o r regarding the growth of crops on reclaimed t r e e l e s s 

fens, and w i t h those of Doughty (1930) who showed t h a t rheotrophic peat 

di d not f i x added phosphorus a f t e r the i r o n and aluminium had been removed 

by l e a c h i n g . 

The data, f o r ombrotrophic s i t e s i s of g r e a t e r i n t e r e s t , i n d i c a t i n g 

as i t does t h a t most of the e a s i l y s o l u b l e phosphorus i n the poor mires 

i s s a l o i d bound, t h i s warrants c l o s e r examination of the e l e c t r o s t a t i c 

t h e o r i e s r e l a t i n g t o phosphorus f i x a t i o n i n s o i l s . I n mineral s o i l s the 



F i g . 3 2 P i n p e a t (o5 N H 2 S 0 4 s o l u b l e ) 

6 0 0 - 0 8 N.S. 

4 0 

• •• 
2 0 

8 0 2 0 4 0 100 6 0 

en 

F i g . 3 3 P i n p e a t (o-02N H „ S 0 4 s o l u b l e ) 

3 0 

2 0 

10 

2 0 40 100 6 0 8 0 
W e i g h t e d I n d e x 

B. 

FIGS. 32 AND 33 POOLED DATA FOR SOLUBLE PHOSPHORUS IN PEAT IN 
RELATION TO MIRE ECOCLINE. R 2 VALUES OF TRENDS 
AS SHOWN. 



I 95 

binding of phosphate i n a c i d c o n d i t i o n s i s u s u a l l y a t t r i b u t e d to aluminium 

and i r o n . The work of Gaarder (1930) showed that f i x a t i o n due to these 

two elements i n c r e a s e d w i t h i n c r e a s i n g a c i d i t y to a c e r t a i n pH, below 

t h i s pH the amount of s o l u b l e phosphate i n e q u i l i b r i u m w i t h the amount 

f i x e d i n c r e a s e s r a p i d l y . T h i s point of maximum f i x a t i o n i s . s l i g h t l y on 

the a c i d s i d e of the i s o - e l e c t r i c point (Mattson & K a r l s o n , 1938). The 

i s o - e l e c t r i c point v a r i e s according to the r a t i o of phosphate to m e t a l l i c 

oxide, those f o r aluminium being s l i g h t l y higher than f o r i r o n ( F e + + + ) . 

The more phosphate, t h a t i s present the more the i s o - e l e c t r i c point i s 

depressed, and g r e a t e r a r e the amounts of f r e e phosphate i n e q u i l i b r i u m 

w i t h the metal-phosphate complexes. I t i s d i f f i c u l t to a s s e s s j u s t how 

much of the estimated i r o n , aluminium, and phosphorus i n peat i s f r e e to 

take part i n these r e a c t i o n s , and an a d d i t i o n a l c o m p l i c a t i o n i s th a t humic 

a c i d and other o r g a n i c compounds reduce the amount of PO f i x e d (Matson 
4 

& K a r l s o n o . c ; Brad l e y & S i e l i n g , 1953). However, i f we s i m p l i f y the 

s i t u a t i o n and assume f i r s t t hat t o t a l amounts a re involved, then the 

i s o - e l e c t r i c point f o r i r o n i n the r i c h e r peats i s about pH 6.4, and pH 

6.0 i n the ombrotrophic peats; i f , on the other hand the c a l c u l a t i o n s are 

based upon only a c i d s o l u b l e amounts then f i g u r e s a r e pH 5.9 and pH 5.4, 

(from Mattson & K a r l s o n o.c. F i g u r e 15A). The e q u i v a l e n t f i g u r e s f o r 

aluminium i n peats, which i s b e l i e v e d to bind phosphorus l e s s s t r o n g l y than 

the f e r r i c i o n , are a l l about 0.5 pH u n i t s higher than those given above. 

Mattson & K a r l s o n point out that the p r a c t i c a l experiments of 

Gaarder ( o . c . ) show the pH of maximum phosphate f i x a t i o n to be on the a c i d 

s i d e of the t h e o r e t i c a l pH of maximum f i x a t i o n ; the i s o - e l e c t r i c point. 

They account f o r t h i s by suggesting that s a l o i d bound phosphorus i n c r e a s e s 

w i t h i n c r e a s i n g a c i d i t y u n t i l the point a t which the c a t i o n complex breaks 

down. ( S a l o i d bound i s used to d e s c r i b e an 'atmosphere' of phosphate 

surrounding the amphoteric c o l l o i d complex by e l e c t r o s t a t i c a t t r a c t i o n ) . 
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The amounts of phosphorus d i s s o l v e d by the v a r i o u s e x t r a c t a n t s i n 

r e l a t i o n to the e c o c l i n e could thus be e x p l a i n e d by a p p l i c a t i o n of the 

above concepts. I n the ombrotrophic mires the pH i s below the i s o 

e l e c t r i c point of any metallo-phosphorus complexes, and much of the 

phosphorus i s i n the s a l o i d form which i s e a s i l y e x t r a c t a b l e with a 

n e u t r a l s a l t , i n t h i s case NH^Cl. With i n c r e a s i n g rheotrophy the pH 

i n c r e a s e s to the i s o - e l e c t r i c point ( a s estimated above), to the point of 

maximum f i x a t i o n by i r o n and aluminium. I t i s t h e o r e t i c a l l y p o s s i b l e 

f o r the amount of phosphorus i n e q u i l i b r i u m w i t h the complexes to r i s e 

at pH values above the i s o - e l e c t r i c point, but at th e s e values p r e c i p i t 

a t i o n by c a l c i u m i s l i k e l y to occur, t h i s can s t a r t at pH v a l u e s as low 

as pH 5.4 (Gaarder, 1930). T h i s would e x p l a i n why no s a l o i d ( o r 0.002N 

H^SO^) s o l u b l e phosphorus i s e x t r a c t a b l e from the more rheotrophic peat, 

but i n these peats phosphorus can be d i s s o l v e d by s t r o n g a c i d s . 

The d i f f e r e n c e i n the shape of the curves f o r NH C I e x t r a c t a b l e 
4 

( F i g u r e 35) and 0.02 NH 2S0 4 ( F i g u r e 33) i s p a r t i c u l a r l y i n t e r e s t i n g . One 

simple i n t e r p r e t a t i o n of these i s that i n the more rheotrophic d i r e c t i o n 

the s a l o i d phosphorus becomes r a p i d l y l e s s important, such t h a t even i n 

fens ( i . e . before r i c h and extreme r i c h f e n s ) forms of bonding other 

than s a l o i d predominate. Assuming t h a t 0.02N H SO can, at l e a s t i n 
2 4 

p a r t , e x t r a c t phosphorus from these other forms then i t would be expected 

th a t the curve f o r e x t r a c t a b l e phosphorus u t i l i s i n g t h i s s o l v e n t would 

d e c l i n e l e s s r a p i d l y than the curve obtained u s i n g NH C I . N e i t h e r s o l v e n t 
4 

can e x t r a c t the s t r o n g l y bound cal c i u m phosphate of the r i c h e r mire. 

These r e s u l t s d i s a g r e e w i t h those of Saebo (1968) who concluded, on 

the b a s i s of the e f f e c t of (NH ) SO on the phosphorus content of s u c t i o n 
4 A 4 

water, that the phosphorus i n an extremely ombrotrophic peat was not i n 

the exchangeable form, Saebo ( o . c . ) found t h a t more phosphate was e x t r a c t e d 

from the peat by a c e t i c a c i d , r a t h e r than by ammonium a c e t a t e , a f a c t 
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which i s i n general agreement w i t h my r e s u l t s . Saebo concluded that 

phosphate ions are attached to the peat s u r f a c e s through hydrogen bridge 

bonds. 

S a l o i d bound phosphorus i s e a s i l y removed by c h l o r i d e , and the 

d i f f e r e n c e between s a l o i d bound phosphorus recorded i n the two p r o j e c t s 

could a r i s e from higher c l o r i d e contents of the Norwegian peat s t u d i e d 

by Saebo. T h i s ion was not estimated i n e i t h e r Saebo or myself, however 

Bellamy (1968) has shown that t h e r e i s a dramatic d e c l i n e i n the c h l o r i d e 

content of ombrotrophic peats i n an e a s t e r l y d i r e c t i o n from the A t l a n t i c 

seaboard to the c e n t r a l continent of Europe (o.c. F i g u r e 4 ) . Therefore 

i t i s p o s s i b l e that the Norwegian peats c o n t a i n higher l e v e l s of c h l o r i d e 

than the South German ones, which could account f o r the d i f f e r e n c e s i n 

s a l o i d bound phosphorus. I n f a c t i t i s p o s s i b l e that s a l o i d phosphorus 

i n Ombrotrophic peats may be i n v e r s e l y r e l a t e d to c h l o r i d e along the e a s t -

west European a x i s . 

10(d) C o r r e l a t i o n s between phosphorus i n the vegetation, and peat phosphorus 

I n Table 9 i t can be seen that of the e a s i l y e x t r a c t a b l e phosphorus 

only that e x t r a c t e d w i t h NH^Cl ( r a 0.47 a l l mires; and 0.51 poor mires 

only) g i v e s s t a t i s t i c a l l y s i g n i f i c a n t c o r r e l a t i o n s w i t h vegetation 

phosphorus. I n the next Chapter i t w i l l be shown that phosphorus i n the 

peatland system i s concentrated i n the vegetation to a much g r e a t e r extent 

than n i t r o g e n , t h e r e f o r e i n the height of the growing season i t i s easy 

to a p p r e c i a t e why the e a s i l y s o l u b l e phosphorus does not c o r r e l a t e w e l l 

w i t h vegetation phosphorus. 

T o t a l phosphorus i n peat i s the only form which provides c o n s i s t e n t l y 

u s e f u l c o r r e l a t i o n s w i t h phosphorus i n vegetation, which, c o n s i d e r i n g the 

above comment regarding c o n c e n t r a t i o n , i s only to be expected. Thus, i n 

any p h y t o s o c i o l o g i c a l study i n v o l v i n g phosphorus chemistry, the only index 
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Table 9 

C o r r e l a t i o n between phosphorus i n vegetation, w i t h s o l u b l e peat phosphorus 
e x t r a c t e d w i t h d i f f e r e n t s o l v e n t s . 

EXTRACTANT 

In terms 0.5N 0.02N 0.002N 
o f u on u c o M on 

2"~4 "2" 4 2"~4 

NH C I 4 
A c e t i c Ammonium T o t a l 

r e t i . 

Unit dry 
Weight 

Uni t 
humus 
Uni t 
volume 

Unit dry 
Weight 

Unit 
humus 
Unit 
volume 

Unit dry 
Weight 

Unit 
humus 
Unit 
volume 

ALL MIRES POOLED 

0.28 0.09 0.32 0.47 

0.24 0.01 0.23 0.32 

0.29 0.09 0.32 0.46 

RICH MIRES ONLY 

0.14 0.13 0.02 0.27 

0.32 0.14 0.23 0.24 

0.14 0.13 0.02 0.07 

POOR MIRES ONLY 

0.10 0.32 0.51 0.35 

0.41 

0.34 

0.08 

0.11 

0.32 

0.33 

0.51 

0.48 

0.21 

0.07 

0.21 

0.28 

0.33 

0.28 

0.26 

0.24 

0.26 

0.21 

0.11 

0.22 

0.29 

0.08 

0.29 

0.17 

0.17 

0.17 

0.60 

0.41 

0. 59 

0.53 

0.26 

0.53 

0.73 

0. 69 

0.73 

Minimum c o e f f i c i e n t r e q u i r e d f o r s t a t i s t i c a l s i g n i f i c a n c e : a l l mires 0.33; 
r i c h mires 0.50; poor mires 0.38. 

which can be recommended i s that of t o t a l peat phosphorus; t h i s has the 

disadvantage over the other methods of being a r a t h e r more time consuming 

and complex a n a l y t i c a l technique. However, the r e a r e some c o n s i d e r a b l e 

advantages: f i r s t l y , the a n a l y s i s can be performed on peat samples c o l l e c t e d 

at any time of the year w i t h confidence i n the knowledge that s e a s o n a l 
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f l u c t u a t i o n s w i l l be minimal; secondly, the l e v e l s of the c o r r e l a t i o n s are 

f a i r l y high, w i t h the r e s u l t that any c o n c l u s i o n s based upon t h i s index 

w i l l be that much more v a l i d . 

As i n the case of n i t r o g e n c o n s i d e r a b l e improvement i n the es t i m a t e 

can be made by i n t r o d u c i n g a second order term, thus the best e s t i m a t e s are 

as f o l l o w s : 

Pv B 2.3T - 0.82T 2 - 0.04 a l l mires 
R2 B 0.37***. s.e. B 0.34 

Pv o 1.1T - 0.49T 2 - 0.47 f o r r i c h mires only 
R2 a 0.41*. s.e. B 0.47 

Pv s 1 - 2. 6H + 4.1H 2 f o r poor mires only 
R2 B 0.71***. s.e. 0.27 

where Pv a phosphorus i n the vegetation; T a t o t a l phosphorus i n the peat, 

both i n u n i t dry weight; and H i s phosphorus i n peat per u n i t humus. 

Once again t h e r e appears to be no advantage i n basing the simple 

c o r r e l a t i o n s on anything other than per u n i t dry weight, although i n the 

t h i r d of the above equations u n i t humus o f f e r s a 4% improvement over the 

equation u t i l i s i n g per u n i t weight (not g i v e n ) . The R 2 value f o r the 

poor mire only equation above i s 0.71, wi t h a standard e r r o r of 0.27 mg 

P/g humus (about 8% of the t o t a l ) . These f i g u r e s suggest that t h i s 

equation may be very u s e f u l i n s t u d i e s of phosphorus and mire phytosociology. 

10(e) R e l a t i o n s h i p s between phosphorus i n t h e vegetation, and other 

A step-wise r e g r e s s i o n a n a l y s i s was c a r r i e d out as p r e v i o u s l y 

d e s c r i b e d : the dependent v a r i a b l e being the logarithm of the phosphorus 

content of the a e r i a l v e g e t a t i o n , and the independent v a r i a b l e s being e i t h e r 

i n o r g a n i c f a c t o r s 

ly s o l u b l e peat the e a s i i n o r g a n i c chemical f a c t o r s ( r e s u l t s d i s p l a y e d i n 
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T a b l e 1 0 ) , or other chemicals i n the veg e t a t i o n ( r e s u l t s d i s p l a y e d i n 
T a ble 1 1 ) . 

P&db chemical f a c t o r s do not account f o r a l a r g e amount of the 

v a r i a b i l i t y i n the phosphorus content of the vegetation, however, i n each 

c a s e the c o e f f i c i e n t of m u l t i p l e determination (R 2 ) i s s t a t i s t i c a l l y 

s i g n i f i c a n t ( T a b l e 1 0 ) . Most of t h e p a r t i a l r e g r e s s i o n c o e f f i c i e n t s i n 

Ta b l e 10 a r e not s t a t i s t i c a l l y s i g n i f i c a n t , i t must be concluded t h a t 

t h e ^ have an i n d i r e c t e f f e c t . Calcium has a p o s i t i v e i n f l u e n c o i n the 

poor mires, and a ne g a t i v e one i n the r i c h mires. Ammonium n i t r o g e n has 

a p o s i t i v e r e l a t i o n s h i p i n r i c h mires, t h i s being the only s t a t i s t i c a l l y 

s i g n i f i c a n t p a r t i a l r e g r e s s i o n c o e f f i c i e n t . Aluminium appears to e x e r t 

a p o s i t i v e i n f l u e n c e i n both poor and r i c h mires. 

T a b l e 10 

R e l a t i v e c o n t r i b u t i o n by s o l u b l e i n o r g a n i c chemical f a c t o r s i n peat to the 
e x p l a n a t i o n of v a r i a b i l i t y i n the phosphorus content of a e r i a l mire 

veg e t a t i o n . 

F a c t o r % reduction beta F 
i n v a r i a n c e 

ALL MIRES POOLED 

A l 15 0 . 3 1 3 . 5 (N.S.) 
Fe 8 0 . 3 1 3 . 5 (N.S.) 

R 2 s 0 . 2 3 * ; F B 5 . 3 ; n c 3 3 , 

RICH MIRES ONLY 

NH* 38 0 . 5 5 6 . 6 * 
A l 4 2 0 0 . 3 4 2 . 5 (N.S.) 

Ca 7 - 0 . 3 0 1 . 8 (N.S.) 

R 2 = 0 . 6 5 * ; F = 5 . 6 ; n » 1 3 , 

POOR MIRES ONLY 
Ca 
A l 

18 
9 

R 2 = 0 . 2 7 * ; F = 3 . 5 ; n = 2 2 , 

0 . 3 4 
0 . 3 1 

3 . 0 (N.S.) 
2 . 0 (N.S.) 
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Table 11 

R e l a t i v e c o n t r i b u t i o n by i n o r g a n i c chemicals i n a e r i a l mire v egetation to 
the e x p l a n a t i o n of v a r i a b i l i t y i n phosphorus content of the vegetation. 

F a c t o r % reduction Beta 
i n v a r i a n c e 

ALL MIRES POOLED 

K 32 0 . 4 6 8 . 9 * 
Zn 10 0 . 4 3 6 . 5 * 
Mn 7 0 . 3 0 4 . 8 * 
Pb 3 - 0 . 4 5 7 . 1 * 

R 2 = 0 . 5 2 * * * ; F B 8 . 1 ; n B 3 5 . 

RICH MIRES ONLY 

Mn 64 1 . 2 3 7 * * * 
K 8 0 . 4 8 10* 
N 8 - 0 . 4 6 5* 

R 2 B 0 . 8 0 * * * ; F o 1 7 . 2 ; n o 1 7 . 

POOR MIRES ONLY 

K 3 5 0 . 3 6 3 . 6 (N.S.) 
Na 10 0 . 3 6 4 . 5 * 
Pb 9 - 0 . 5 5 7 . 7 * 
Mn 7 0 . 2 7 3 . 1 (N.S.) 

R 2 B 0 . 6 1 * * * ; F s 7 . 2 ; n > 2 2 . 

A n a l y s i s of the r e l a t i o n s h i p s between phosphorus and other chemicals 

in vegetation has produced much higher l e v e l s of s t a t i s t i c a l s i g n i f i c a n c e 

( T a b l e 11) than the a n a l y s i s of vegetation phosphorus and s o i l f a c t o r s , 

d e s c r i b e d above. I n a l l c a s e s the c o e f f i c i e n t s of m u l t i p l e determination 

a r e h i g h l y s t a t i s t i c a l l y s i g n i f i c a n t (p < 0 . 0 0 5 ) . O v e r a l l , potassium 

appears to be the f a c t o r which accounts f o r most v a r i a b i l i t y i n v e g e t a t i o n 

phosphorus, although much of t h i s e f f e c t i s i n d i r e c t ; i n poor mires t h i s 

can be concluded from the f a c t that the p a r t i a l c o r r e l a t i o n c o e f f i c i e n t 

i s not s t a t i s t i c a l l y s i g n i f i c a n t even though t h i s f a c t o r accounts f o r 35% 

of the v a r i a b i l i t y ; i n the a n a l y s i s of data from a l l mires potassium 
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accounts f o r 32% of the v a r i a b i l i t y , but again the F value f o r i t s p a r t i a l 

r e g r e s s i o n c o e f f i c i e n t suggests t h a t much of t h i s i n f l u e n c e i s i n d i r e c t . 

The 8% of v a r i a b i l i t y i n vegetation phosphorus accounted f o r by potassium 

i n r i c h mires p o s s i b l y r e f l e c t s a more r e a l i s t i c f i g u r e f o r the d i r e c t 

i n f l u e n c e of t h i s element. Nitrogen a l s o accounts f o r 8% of the v a r i a b i l i t y 

i n r i c h mires, but i t i s i n t e r e s t i n g to note (and d i f f i c u l t to e x p l a i n ) 

the f a c t that the beta c o e f f i c i e n t i s negative: opposite to th a t f o r s o i l 

n i t r o g e n . Lead has a negative a f f e c t , and t h i s element appears to exert 

i t s i n f l u e n c e mostly i n the poor mires where i t s s t a t i s t i c a l l y s i g n i f i c a n t 

p a r t i a l r e g r e s s i o n c o e f f i c i e n t i s the highest appearing i n t h i s s e c t i o n of 

the a n a l y s i s . Sodium apparently has some s m a l l i n f l u e n c e , but only i n 

poor mires. Two/heavy metals occur i n the f i n a l r e s u l t s : Manganese and 

Z i n c , the former of these two i s probably the more important, appearing 

as i t does i n a l l s e c t i o n s . 

C e r t a i n f e a t u r e s of above r e s u l t s can be d e a l t w i t h f a i r l y b r i e f l y . 

Potassium i s an e s s e n t i a l element f o r plant metabolism and i t s appearance 

emphasises ( i ) t h a t the movement of phosphorus from s o i l to a e r i a l p a r t s 

of herbaceous vegetation i s a metabolic dependent process, and ( i i ) that 

t h i s element i s p o s s i b l y an important l i m i t i n g f a c t o r i n mire systems; 

i t i s notable t h a t potassium a l s o appears as an important i n f l u e n c e i n 

f 
determining the rate/ h e t e r o t r o p h i c nitrogen f i x i n g a c t i v i t y i n these peats 

( s e e Chapters 8 and 12). 

The negative beta value a s s o c i a t e d w i t h r i c h mire peat calcium may 

r e f l e c t s e v e r a l i n t e r r a c t i o n s . I n s e c t i o n 10(d) the p o s s i b l e importance 

of the i s o - e l e c t r i c point f o r the P„0 -Fe 0 complex was d i s c u s s e d i n 

r e l a t i o n to the f a c t t h a t minimum phosphate s o l u b i l i t y o c c u r s near to t h i s 

point. I n c r e a s i n g l e v e l s of cal c i u m i n rheotrophic peats a r e l i k e l y to be 

r e f l e c t e d i n higher pH, i . e . values c l o s e to the i s o - e l e c t r i c point. 

Calcium can a l s o cause a re d u c t i o n of phosphorus a v a i l a b i l i t y by p r e c i p i t -
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a t i o n of c a l c i u m phosphates, and p o s s i b l y a l s o by l i m i t i n g the m o b i l i t y 

of manganese ( t h i s l a t t e r point i s d i s c u s s e d below). Thus f o r s e v e r a l 

reasons, i n c r e a s i n g amounts of c a l c i u m i n r i c h mires may have a 

d e l e t e r i o u s e f f e c t on the supply of phosphorus to vegetation (Lundblad, 

1941; P u u s t j a r v i . 1952; P u u s t j a r v i , 1956; P i z e r . 1965). 

The negative beta value f o r n i t r o g e n i n the fen v e g e t a t i o n i s more 

d i f f i c u l t to e x p l a i n , however a p o s s i b l e answer may be found by invoking 

n i t r o g e n f i x a t i o n . The n i t r o g e n content of fen vegetation may be, i n 

part at l e a s t , a f u n c t i o n of n i t r o g e n f i x a t i o n , and i n t e n s e n i t r o g e n 

f i x a t i o n can cause b i o l o g i c a l f i x a t i o n of phosphorus i n the s o i l ( T a y l o r , 

1946). High l e v e l s of NH* - N i n fen peat might reduce n i t r o g e n f i x i n g 

a c t i v i t y ( s e e Chapter 12), thus a l l o w i n g more phosphorus to be absorbed 

by the vegetation. There i s no s t a t i s t i c a l support f o r t h i s idea which 

must, t h e r e f o r e , remain nothing more than a s p e c u l a t i o n . One of the most 

i n t e r e s t i n g a s p e c t s of t h i s a n a l y s i s i s the appearance i n the r e s u l t s of 

manganese and aluminium, p a r t i c u l a r l y the f a c t that the former element 

appears only i n the a n a l y s i s r e l a t i n g to the chemicals i n vegetation, and 

the l a t t e r only i n the a n a l y s i s r e l a t i n g to s o l u b l e chemicals i n the peat. 

D i s c u s s i o n of the e f f e c t of aluminium on p l a n t growth has continued f o r 

over t h r e e q u a r t e r s of a century ( s e e Magistad, 1925 f o r review of e a r l y 

l i t e r a t u r e ) , and i t i s s i g n i f i c a n t t h a t many of these debates have a l s o 

i n v o l v e d phosphorus. At high c o n c e n t r a t i o n s aluminium i s t o x i c to many 

plant s p e c i e s , and t h e r e i s evidence that t o x i c i t y r e s u l t s from the 

p r e c i p i t a t i o n of i n s o l u b l e aluminium phosphates i n plant r o o t s (Wright & 

Donahue, 1952; Foy et a l . , 1967; e t c . ) However, the l e v e l s of aluminium, 

as w e l l as i r o n , a re very low i n these peats, t h e r e f o r e of g r e a t e r 

i n t e r e s t i n the present context i s the f a c t that t h e r e i s a c o n s i d e r a b l e 

body of evidence i n support of the contention that low l e v e l s of aluminium 

can a c t u a l l y s t i m u l a t e the uptake of phosphorus i n t o p l a n t s . Hackett 
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(1964) showed that 2-25 p.p.m. aluminium i n the growth medium s t i m u l a t e d 

root growth of b a r l e y from seed; R a n d a l l & Vose (1963) found that 

phosphorus uptake i n rye g r a s s was i n c r e a s e d by aluminium c o n c e n t r a t i o n s 

of up to 50 p.p.m.; and Hesse (1963) concluded that the uptake of 

phosphorus i n t o r i c e p l a n t s was s t i m u l a t e d by aluminium, but that the 

phosphorus tended to be p r e c i p i t a t e d i n the ro o t s . I t i s worth noting 

t h a t both the above-mentioned l e v e l s of aluminium are comparable w i t h 

the l e v e l s of aluminium e x t r a c t e d by a c e t i c a c i d from peat. 

I f e x c e s s i v e p r e c i p i t a t i o n does occur i n the root systems of mire 

p l a n t s one might expect to f i n d comparatively high l e v e l s of phosphorus 

i n peat, but t h i s i s not so (Chapters 11 and 12); however, t h i s i s the 

case w i t h aluminium. Thus t h e r e i s no i n d i c a t i o n of phosphorus immobil

i s a t i o n w i t h i n the r o o t s ; c o n s i d e r i n g that the amounts of s o l u b l e phosphorus 

are' comparatively high compared w i t h amounts of the elements t h a t a r e 

most l i k e l y to cause i t s p r e c i p i t a t i o n (aluminium and i r o n ) t h i s i s not 

s u r p r i s i n g . Thus from the a n a l y s e s , and the d i s c u s s i o n , i t i s p o s s i b l e 

to conclude that the s o l u b l e aluminium i n peat may be s t i m u l a t i n g higher 

l e v e l s of phosphorus i n the a e r i a l p a r t s of the veget a t i o n ; such an e f f e c t 

has been demonstrated by R a n d a l l & Vose ( o . c . ) f o r rye and by Humphries 

and Truman (1964) f o r Pinus r a d i a t a . 

Although the p o s s i b i l i t y t h a t phosphorus uptake may be s t i m u l a t e d 

by aluminium has much supporting evidence, the nature of t h i s s t i m u l a t i o n 

i s by no means understood. C l a r k s o n (1965), and Rorison (1965) both 

produced r e s u l t s which suggested t h a t the s t i m u l a t i o n was not metabolic, 

whereas the enzyme i n h i b i t o r i n v e s t i g a t i o n s of R a n d a l l & Vose ( o . c . ) 

lead to the opposite c o n c l u s i o n . The work of R a n d a l l & Vose may a l s o help 

to provide an e x p l a n a t i o n f o r the appearance of manganese i n r e s u l t s of 

the a n a l y s e s of the r e l a t i o n s h i p between phosphorus and other chemicals 

i n vegetation. They found that manganese s t i m u l a t e d the t r a n s l o c a t i o n of 
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phosphorus from root to shoots, thus o f f - s e t t i n g any tendency f o r 

aluminium to p r e c i p i t a t e phosphorus i n the roots. Manganese i s an 

important element i n many metabolic processes, e s p e c i a l l y those i n v o l v i n g 

biochemical phosphate t r a n s f o r m a t i o n s (Hewitt, 1958; Nason & McElroy, 1963), 

and a d i r e c t l i n k between phosphate uptake and phosphorylation has been 

demonstrated i n b a r l e y (Jackson et a l . , 1962). 

I t i s i n t e r e s t i n g to note that manganese, i n c o n t r a s t to aluminium, 

i s not concentrated i n the ro o t s , i t appears to be g e n e r a l l y more mobile 

than aluminium ( s e e Chapter 11). Buckman and Brady (1962) present data 

which suggest that a t o t a l manganese content of 2 mg/g dry weight i s 

normal i n mineral s o i l s , and i n t h e i r examination of 36 Wisconsin m i n e r a l 

s o i l s Dolar &. Keeney (1971) found an average of 630 p.p.m. t o t a l , and 

90 p.p.m. ( d r . wt.) e x t r a c t a b l e manganese; by comparison the average f o r 

the peats s t u d i e d i n t h i s i n v e s t i g a t i o n a r e much lower a t 64 and 24 p.p.m. 

r e s p e c t i v e l y . A l l of these f a c t s suggest that manganese may be at a premium 

i n peatland ecosystems. (See a l s o M i t c h e l l , 1954; and Wiklander, 1965). 

High l e v e l s of peat c a l c i u m appear to be r e l a t e d to lower l e v e l s of 

ve g e t a t i o n phosphorus. I f manganese i s d e f i c i e n t i n peatland systems, i t 

i s p o s s i b l e that t h i s d e f i c i e n c y i s exacacerbated by high c a l c i u m l e v e l s 

reducing m o b i l i t y of manganese (which has a p o s i t i v e i n f l u e n c e on vegetation 

phosphorus) between roo t s and stems (Vlamis & W i l l i a m s , 1962; Swanback, 

1932; Lohnis, 1960). S i m i l a r l y , at l e a s t part of the i n f l u e n c e of 

potassium on the phosphorus content of vegetation may be due to potassium 

i n c r e a s i n g the m o b i l i t y of manganese (Swanback, 1932; B e l l e - J o n e s , 1955). 

Comparative data f o r d i f f e r e n t peats show th a t l e v e l s of le a d 

obtained i n t h i s study ( T a b l e 5, column 1 and 6) are co n s i d e r a b l y higher 

than those i n peats from F i n l a n d and R u s s i a ( T a b l e 5 columns 2-5). The 

f a c t t h a t lead a f f e c t s animal metabolism i s w e l l known (e.g. review by 

Dulka & Risby, 1976); data r e l a t i n g to the e f f e c t of le a d on higher plant 
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metabolism are s p a r s e by c o n t r a s t ; however th e r e i s some evidence that i t 

does q f f e c t p l a n t phosphorus metabolism (Woolhouse, 1968; J e f f r e y , 1969). 

I n summary, the above evidence lends support f o r the f o l l o w i n g general 

suggestions concerning v a r i a b i l i t y i n the phosphorus content of vegetation 

and other chemicals. Aluminium i s g e n e r a l l y present at l e v e l s which may 

a c t u a l l y s t i m u l a t e phosphorus uptake; and t r a n s l o c a t i o n from root to 

shoot may be c o n s i d e r a b l y dependent upon manganese, which appears to be 

p o t e n t i a l l y d e f i c i e n t i n peat land ecosystems. Potassium may be important 

not only i n s t i m u l a t i n g metabolism i n general, but more s p e c i f i c a l l y by 

i n c r e a s i n g the m o b i l i t y of manganese. I n r i c h fens c a l c i u m may r e s t r i c t 

phosphorus movement i n t o and through the vegetation, t h i s would e x p l a i n 

the s l i g h t d e c l i n e of the phosphorus content of a e r i a l v e g e t ation a t the 

extreme r i c h f e n end of the mire e c o c l i n e ; the d e c l i n e at the extreme 

ombrotrophic end may be due to a g e n e r a l lowering of metabolic a c t i v i t y , 

and perhaps a l s o to a r e d u c t i o n i n the potassium content of the a e r i a l 

v egetation. 

I n view of the f a c t that the s t a t i s t i c a l a n a l y s i s suggests t h a t much 

of the i n f l u e n c e s of potassium and calcium i s v i a other chemicals, a 

s p e c i a l s t a t i s t i c a l examination of p o t e n t i a l i n t e r a c t i o n s between e i t h e r 

potassium or calcium, w i t h manganese was c a r r i e d out. T h i s can be done i n 

step-wise m u l t i p l e r e g r e s s i o n a n a l y s i s by f i r s t e l i m i n a t i n g the v a r i a b i l i t y 

due to each of the i n d i v i d u a l f a c t o r s , then f i n a l l y i n c l u d i n g a s p e c i a l 

v a r i a b l e computed as the product of the two f a c t o r s suspected of i n t e r 

a c t i o n : a f u r t h e r s i g n i f i c a n t r eduction of e x p l a i n e d v a r i a n c e i s 

i n d i c a t i v e of p o t e n t i a l i n t e r a c t i o n . The r e s u l t s of t h i s a n a l y s i s a re 

presented i n Table 12 where i t can be seen that c a l c i u m and manganese do 

not appear to i n t e r a c t , which suggests that most of the e f f e c t of c a l c i u m 

on vegetation phosphorus i n r i c h fens i s through the i m m o b i l i s a t i o n of 

phosphorus i n the peat. (More c o r r e c t l y the n u l l hypothesis i s that 
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Table 12 

S t a t i s t i c a l t e s t f o r p o s s i b l e i n t e r a c t i o n between e i t h e r c a l c i u m or 
potassium w i t h manganese. 

POOR MIRES ONLY RICH MIRES ONLY 

ep No. V a r i a b l e Beta % reduction Beta % r e d u c t i o n 
i n e x p l a i n e d i n e x p l a i n e d 
v a r i a n c e v a r i a n c e 

1 Nh -0.087 2 0.675 64*** 
2 Ca 0.162 7 0.058 2 
3 Mn x Ca 0.223 0 0.177 0 

1 Mn -0.93** 2 -0.872 64*** 
2 K 0.04 41*** 0.060 8* 
3 Mn x K 1.30*** 17** 1.711 4 

S t a t i s t i c a l parameters not s i g n i f i c a n t u n l e s s otherwise i n d i c a t e d . 

manganese and calc i u m do not i n t e r a c t , and t h i s hypothesis must be accpeted) 

The a n a l y s i s i n v o l v i n g potassium, however, does provide evidence of 

i n t e r a c t i o n . I n poor mires the i n t e r a c t i o n between potassium and manganese 

i s s t a t i s t i c a l l y h i g h l y s i g n i f i c a n t , accounting f o r a f u r t h e r 17% of the 

va r i a n c e when the computed v a r i a b l e i s added as the l a s t s t e p ; furthermore 

although potassium accounts f o r 41% of the v a r i a b i l i t y when added as the 

second step, a d d i t i o n of the computed v a r i a b l e completely e l i m i n a t e s the 

s i g n i f i c a n c e of potassium's s t a n d a r d i s e d p a r t i a l r e g r e s s i o n c o e f f i c i e n t , 

whereas the s t a n d a r d i s e d p a r t i a l r e g r e s s i o n c o e f f i c i e n t f o r the computed 

v a r i a b l e i t s e l f i s h i g h l y s i g n i f i c a n t . Using data from r i c h mires, none 

of the s t a n d a r d i s e d p a r t i a l r e g r e s s i o n c o e f f i c i e n t s i n the potassium 

s e c t i o n of the a n a l y s i s a r e s t a t i s t i c a l l y s i g n i f i c a n t , but i t i s noteworthy 

th a t the c o e f f i c i e n t a ttached to the computed v a r i a b l e i s much higher 

than the other two. T h i s . s t a t i s t i c a l a n a l y s i s s t r o n g l y supports 

the hypothesis r e l a t i n g to a p o s s i b l e i n t e r r e l a t i o n s h i p between potassium 

and manganese. (Or, again more c o r r e c t l y , the n u l l hypothesis i s that 

t h e r e i s no i n t e r a c t i o n between potassium and manganese, but the s t a t i s t i c s 
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i n d i c a t e t h a t the n u l l hypothesis must be r e j e c t e d ) . 

The exact way i n which potassium i n f l u e n c e s the phosphorus content 

of mire v e g e t a t i o n must remain somewhat s p e c u l a t i v e , but the r e s u l t s 

presented i n T a b l e 11 provide evidence, not only that t h i s i n f l u e n c e e i x s t s , 

but a l s o that i t i s c o n s i d e r a b l e . Two r e p o r t s from peatland a f f o r e 

s t a t i o n s t u d i e s provide f u r t h e r information on t h i s p o i n t : Dickson (1972) 

concluded t h a t c o r r e c t i o n of potassium d e f i c i e n c y permitted b e t t e r 

u t i l i s a t i o n of phosphorus by s i t k a spruce grown on o l i g o t r o p h i c peat; and 

Ferda (1972) found t h a t the a p p l i c a t i o n of phosphorus f e r t i l i s e r had 

l i t t l e e f f e c t on the growth of v a r i o u s c o n i f e r s on poor fen s o i l a f t e r t h r e e 

y e a r s , u n l e s s potassium d e f i c i e n c y was c o r r e c t e d . 
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CHAPTER ELEVEN : 

METALLIC CATIONS 

There i s a l a r g e r body of information concerning the major m e t a l l i c 

c a t i o n s i n peatlands than e x i s t s f o r the s u b j e c t s d i s c u s s e d i n previous 

c h a p t e r s , t h e r e f o r e the r e s u l t s presented i n t h i s chapter a r e d e a l t 

w i t h more b r i e f l y , emphasising p a r t i c u l a r l y d i s t r i b u t i o n s w i t h i n the 

ecosystem. 

11(a) Methods 

T o t a l q u a n t i t i e s of the v a r i o u s elements i n peat and v e g e t a t i o n 

were e x t r a c t e d by wet d i g e s t i o n w i t h p e r c h l o r i c a c i d (Johnson and U l r i c h , 

1959); c a t i o n s were a l s o e x t r a c t e d from peat u s i n g N ammonium a c e t a t e , 

and N a c e t i c a c i d (1 g dr. wt. to 100 ml of e x t r a c t a n t , shaken f o r 2 h ) . 

Amounts of the v a r i o u s c a t i o n s i n a l l of these e x t r a c t s wereestimated by 

atomic a b s o r p t i o n spectroscopy, a f t e r f i l t r a t i o n . 

11(b) D i s t r i b u t i o n of c a t i o n s i n r e l a t i o n to the e c o c l i n e 

R e s u l t s from the v a r i o u s a n a l y s e s a r e d i s p l a y e d in F i g u r e s 40 to 47, 

the t o t a l amounts of each element i n peat and vegetation, together w i t h 

the exchangeable q u a n t i t y i n peat a r e a l l shown i n the same f i g u r e , so 

that the d i s t r i b u t i o n i s e a s i l y seen. The ranges of many elements are 

very great, t h e r e f o r e i n order to f a c i l i t a t e comparisons, a l o g a r i t h m i c 

s c a l e f o r the amounts of each element has been used i n every case. W h i l s t 

examining these r e s u l t s the f o l l o w i n g p o i n t s should be borne i n mind: 

(1) a s t r a i g h t l i n e i n d i c a t e s a curved r e l a t i o n s h i p on the untransformed 

s c a l e ; ( 2 ) a s l i g h t curve was probably sharper on the o r i g i n a l s c a l e (more 

r a r e l y a s l i g h t curve may represent a l i n e a r r e l a t i o n s h i p on the o r i g i n a l 
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s c a l e ) ; ( 3 ) a s i n g l e u n i t of change on the log s c a l e r e p r e s e n t s a ten

f o l d change on the untransformed s c a l e . 

T o t a l amounts of calcium, Magnesium, and potassium i n both .sat and 

v e g e t a t i o n a r e g r e a t e s t i n the more rheotrophic p a r t s of the e c o c l i n e , 

and d e c l i n e towards the ombrotrophic end ( F i g u r e s 40A, C; 41A, C; 42A, C) 

d e c l i n e extends over the e n t i r e length of the e c o c l i n e i n the c a s e s of 

c a l c i u m and magnesium, but the curves i n F i g u r e 41 i n d i c a t e t h a t potassium 

d e c l i n e s only between fens and bogs. Con c e n t r a t i o n s of t o t a l sodium i n 

peat and v e g e t a t i o n do not appear to be r e l a t e d to the e c o c l i n e ( F i g u r e s 

43A, C ) . 

Exchangeable amounts of c a l c i u m and magnesium i n peat have a d i s 

t r i b u t i o n which r e f l e c t s the t o t a l q u a n t i t i e s ( F i g u r e s 40B and 42B), but 

w i t h potassium the opposite i s the c a s e : exchangeable amounts of t h i s 

l a t t e r element i n c r e a s e i n the d i r e c t i o n of ombrotrophic mires ( F i g u r e 

41B). The e x p l a n a t i o n of t h i s f e a t u r e probably depends, i n part at l e a s t , 

upon the f a c t t h a t potassium i s f a r more h i g h l y concentrated i n t o the 

v e g e t a t i o n than c a l c i u m : i n r h e o t r o p h i c mires over a hundredd times more 

so ( d i s c u s s e d below). M i c r o b i a l a c t i v i t y i n peat g i v e s r i s e to an i n c r e a s e 

i n hydgrogen ions which can r e p l a c e c a l c i u m absorbed to humic and c l a y 

c o l l o i d s , t h e r e f o r e as a r h e o t r o p h i c peat mass grows c a l c i u m i s f r e e to 

be l o s t from the system by l e a c h i n g and moving ground water. T h i s l e a c h i n g 

e f f e c t i s much l e s s marked w i t h potassium because most of i t i s trapped 

i n the l i v i n g biomass. I n poor mires, w i t h much c a l c i u m having been l o s t 

by l e a c h i n g during the e a r l i e r . p a r t of peat growth, and a d e c l i n e i n 

potassium uptake ( a t the ombrotrophic end of the e c o c l i n e potassium i s 

only ten times more concentrated i n t o the vegetation than c a l c i u m ) , 

potassium becomes an important ion i n the exchange complex surrounding the 

peat c o l l o i d s ( c . f . r h e o t r o p h i c peat where i t i s an i n s i g n i f i c a n t member 

of the exchange complex). 
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The d i s t r i b u t i o n s of i r o n and aluminium i n r e l a t i o n to the mire 

e c o c l i n e a r e almost the same ( F i g u r e s 44 and 46) and probably r e f l e c t 

the s i m i l a r s o l u b i l i t y c h a r a c t e r i s t i c s of t h e i r compounds. I n the very 

a c i d c o n d i t i o n s of bogs, and some poor f e n s , compounds of these two 

elements become mobile, i t i s a l s o i n t h e s e peats t h a t l o s s e s i n t o the 

ground water a r e much reduced. Thus the g r e a t e r m o b i l i t y and r e t e n t i o n 

by the system means th a t l a r g e r amounts of i r o n and aluminium a r e 

a v a i l a b l e to be absorbed by the v e g e t a t i o n . 

The d i s t r i b u t i o n of manganese i s d i f f e r e n t to those of i r o n and 

aluminium. The amounts of manganese i n mire v e g e t a t i o n i n c r e a s e s t e a d i l y 

between extreme r i c h fens and fens ( F i g u r e 45A). T h i s i s p o s s i b l y a r e s u l t 

of the decrease i n a e r a t i o n making manganese more s o l u b l e i n i t s reduced 

s t a t e . I r o n i s a l s o more s o l u b l e i n i t s reduced form, but the redox 

p o t e n t i a l s f o r these couples would permit manganese to change valency at 

g r e a t e r l e v e l s of oxygenation t h a t i r o n , a l l other t h i n g s being equal. 

e.g. JlWnO + 2 + 1 + + e" = £ M n + + + H O 

redox p o t e n t i a l f o r the above couple i s about 1.2 v 

Fe + e = Fe 

redox p o t e n t i a l f o r t h i s couple i s about 0.7 v 

There i s no apparent trend of manganese c o n c e n t r a t i o n s i n the 

v e g e t a t i o n between fens and ombrotrophic mires ( F i g u r e s 45A). Maimer 

(1962a) concluded t h a t the c o n c e n t r a t i o n of manganese i n Narthecium 

ossifragum was i n v e r s l y p r o p o r t i o n a l to the amount of t h i s element i n the 

peat ( o . c . p 216). However t h i s c o n c l u s i o n appears to be based upon a 

sca t t e r g r a m which d i s p l a y s l i t t l e or no c o r r e l a t i o n ( o . c . F i g u r e 6 2 ) : i n 

f a c t i n the afore-mentioned f i g u r e a s i n g l e point c r e a t e s the i l l u s i o n of 

a r e l a t i o n s h i p . Maimer a l s o s t a t e s t h a t the manganese content of the 
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p l a n t s i s c o r r e l a t e d w i t h pH, being h i g h e s t at low pH va l u e s ( o . c . p 215 

and F i g u r e 62). The c o r r e l a t i o n apparent i n t h i s f i g u r e i s strong, but 

i s l a r g e l y due to the spread of p o i n t s between pH 4.2 and pH 5.2; the 

r e l a t i o n s h i p a t pH values lower than about 4.2 i s much weaker. T h i s 

t r e n d i s almost e x a c t l y the same as shown i n F i g u r e 45A, between weighted 

i n d i c e s 38 and 70. 

Sonnesson (1970b) has a l s o s t u d i e d both exchangeable and t o t a l 

amounts of metals i n d i f f e r e n t peats, and ordinated h i s r e s u l t s a c c o r d i n g 

to an approximate f l o r i s t i c g r a d i e n t ( o . c . Table 3 ) . Sonnesson's r e s u l t s 

f o r i r o n , aluminium and manganese a r e a l l i n g e n e r a l agreement w i t h those 

presented here. 

Heavy metals have been l e s s f r e q u e n t l y s t u d i e d than other c a t i o n s i n 

peat lands, t h e r e f o r e a summary of data obba.mecl i n t h i s p r o j e c t together 

w i t h r e s u l t s obtained by other workers have been c o l l a t e d i n T a b l e 13. 

I t can be seen t h a t c o n c e n t r a t i o n of metals i n ombrotrophic peat a r e the 

same, or lower than c o n c e n t r a t i o n s i n rheotrophic peat; by c o n t r a s t the 

q u a n t i t i e s i n v e g e t a t i o n of ombrotrophic mires a r e s i m i l a r or higher than 

i n the r h e o t r o p h i c v e g e t a t i o n . T h i s g e n e r a l p a t t e r n f o l l o w s the same 

o u t l i n e as t h a t d i s c u s s e d above f o r i r o n and aluminium; however l e a d i s 

a notable exception, being s i g n i f i c a n t l y higher i n ombrotrophic vegetation 

and i n ombrotrophic peat. My f i g u r e s f o r lead i n peat a r e much higher 

than those of other workers ( T a b l e 13), t h i s could be due to the f a c t that 

my s i t e s were f a i r l y c l o s e to i n d u s t r i a l a r e a s , whereas those of other 

workers were i n very r u r a l p a r t s of F i n l a n d and R u s s i a . Mosses accumulate 

e x c e p t i o n a l l y l a r g e q u a n t i t i e s of a i r b o r n e lead (Ruhling and T y l e r , 1968), 

t h e r e f o r e the abundance of t h i s p l a n t group, together w i t h the poor 

drainage, may account f o r the higher lead c o n c e n t r a t i o n s i n the ombrotrophic 

peat from South Germany. 
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11(c) I o n i c r a t i o s 

R a t i o s of c e r t a i n a l k a l i c a t i o n s have occupied the i n t e r e s t of 

peat land e c o l o g i s t s f o r s e v e r a l decades now, and one i n p a r t i c u l a r , the 

Ca/Mg r a t i o has r e c e i v e d more a t t e n t i o n than the r e s t . Mattson, Sandberg, 

and T e r n i n g (1944) suggested that the Ca/Mg r a t i o would c h a r a c t e r i s t i c a l l y 

be l e s s than one i n ombrotrophic peats, r e f l e c t i n g the r a t i o of these two 

elements i n p r e c i p i t a t i o n . Mattson e t a l . obtained an average f i g u r e of 

0.48 f o r ombrotrophic peat from the Ramna bog, which i s s i t u a t e d about 

20 K from the west coast of Southern Sweden, t h e i r average f i g u r e f o r 

r h e o t r o p h i c peat from the same bog was 1.38 (o.c. T a b l e 26a). R e s u l t s 

from Coom Rigg Moss i n Northumberland (Chapman, 1964), Western I r e l a n d 

(Boatman, 1957), some Scandinavian data (Maimer, 1962a; Maimer and S j o r s , 

1955) and Sarawak (Waughman, unpublished) are c o n s i s t e n t w i t h the 

concept: however there have a l s o been s e v e r a l r e p o r t s to the c o n t r a r y . 

S j o r s (1948) found r a t i o s g r e a t e r than one i n bog water; and l a t e r , 
i t 

u t i l i s i n g exchangeable amounts of these two elements, S j o r s obtained r a t i o s 

lower than one i n c o a s t a l bogs, but g r e a t e r than one i n bogs s i t u a t e d 

i n l a n d ( S j o r s , 1961 p 23 and T a b l e 4 ) . I n t h e i r d e t a i l e d examination of 

a s i n g l e Sphagnum fuscum hummock Bellamy and R i e l e y obtained v a l u e s of 

1.5-2 f o r the Ca/Mg r a t i o based upon t o t a l amounts i n the ombrotrophic 

p a r t s of the hummock, and g e n e r a l l y higher than t h r e e f o r 'ombrotrophic 

water* (Bellamy and R i e l e y , 1967, T a b l e s 1 and 2 ) . The Ca/Mg r a t i o of 

water i n some mires of the north e a s t e r n U.S.A. i s a c t u a l l y higher i n 

ombrotrophic s i t u a t i o n s than i t i s i n rheotrophic ones (Heinselman, 1970, 

T a b l e 3 ) . 

Sonnesson (1970b) found Ca/Mg r a t i o s of l e s s than one i n peat from 

bogs l o c a t e d near to the western coast of Northern S c a n d i n a v i a , but 

g e n e r a l l y g r e a t e r than one i n peat from bogs l o c a t e d i n l a n d ( o . c . p 9 1 ) . 

Sonneson a l s o showed that the amount of magnesium i n p r e c i p i t a t i o n d e c l i n e d 
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more r a p i d l y than e i t h e r c a l c i u m or potassium as d i s t a n c e from the coast 

i n c r e a s e d ( o . c . F i g u r e 5 ) . The i n f l u e n c e of sea water on the composition 

of p r e c i p i t a t i o n i s the most widely accepted e x p l a n a t i o n f o r these 

r e s u l t s , but Saebjrf (1973) c o n s i d e r s t h a t d i f f e r e n t i a l l e a c h i n g might be 

j u s t as important (o.c. pp 2-9). I n t h i s context Mornsjo's (1968) r e s u l t s 

f o r two peat p r o f i l e s a r e i n t e r e s t i n g i n that ombrotrophic peat i n the 

p r o f i l e from Fjolmossen has Ca/Mg r a t i o s of l e s s than one, whereas 
i i 

ombrotrophic peat i n the Skoggardanger p r o f i l e has r a t i o s higher than 

one: and the former s i t e has about 40% more r a i n f a l l than the l a t t e r . 

I t i s perhaps a l s o worth mentioning that the Ca/Mg r a t i o i n t r o p i c a l peats, 
is 

0.23,^ lower than any value t h a t I have found i n the l i t e r a t u r e . 

The Ca/Mg r a t i o s i n peats from Southern Germany a re d i s p l a y e d i n 

F i g u r e 48, where i t can be seen t h a t very few of the val u e s f o r t h i s r a t i o 

a r e below one ( F i g u r e 48D and E ) . Thus i n C e n t r a l Europe a Ca/Mg r a t i o 

of l e s s than one i s no c r i t e r i o n of ombrotrophy. There i s a gen e r a l t r e n d 

of i n c r e a s i n g v a l u e s along the e c o c l i n e i n the d i r e c t i o n of r i c h e r mires, 

but t h i s t r e n d i s e n t i r e l y due to the v a l u e s f o r peats from r i c h , and 

extreme r i c h f e n s ; when the trend i s c a l c u l a t e d on values i n peats from 

the fen to bog part of the e c o c l i n e i t i s not s i g n i f i c a n t (note the R 2 

value i n b r a c k e t s i n F i g u r e 48D and E ) . The Ca/Mg r a t i o of mire 

vegetation i s only weakly r e l a t e d to the e c o c l i n e , and does not r e f l e c t 

the r a t i o of exchangeable amounts i n peat ( F i g u r e 4 8 F ) . T h i s i l l u s t r a t e s 

the f a c t t h a t v e g e t a t i o n has c o n s i d e r a b l e power of s e l e c t i v i t y w i t h regard 

to ion uptake. 

The Ca/K r a t i o i s a l s o d i s p l a y e d i n F i g u r e 48 (A, B and C ) . The 

values f o r t h i s r a t i o based upon both t o t a l and exchangeable amounts 

i n peat a r e much higher than f o r the Ca/Mg r a t i o . The trend of the Ca/K 

r a t i o i n v e g e t a t i o n i n r e l a t i o n to the e c o c l i n e i s not s i g n i f i c a n t , and 

the trend f o r the r a t i o based upon t o t a l q u a n t i t i e s i n peat i s much the 
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same as f o r the Ca/Mg r a t i o . However, the trend f o r the Ca/K r a t i o 

based upon exchangeable amounts i n peat i s p a r t i c u l a r l y i n t e r e s t i n g . 

F i r s t , the s t a t i s t i c a l s i g n i f i c a n c e of t h i s trend i s much higher than 

any of the o t h e r s shown i n F i g u r e 48, and second, when the extreme r i c h 

fens and r i c h fens a r e excluded from the c a l c u l a t i o n s the trend i s s t i l l 

h i g h l y s i g n i f i c a n t ( F i g u r e 48B). T h i s trend r e f l e c t s the f a c t t h a t 

potassium i s s t r o n g l y bound i n t o the ecosystem so th a t the exchangeable 

amounts a c t u a l l y i n c r e a s e i n the ombrotrophic d i r e c t i o n of the e c o c i i n e 

( F i g u r e 41B), whereas exchangeable c a l c i u m decreases i n t h i s same d i r e c t i o n 

( F i g u r e 40B). One point which i s not apparent i n F i g u r e 48B i s t h a t the 

Ca/K r a t i o i n a l l ombrotrophic s i t e s i s l e s s than 10, i n f a c t most of the 

values are l e s s than 5. A Ca/K r a t i o of l e s s than 10 cannot be d e s c r i b e d 

as d e f i n i n g bogs, because such values a l s o occur i n poor fens and fens; 

however a l l p a r t s of the e c o c i i n e other than bogs a l s o c o n t a i n peats which 

are mostly higher than 10, oft e n much higher. The Ca/K r a t i o i n peat 

appears worthy of f u r t h e r i n v e s t i g a t i o n by those seeking a chemical index 

of ombrotrophy. 

The Ca/K r a t i o i n mire vegetation i s much lower than the same r a t i o 

of exchangeable q u a n t i t y i n peat. T h i s , l i k e the Ca/Mg r a t i o again 

i l l u s t r a t e s the powers of ion s e l e c t i v i t y possessed by mire v e g e t a t i o n . 

11(d) Comparative m o b i l i t y of some elements i n the mire ecosystem 

Any attempt to a c q u i r e p r e c i s e information on the movement of 

chemicafe i n an ecosystem r e q u i r e s d e t a i l e d measurements on a s m a l l part of 

that system, p r e f e r a b l y u t i l i s i n g r a d i o - a c t i v e , or otherwise e a s i l y 

i d e n t i f i a b l e i s o t o p e s of the elements being s t u d i e d . T h i s p r o j e c t was not 

designed to o b t a i n such f a c t s , however c a r e f u l examination of the data 

to hand can provide some information of comparative m o b i l i t y . 

I t must be emphasised from the outset that i n the f o l l o w i n g d i s -
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c u s s i o n one important measurement which i s missi n g i n the q u a n t i t y of 

each element s t o r e d i n the l i v i n g r o o t s ; the measurements which a r e 

a v a i l a b l e a r e ( 1 ) the co n c e n t r a t i o n of each element i n the a e r i a l 

v e g e t a t i o n , ( 2 ) the amount of each element i n peat which i s e a s i l y s o l u b l e , 

and (3) the t o t a l q u a n t i t y of each element i n the r o o t i n g zone of the peat. 

Data a r e a v a i l a b l e to convert these measurements i n t o a b s o l u t e q u a n t i t i e s , 

but as the s e data a r e the same f o r each element at each s i t e , t h e r e i s 

l i t t l e to be gained by such conversion i n a comparative study. 

Two b a s i c a s p e c t s of m o b i l i t y were examined, f i r s t l y the extent to 

which the v a r i o u s elements a r e concentrated i n t o the vegetation, and 

secondly the r a t e of m i n e r a l i s a t i o n . 

An index of c o n c e n t r a t i o n I , was c a l c u l a t e d as f o l l o w s : 
c 

I a l o / c o n c e r v t r a t i ° n °f element i n a e r i a l v e g e t ation \ 
c ^ c o n c e n t r a t i o n of element i n e a s i l y s o l u b l e e x t r a c t / 

Both the numerator and the denominator a re i n p.p.m. C a l c u l a t e d v a l u e s 

have been p l o t t e d as trend l i n e s i n F i g u r e 49. The l o g a r i t h m i c t r a n s 

formation i s , as i n other p a r t s of t h i s chapter, merely f o r convenience 

of p r e s e n t a t i o n . I n d i v i d u a l v a l u e s have not been p l o t t e d , but r e g r e s s i o n 

parameters, i n c l u d i n g standard e r r o r s of p r e d i c t e d v a l u e s , a r e t a b u l a t e d 

i n T a b l e A22. 

I f the index I f o r an element i s high, i t means th a t t h i s element 
c 

i s c o n c e n t r a t e d i n t o the vegetation to a c o n s i d e r a b l e e x t e n t , and i s 

t h e r e f o r e , p o t e n t i a l l y at l e a s t , a l i m i t i n g f a c t o r i n that p a r t of the 

e c o c l i n e . Where the index i s comparatively low the i n t e r p r e t a t i o n i s more 

ambiguous because i t might i n d i c a t e e i t h e r that supply of the element i s 

adequate, or th a t there are problems of uptake. 

The high c o n c e n t r a t i o n of phosphorus and potassium i n t o peatland 

vegetation has been observed by s e v e r a l previous workers i n c l u d i n g K a i l a 
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and K i v e k a s (1956), Maimer (1958), and Holmen (1964). Maimer arranged 

the c o n c e n t r a t i o n data from f i v e mire communities i n t o a p h y t o s o c i o l o g i c a l 

g r a d i e n t , and records a decrease i n c o n c e n t r a t i o n of both potassium and 

phosphorus towards the ombrotrophic end of the e c o c l i n e (Maimer o.c., 

Table 2 ) . Nitrogen i s a l s o very h i g h l y concentrated i n t o the vegetation, 

and, l i k e potassium and phosphorus, shows a d e c l i n e i n c o n c e n t r a t i o n towards 

the ombrotrophic end; t h i s d e c l i n e i s moist dramatic i n the c a s e of 

phosphorus, which changes from being the most highly concentrated element 

i n fens and r i c h f e n s , to being one of the l e a s t concentrated i n bogs. 

The p a t t e r n f o r manganese i s almost the r e v e r s e of that f o r phosphorus. 

Manganese i s one of the l e a s t concentrated elements i n r i c h e r p a r t s of the 

e c o c l i n e , and the most concentrated ( t o g e t h e r with n i t r o g e n ) i n ombrotrophic 

mires. 

I n s h o r t i t appears that the a v a i l a b l e supply of phosphorus, 

potassium and n i t r o g e n i n r i c h mires may be l i m i t i n g as compared w i t h the 

supply of other elements; and i n poor mires the same may be s a i d of 

manganese, ni t r o g e n , and p o s s i b l y potassium. The word 'supply* has been 

u n d e r l i n e d i n the preceding sentence, i n order to re-emphasise the point 

t h a t problems of uptake i n t o the v e g e t a t i o n have not been accounted f o r . 

Another aspect of m i n e r a l c y c l i n g which i s r e l a t e d to m o b i l i t y i s 

m i n e r a l i s a t i o n . Once again i t must be s t a t e d that a b s o l u t e measurement 

of m i n e r a l i s a t i o n r e q u i r e s d e t a i l e d and s p e c i a l i s e d i n v e s t i g a t i o n . However, 

the d i f f e r e n c e between the c o n c e n t r a t i o n of an element bound i n t o the 

o r g a n i c p a r t of the peat, and the c o n c e n t r a t i o n i n the vegetation, does 

provide some measure of the comparative speed w i t h which each element 

i s c y c l e d . Lack of information regarding the amount of each element bound 

i n t o the l i v i n g roots i s , again, a source of e r r o r , as i s the q u a n t i t y of 

each element i n peat i n the i n o r g a n i c form, whether introduced by ground

water, p r e c i p i t a t i o n , or m i n e r a l i s a t i o n . T h i s second c o m p l i c a t i o n was 

l i k e potassium and phosp horus 
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c o r r e c t e d by u t i l i s i n g information on the r e a d i l y s o l u b l e q u a n t i t y oifi 

each element i n the peat. ( i . e . s o l u b l e without a c i d d i g e s t i o n ) . 

The index of m i n e r a l i s a t i o n , I was c a l c u l a t e d as f o l l o w s : 

t o t a l c o n c e n t r a t i o n of element i n peat minus co 
s o l u b l e e x t r a c t 

c o n c e n t r a t i o n of element i n a e r i a l v e g e t a t i o n 

A l l f i g u r e s i n p.p.m. 

The log t r a n s f o r m a t i o n i s again merely f o r ease of p r e s e n t a t i o n of 

r e s u l t s ( i n F i g u r e 50). High v a l u e s f o r the index i n d i c a t e r a p i d m i n e r a l 

i s a t i o n and/or high m o b i l i t y ; low values i n d i c a t e slow m i n e r a l i s a t i o n and/or 

low m o b i l i t y . 

The g e n e r a l • l e v e l of the index I f o r both n i t r o g e n and phosphorus 
m 

i s p a r t i c u l a r l y i n t e r e s t i n g , because i t shows that i n s p i t e of the f a c t 

that t h e s e two elements a r e h i g h l y concentrated i n t o the a e r i a l vegetation, 

the speed of m i n e r a l i s a t i o n appears to be comparatively slow. Potassium 

sodium and z i n c have the h i g h e s t values f o r the index of m i n e r a l i s a t i o n 

i n r i c h mires, whereas i n the poorest mires the values of potassium and 

manganese are about ten times g r e a t e r than f o r any of the other elements. 

I r o n appears to be more g e n e r a l l y mobile than aluminium, which may r e f l e c t 

g r e a t e r p r e c i p i t a t i o n of aluminium i n l i v i n g root systems. 

Both F i g u r e s 49 and 50 emphasise that e c o l o g i c a l g e n e r a l i s a t i o n s 

regarding c l a s s e s of elements should be t r e a t e d w i t h c a u t i o n : not only 

does the m o b i l i t y of each element d i f f e r from most other elements at any 

one l o c a t i o n , but trends of change along the mire e c o c i i n e a r e a l s o 

d i f f e r e n t . 

I hope that F i g u r e s 49 and 50 c o n t r i b u t e to the g e n e r a l understanding 

of m i n e r a l m o b i l i t y and c y c l i n g i n open peatlands. However, the manner 

by which these f i g u r e s were produced p l a c e s severe c o n t r a i n t s upon any 
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more d e t a i l e d deduction. Although t h e s e f i g u r e s provide only a s t a r t i n g 

point, I f e e l t h a t development and improvement of the approach used i n 

t h e i r production, may le a d to a r e a l understanding of m i n e r a l dynamics i n 

r e l a t i o n to the ecology of mire ecosystems. 

11(e) Summary of r e l a t i o n s h i p s between i n o r g a n i c f a c t o r s and the mire 

Many i n o r g a n i c a s p e c t s have been d i s c u s s e d i n some d e t a i l throughout 

the second h a l f of t h i s t h e s i s , and i t w i l l be a p p r o p r i a t e to conclude 

w i t h a g e n e r a l summary of the r e l a t i o n s h i p s between v a r i o u s i n o r g a n i c 

f a c t o r s and the e c o c l i n e . T h i s summary i s presented as a t a b u l a t i o n of 

the simple c o r r e l a t i o n c o e f f i c i e n t s , u t i l i s i n g the weighted index as a 

measure of e c o l o g i c a l d i s t a n c e . From numerous f a c t o r s d e a l t w i t h i n the 

preceding s e c t i o n s i t i s apparent t h a t simple l i n e a r f u n c t i o n s do not 

always adequately d e s c r i b e these r e l a t i o n s h i p s , with the p h y t o s o c i o l o g i c a l 

g r a d i e n t so defined, however the c o e f f i c i e n t s a r e a u s e f u l quick guide 

to in i r e chemistry. The o v e r a l l importance of the a l k a l i c a t i o n s i s very 

The r e l a t i v e importance of v a r i o u s chemicals i n r e l a t i o n to the 

e c o c l i n e i s of g r e a t e r i n t e r e s t than the simple c o r r e l a t i o n s d i s c u s s e d 

above. To obtain information on t h i s point a step-wise m u l t i p l e r e g r e s s i o n 

was performed, u s i n g the weighted index as the dependent v a r i a b l e . The 

data i n T a b l e A20 suggest that the d i s t r i b u t i o n of t h i s v a r i a b l e approx

imates a normal d i s t r i b u t i o n ; and the independent v a r i a b l e s were log 

transformed i n order to improve l i n e a r i t y and homogeneity of v a r i a n c e . 

The o b j e c t i v e of t h i s e x e r c i s e was to gain understanding of the chemistry 

of the co e n o c l i n e , r a t h e r than the mire system as a whole, t h e r e f o r e 

t h i s p a r t i c u l a r a n a l y s i s was performed on the ve g e t a t i o n chemistry only. 

No s i g n i f i c a n t p a r t i a l r e g r e s s i o n c o e f f i c i e n t s were obtained f o r the ' r i c h 

e c o c l i n e 

(Table 14-) c l e a r 
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T a b l e 14 

Simple c o r r e l a t i o n c o e f f i c i e n t s between i n o r g a n i c f a c t o r s and the mire 
e c o c l i n e 

S o l u b l e i n T o t a l i n T o t a l i n 
peat peat vegetation 

pH -0.94 Ash -0.79 Ash -0.68 
Ca -0.80 Ca -0.77 K -0. 64 
NH+ 0.67 Co -0.72 Ca -0. 55 
NC-2 -0.66 Mg -0.61 Mg -0.49 
P 0.47 A l -0.52 Cd 0.37 
Zn 0.41 Pb 0.49 Mn 0.37 
Mg -0.38 Ni -0.47 Na -0.37 
K 0.37 Fe -0.46 P -0.28 
F e -0.25 K -0.32 Pb 0.23 
Mn -0.20 Mn -0.32 Cu -0.19 
Na 0.16 P -0.30 A l 0.19 
A l -0.13 Cu 0.19 Zn -0.12 

Zn 0.14 Fe 0.10 
Cd 0.11 N 0.06 
Na -0.09 
N 0.07 

Notes: ( 1 ) n e g a t i v e c o r r e l a t i o n c o e f f i c i e n t i n d i c a t e t h a t f a c t o r decreases 
towards the ombrotrophic end of the e c o c l i n e . 

( 2 ) S o l u b l e NH* and s o l u b l e P are averages f o r the v a r i o u s 
e x t r a c t a n t s used. 

T a b l e 15 

R e l a t i o n s h i p s between elements i n mire vegetation, and the mire phyto-
s o c i o l o g i c a l gradient 

_ . % re d u c t i o n i n . . F a c t o r beta F 
v a r i a n c e 

E n t i r e mire 
Ca 55 -0.70 60*** 
Zn 15 0.37 20*** 
K 11 -0.37 18*** 
R 2 b 0.81*** 

poor mire only 
K 50 -0.58 10** 
Mn 8 -0.27 3.1 NS 
Ca 4 -0.22 2.2 NS 
Pb 4 0.23 1.7 NS 
R 2 = 0.65*** 

Note a negative beta value i n d i c a t e s that the f a c t o r i n c r e a s e s towards the 
ombrotrophic end of the e c o c l i n e . 
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mire only s e c t i o n of the a n a l y s i s , t h e r e f o r e only the r e s u l t s f o r ' a l l 

mire' and 'poor mire only' are shown i n Table 15. The most s i g n i f i c a n t 

f a c t to emerge from t h i s a n a l y s i s i s t h a t although c a l c i u m i s the major 

determinant when the mires a r e considered as a whole, potassium e x e r t s 

the major i n f l u e n c e when poor mires are considered alone. (Poor mires, as 

de f i n e d here, i n c l u d e almost a l l of what i s u s u a l l y considered fen to bog; 

the a n a l y s i s was repeated i n c l u d i n g a l l of the s i t e s i n the fen-bog s e c t i o n 

of the e c o c l i n e , w i t h no a p p r e c i a b l e d i f f e r e n c e i n the r e s u l t s ) . T h i s 

change of i n f l u e n c e i s c o n s i s t e n t w i t h the i o n i c r a t i o s , i n so f a r as a 

change of predominating ion occurs at the weighted index approximately 

e q u i v a l e n t to poor fe n : c a l c i u m dominating i n the r i c h e r mire, and 

potassium i n the poorer ones. T h i s i s expressed both i n r a t i o s f o r 

vegetation chemistry ( F i g u r e 48C) and exchangeable amounts i n the peat 

( F i g u r e 48B). No other f a c t o r s a re s i g n i f i c a n t i n the 'poor mire' s e c t i o n 

of the a n a l y s i s , although i n view of the d i s c u s s i o n i n Chapter 10 i t i s 

i n t e r e s t i n g to note that manganese accounts f o r 8% of the v a r i a n c e . 
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CHAPTER TWELVE : 

GENERAL DISCUSSION 

12(a) Nitrogen and phosphorus 

One of the most i n t e r e s t i n g f e a t u r e s which has emerged from the 

r e s u l t s presented i n Chapter 9 i s the f a c t that s o l u b l e n i t r o g e n i n peat 

i n c r e a s e s along the e c o c i i n e i n the d i r e c t i o n of poor mires. I have 

d i s c o v e r e d only t h r e e previous r e p o r t s which c o n s i d e r s o l u b l e n i t r o g e n i n 

peat i n terms of mire type: P o l l e t t (1972) Maimer (1962a) and K a i l a , 

et a l . (1954). 

P o l l e t t condensed h i s data i n t o only seven c a t e g o r i e s , and i n those 

c a t e g o r i e s which contained what might be regarded t r u e peats, t h e r e i s 

no apparent trend i n s o l u b l e n i t r o g e n ( P o l l e t , o.c. Table 1 ) . 

Maimer's work on the Akhult mire included peatland which ranged from 

poor fen to bog, and, l i k e P o l l e t t , Maimer expressed h i s r e s u l t s i n terms 

of volume. I t i s d i f f i c u l t to c o n s i d e r Maimer's r e s u l t s i n r e l a t i o n to 

the mire g r a d i e n t , because so few vegetation types were s t u d i e d , but the 

average f i g u r e f o r the poorest zone i n the Sphagnum cuspidatum -

inundatum s e r i e s (Eriophorum vaginatum) i s 1.6 mol NH^/1 f r e s h peat, where

as the average f i g u r e f o r the r i c h e s t zone (Menyanthes t r i f o l i a t e ) 

was 1.3 mol NH+/1 f r e s h peat, i . e . a s l i g h t d e c l i n e i n the rheotrophic 

d i r e c t i o n . (By comparison the e q u i v a l e n t f i g u r e s f o r approximately the 

same zones i n the South German mires s t u d i e d i n t h i s p r o j e c t a re 1.0 and 

0.5 mo1/1 f r e s h peat r e s p e c t i v e l y ) . 

K a i l a et a l . (1954) s t u d i e d the m i n e r a l i s a t i o n of n i t r o g e n i n some 

v i r g i n peats from Northern F i n l a n d , and summarised the data simply i n terms 

of bog and fen peats. T h e i r r e s u l t s f o r s o l u b l e NH+ - N are as f o l l o w s : fens 

0.11-0.25 mg/g dr. wt. and bogs 0.14-0.35 mg/g dr. wt. T h e i r f i g u r e s f o r 
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m i n e r a l ni t r o g e n a s a percentage of t o t a l n i t r o g e n a r e fe n s , 0.6-1.2% 

bogs 0.7-1.7%. 

The evidence from t h i s p r o j e c t and the l i t e r a t u r e provides no reason 

to b e l i e v e t h a t bogs a r e s u b s t a n t i a l l y more d e f i c i e n t than fens i n 

a v a i l a b l e n i trogen, indeed the r e s u l t s suggest that the r e v e r s e could w e l l 

be the case. I t f o l l o w s that the term 'poor mires' when used w i t h r e f e r e n c e 

to n u t r i e n t supply i n bogs c . f . fens does not apply to nitrogen. K a i l a ' s 

group apparently came to a very s i m i l a r c o n c l u s i o n regarding nitrogen, 

because they wrote: "The r e s u l t s reported i n the present paper a r e not 

i n accordance w i t h the gen e r a l opinion that fen peats a r e markedly s u p e r i o r 

to Sphagnum p e a t s . " ( o . c . p. 9 3 ). 

F u r t h e r evidence of a p o s s i b l e s u r p l u s of s o l u b l e n i t r o g e n i n 

ombrogenic peat i s shown by the extent to which n i t r o g e n i s concentrated 

i n t o the vegetation, which i s much l e s s on ombrotrophic mires than on 

rheot r o p h i c ones ( F i g u r e 52). T h i s trend i s simply a m a n i f e s t a t i o n of 

the f a c t t h a t s o l u b l e n i t r o g e n i s highest i n ombrotrophic peat, whereas 

the ni t r o g e n c o n c e n t r a t i o n of mire vegetation e x h i b i t s no s i g n i f i c a n t 

t r ends ( F i g u r e s 23, 24 and 26). 

I t i s f r e q u e n t l y s t a t e d i n the l i t e r a t u r e t h a t peats, e s p e c i a l l y bog 

peats, c o n t a i n only s m a l l amounts of s o l u b l e n i t r o g e n , but c o n c e n t r a t i o n s 

of more than 250 p.p.m. ( d r . wt.) were obtained i n t h i s p r o j e c t , and by 

other workers quoted i n Chapter 9. These values a r e much higher than 

those found i n min e r a l s o i l s : f o r example g r a s s l a n d s o i l s r a r e l y excede 

5 p.p.m., and even the most f e r t i l e m i neral s o i l s r a r e l y c o n t a i n more 

than about 40 p.p.m. (Harmsen and Kolenbrander, 1965). Assuming that the 

t o t a l n i t r o g e n content of the mineral s o i l i s about 0.3%, t h i s means th a t 

about 0.1% of the t o t a l n i t r o g e n i n mineral s o i l s i s i n the s o l u b l e form, 

w i t h about 1% i n the most f e r t i l e s o i l s . By comparison the percentage of 

the t o t a l n i t r o g e n i n peat which i s i n the s o l u b l e form i s much higher, 
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some quoted f i g u r e s are as f o l l o w s : K a i l a et a l . (1953) up to 5%; 

K a i l a et a l . (1954) 0.6-1.7%; Maimer (1962) up to 3%; Saebo (1970) 2.5%; 

t h i s p r o j e c t , 1-3%. A l l the evidence points to the p o s s i b i l i t y t h a t , i f 

anything, v i r g i n peat s o i l s a r e s u p e r i o r to mineral s o i l s w i t h regard to 

a v a i l a b l e n i t r o g e n . 

I f n i t r o g e n i s ever a l i m i t i n g f a c t o r to the growth of vegetation on 

v i r g i n peats, F i g u r e 52 suggests that t h i s i s more l i k e l y to occur i n 

rheotrophic s i t u a t i o n s . There are c e r t a i n obvious d i f f e r e n c e s i n the 

n i t r o g e n budgets of bogs and f e n s : thus although ombrotrophic mires 

r e c e i v e only a l i m i t e d i n f l u x of n i t r o g e n i n p r e c i p i t a t i o n , the l o s s 

through drainage i n t o the groundwater i s a l s o very slow. By comparison 

rheotrophic mires have a d d i t i o n a l input from groundwater, however these 

mires a l s o l o s e more s o l u b l e n i t r o g e n to the groundwater, furthermore, 

the g r e a t e r p r o d u c t i v i t y of r i c h mires must a l s o exacerbate any p o t e n t i a l 

shortage by i m m o b i l i s i n g l a r g e r q u a n t i t i e s of n i t r o g e n w i t h i n the l i v i n g 

biomass. The g r e a t e r m i c r o b i a l a c t i v i t y w i l l a c c e l e r a t e the m i n e r a l i s a t i o n 

of organic n i t r o g e n , but a high l e v e l of m i c r o b i a l a c t i v i t y can i t s e l f 

g i v e r i s e to problems of nitrogen shortage because b a c t e r i a l protoplasm 

c o n t a i n s l a r g e amounts of n i t r o g e n , p o s s i b l y as much as 12% (Harmsen and 

Kolenbrander, 1965). 

I n view of the p o t e n t i a l f o r n i t r o g e n shortage which e x i s t s i n 

rheotrophic p a r t s of mire ecosystems, the abundance of h e t e r o t r o p h i c 

n i t r o g e n f i x a t i o n i n rheotrophic peat, as compared w i t h the peat from poor 

mires, makes p e r f e c t l y good e c o l o g i c a l sense. There appears to be no 

evidence of e x c e s s i v e n i t r o g e n shortage i n ombrotrophic mires, t h e r e f o r e 

i f widespread n i t r o g e n f i x a t i o n occurred i n these s i t u a t i o n s i t would be 

a redundant a c t i v i t y . Furthermore such a c t i v i t y i n ombrotrophic peats could 

lead to a t o x i c accumulation of s o l u b l e n i t r o g e n . I n a d d i t i o n to d i r e c t 

t o x i c i t y , high c o n c e n t r a t i o n s of the NH+ ion could add to the problems of 
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uptake of other c a t i o n s , through competition f o r absorption s i t e s on the 

r o o t s . I t i s i n t e r e s t i n g to note that the c o r r e l a t i o n between nitrogenase 

a c t i v i t y i n peat and the n i t r o g e n content of vegetation i n r i c h mires i s 

much higher than the e q u i v a l e n t c o r r e l a t i o n i n poor mires ( r = 0.39 c . f . 

0.11), although n e i t h e r c o r r e l a t i o n i s s t a t i s t i c a l l y s i g n i f i c a n t . 

As i n the case of s o l u b l e n i t r o g e n , the r e l a t i v e amounts of s o l u b l e 

phosphorus i n peats from r i c h and poor m i r e s , a r e i n c o n s i s t e n t w i t h the 

widely h e l d view regarding t h i s aspect of mire chemistry. I f anything, 

t h i s t r e n d for s o l u b l e phosphorus i s even more marked than the trend 

f o r s o l u b l e n i t r o g e n . Once again the q u e s t i o n of whether such a 

trend i s a widespread f e a t u r e of mire ecosystems must be examined. 

Although the l i t e r a t u r e c o n t a i n s more data on peat phosphorus than on peat 

n i t r o g e n , the problem i s t h a t few workers have examined s o l u b l e phosphorus 

w i t h r e s p e c t to the p h y t o s o c i o l o g i c a l gradient of mires-; comparison i s 

f u r t h e r complicated by the f a c t t h a t the p h y t o s o c i o l o g i c a l spectrum s h i f t s 

w i t h r e s p e c t t o pH along the NW-SW European a x i s . Another problem i s 

c r e a t e d by d i f f e r e n t i n v e s t i g a t o r s u s i n g d i f f e r e n t u n i t s i n which to 

express t h e i r r e s u l t s . I have attempted to overcome these d i f f i c u l t i e s 

by ( 1 ) e x p r e s s i n g the r e s u l t s of an i n d i v i d u a l as a percentage of the 

maximum l e v e l of s o l u b l e phosphorus found by t h a t worker, and ( 2 ) by 

ranking the data from peat beneath d i f f e r e n t plant communities according 

to the pH of the peat: pH being the best chemical i n d i c a t i o n of the 

p h y t o s o c i o l o g i c a l g r a d i e n t . The c o l l a t e d data are presented i n F i g u r e 53, 

where the r i c h e r mires a r e r e p r e s e n t e d on the l e f t of the diagram, and 

poor mires on the r i g h t . Two of the i n v e s t i g a t o r s obtained r e l a t i v e l y 

high f i g u r e s i n extreme r i c h f e n s , but o v e r a l l the trend towards higher 

l e v e l s i n poorer mires i s q u i t e c l e a r l y seen. 

Comparison of the a c t u a l amounts of s o l u b l e phosphorus found i n peat 

by d i f f e r e n t workers i s even more d i f f i c u l t than comparison of s o l u b l e 
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nitrogen, because i n a d d i t i o n to the problem of u n i t s , t h e r e i s a 

multitude of e x t r a c t i n g f l u i d s . However, w i t h t h i s point i n mind, the 

f o l l o w i n g f i g u r e s provide some information regarding the l e v e l of 

s o l u b l e phosphorus i n widely separated peat lands: S c o t l a n d , 20 p.p.m. 

( R e i t h and Robertson, 1971); Canada 30 p.p.m. ( P o l l e t t , 1972); Sweden 

64 p.p.m. (Holmen, 1964), 50 p.p.m. ( S j o r s , 1961); F i n l a n d , 19 p.p.m. 

( K a i l a , 1956b); Borneo, 20 p.p.m. (Waughman, unpublished). (Note, some 

of the above c o n c e n t r a t i o n s a r e averages of s e v e r a l f i g u r e s i n the quoted 

p u b l i c a t i o n , and i n c e r t a i n i n s t a n c e s I have converted the r e s u l t s from 

the o r i g i n a l u n i t s i n t o p.p.m.). These f i g u r e s a r e remarkably s i m i l a r to 

each other, and to the r e s u l t s presented i n Chapter 10. John (1972) 

examined s o l u b l e phosphorus i n 360 d i f f e r e n t m i neral s o i l s , and found that 

the average value f o r NH^Cl s o l u b l e phosphorus was 0.41 p.p.m., which i s 

much lower than any of the above f i g u r e s . Normal a g r i c u l t u r a l s o i l s 

have been c l a s s e d according to s o l u b l e phosphorus contents ( P i z e r , 1965), 

and the l e v e l s of s o l u b l e phosphorus found i n peat s o i l s would p l a c e them 

i n the 'high' to 'very high' c a t e g o r i e s . 

The aforegoing d i s c u s s i o n was based upon chemical methods, and i t 

can be argued that the f i g u r e s obtained u s i n g chemical e x t r a c t a n t s do not 

t r u e l y r e f l e c t amounts a v a i l a b l e to p l a n t s . The problems of a v a i l a b i l i t y 

and a b s o r p t i o n i n t o the vegetation are d i s c u s s e d below, but f o r the moment 

s u f f i c e i t to say that these widely used chemical methods do not provide 

any evidence to support the contention that the supply of phosphorus i n 

ombrotrophic mires i s lower than the supply i n e i t h e r r h e o t r o p h i c mires, 

or m i n e r a l s o i l s : they do i n f a c t suggest t h a t i t i s b e t t e r . 

The phosphorus content of mire vegetation i s highest i n rhe o t r o p h i c 

s i t e s , although i t appears to d e c l i n e very s l i g h t l y towards extreme r i c h 

fens ( F i g u r e 3 8), t h i s may be due to the very high p r o d u c t i v i t y of some of 

these communities, together w i t h a reduction of a v a i l a b l e phosphorus through 
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f i x a t i o n at the high pH v a l u e s . The d e c l i n e of phosphorus i n vegetation 
along the e c o c l i n e from fens towards bogs i s much more marked, and t h i s 
trend i s the r e v e r s e of that f o r s o l u b l e phosphorus i n peat, which 
i n c r e a s e s from fens towards bogs. 

At t h i s point a reasonably c l e a r p i c t u r e of the d i s t r i b u t i o n of 

n i t r o g e n and phosphorus i n r e l a t i o n to the main chemical g r a d i e n t of mire 

ecosystems can be produced. I n order to d i s c o v e r the r e l a t i v e extent to 

which e i t h e r of these two elements might l i m i t the growth of v e g e t a t i o n 

on peat lands, i t i s n e c e s s a r y to examine t h i s p i c t u r e i n the l i g h t of 

information which has been obtained from v a r i o u s types of experimental 

i n v e s t i g a t i o n . There i s a vast l i t e r a t u r e on the c u l t i v a t i o n and 

f e r t i l i s a t i o n of peat lands f o r f o r e s t r y and a g r i c u l t u r e , however as t h i s 

i s not the p l a c e f o r a comprehensive survey, I w i l l quote j u s t a few 

p e r t i n e n t examples. 

R i e t h and Robertson (1971) found t h a t both nitro g e n and phosphorus 

improved the y i e l d of g r a s s on deep o l i g o t r o p h i c peat i n S c o t l a n d , but 

they a l s o noted that n i t r o g e n was not e s s e n t i a l f o r establishment of the 

sward. 0'Toole (1965) a p p l i e d n i t r o g e n f e r t i l i s e r to I r i s h blanket peat, 

and observed that although rye g r a s s responded to t h i s treatment, the 

n a t i v e bog s p e c i e s d i d not. Ferda (1962) c u l t i v a t e d t h r e e d i f f e r e n t 

c o n i f e r s p e c i e s on poor fen s o i l (pH 5.3), and found t h a t a p p l i c a t i o n of 

both potassium and phosphorus was b e n e f i c i a l , but that n i t r o g e n produced 

no improvement. The requirement f o r phosphorus and potassium i n c u l t i v a t e d 

peats i s widespread i n F i n l a n d , although the need f o r n i t r o g e n i s not so 

great ( P e s s i , 1973). Nitrogen a p p l i c a t i o n s had no e f f e c t on e i t h e r sown 

g r a s s or n a t i v e s p e c i e s on moorland peat i n Southern I r e l a n d (Murphey, 

1960), but sown g r a s s e s d i d respond to phosphorus. Murphey ( o . c . ) noted 

that the a p p l i c a t i o n of phosphorus f e r t i l i s e r a c t u a l l y depressed the 

frequency of some n a t i v e s p e c i e s , however t h i s was probably an i n d i r e c t 
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e f f e c t of competition from sown g r a s s e s r a t h e r than a d i r e c t chemical 

response. 

Chemical f e r t i l i s a t i o n i s g e n e r a l l y acknowledged to be necessary 

f o r s u c c e s s f u l crop production on blanket peat, however t h e r e are c e r t a i n 

a s p e c t s of the work of Grennan and Mulqueen (1964) which, i n the present 

context, deserve c l o s e a t t e n t i o n . T h e i r experiments showed that phosphorus 

a p p l i c a t i o n was e s s e n t i a l i f crops were to be e s t a b l i s h e d on blanket peat, 

and t h a t i f f e r t i l i s a t i o n was stopped, n a t i v e s p e c i e s r e - e s t a b l i s h e d 

themselves. These n a t i v e s p e c i e s i n c l u d e d Schoenus n i g r i c a n s and 

M o nilia c a e r u l e a , p l a n t s found on bogs i n I r e l a n d , although more 

c h a r a c t e r i s t i c of fens and poor fens i n other p a r t s of Europe. The main 

point of i n t e r e s t , however, i s what happened i n the c o n t r o l p l o t s . I n 

the p l o t s w i t h added lime but no phosphorus, only Schoenus appeared, but 

where a l i g h t d r e s s i n g of phosphorus was a p p l i e d i n a d d i t i o n to the lime, 

Monilia appeared. Thus i t seems th a t of these two n a t i v e s p e c i e s , the one 

w i t h the g r e a t e r phosphorus requirement was the one which i n most p a r t s 

of Europe grows i n the more o l i g o t r o p h i c s i t u a t i o n s . 

Most of the above s t u d i e s have been performed f o r purposes of 

a g r i c u l t u r e or f o r e s t r y , thus r e q u i r i n g drainage and other forms of ground 

p r e p a r a t i o n , which complicates e x t r a p o l a t i o n to the n a t u r a l ecosystem. 

Unfortunately, t h e r e have been very few experiments d i r e c t e d towards under

stan d i n g peatland as a n a t u r a l ecosystem. One such experiment was c a r r i e d 

out on poor mire vegetation dominated by Eriophorum vaginatum (Tamm, 1954), 

from which i t was concluded t h a t a shortage of phosphorus was l i m i t i n g 

growth of the vegetation. However the design of t h i s widely quoted 

experiment g i v e s r i s e to c e r t a i n problems of i n t e r p r e t a t i o n . For example 

Tamm a p p l i e d a l l , minus one, or minus a few ( d e t a i l s u n s p e c i f i e d ) elements 

to each of 15 p l o t s , the elements in c l u d e d P, N, Ca, Mg, K, Mn, Fe, S, 

Cu, B, Zn and Mo. With only one l e v e l of treatment t h i s would r e q u i r e 
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o 2 1 2 f a c t o r i a l , or 4096 treatment combinations; even w i t h confounding 

and f a c t o r i a l r e p l i c a t i o n i t i s d i f f i c u l t to see how t h i s was reduced to 

15 p l o t s ! But perhaps a more s e r i o u s c r i t i c i s m a r i s e s from the f a c t that 

n i t r o g e n and phosphorus were a p p l i e d i n approximately e q u a l amounts, 

whereas the N/P r a t i o of the ve g e t a t i o n was about 23. I n f a c t only ~. 
lb 

of the phosphorus f e r t i l i s e r was u t i l i s e d compared w i t h ~ of the nitrogen, 
o 

and ~ of the potassium: on t h i s b a s i s i t might be concluded t h a t the 4 

vegetation had a g r e a t e r requirement f o r the two l a t t e r elements. I n 

such experiments i t i s w i s e r to apply the elements i n a r a t i o which bears 

some resemblance to that i n the peat, or i n the vegetation. 

Gore found t h a t n e i t h e r treatment with calcium, n i t r o g e n nor 

phosphorus s t i m u l a t e d the growth of Monilia c a e r u l e a when grown on 

ombrotrophic peat, although i n one s e r i e s of experiments higher l e v e l s 

of both n i t r o g e n and phosphorus were present i n the t i s s u e s of the t r e a t e d 

p l a n t s (Gore, 1961a, b ) . 

The i n s e c t i v o r o u s p l a n t s which a r e commonly found growing i n 

ombrotrophic mires, have been taken by many observers to i n d i c a t e a 

shortage of n i t r o g e n i n such l o c a t i o n s ; the f a c t that many p l a n t s p e c i e s 

on bogs e x h i b i t x-eromorphic f e a t u r e s has a l s o been a t t r i b u t e d to nitrog e n 

d e f i c i e n c y ( t o p i c reviewed by Saeb^, 1970). But i n s e c t s a l s o c o n t a i n 

phosphorus, and as a r e s u l t of both survey and experimental s t u d i e s , 

Beadle (1966) concluded t h a t xeroraorphic c h a r a c t e r i s t i c s of c e r t a i n 

A u s t r a l i a n s p e c i e s were due to phosphorus shortage. 

The fyP r a t i o i n r i c h peats i s about 29/1, and i n peats from ombro

t r o p h i c mires about 37/1 (data i n Appendix), f o r mineral s o i l s the r a t i o i s 

nearer 10/1 ( S j o r s , 1961, T a b l e s 1-3). These r a t i o s provide no i n d i c a t i o n 

of n i t r o g e n shortage i n mire ecosystems, e s p e c i a l l y i n ombrotrophic 

s i t u a t ions. 

A l l of the data and evidence d i s c u s s e d so f a r i n t h i s chapter can 
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be summarised as f o l l o w s . (1) The supply of n i t r o g e n to open v i r g i n peat-

lands i s l e s s l i k e l y to be a f a c t o r l i m i t i n g v e g e t ation growth than the 

supply of phosphorus; i n f a c t the s u r p l u s of s o l u b l e n i t r o g e n i n ombrot-

rophic peats, and the abundance of b i o l o g i c a l n i t r o g e n f i x a t i o n i n 

rheotrophic ones, suggest t h a t i n most p a r t s of the open mire ecosystem 

the supply of n i t r o g e n i s adequate f o r the demands of the v e g e t a t i o n . 

( 2 ) Phosphorus may be d e f i c i e n t i n r i c h e r mires, but the comparatively 

high l e v e l s of s o l u b l e phosphorus i n poor mires i n d i c a t e s that the supply 

per se of phosphorus i n poor mires i s adequate. However, many t r i a l s 

have demonstrated that the supply of phosphorus i n most peats i s not 

adequate f o r c u l t i v a t i o n purposes, furthermore the lower c o n c e n t r a t i o n s of 

phosphorus i n bog vegetation, as compared w i t h the phosphorus content of 

v e g e t a t i o n i n r i c h e r mires, suggests t h a t vegetation i n ombrotrophic 

s i t u a t i o n s may encounter problems of uptake w i t h t h i s element ( s e e next 

s e c t i o n ) . 

12(b) Phosphorus uptake by mire v e g e t a t i o n 

I n F i g u r e 52 i t can be seen t h a t phosphorus i s more h i g h l y concen

t r a t e d i n t o the vegetation of r i c h mires than i s n i t r o g e n , but along the 

gradient i n the d i r e c t i o n of poor mires t h i s changes, u n t i l i n extreme 

ombrotrcphic mires phosphorus i s c o n s i d e r a b l y l e s s concentrated than 

n i t r o g e n . T h i s t r e n d i s based upon the amounts of phosphorus i n vegetation 

and i n s o l u b l e e x t r a c t s from peat at each s i t e . Thus the d e c l i n e of 

phosphorus c o n c e n t r a t i o n at the ombrotrophic end of the g r a d i e n t i s seen 

to be due t o both a r e d u c t i o n i n amount of v e g e t a t i o n phosphorus, 

coupled w i t h an i n c r e a s e i n the amount of s o l u b l e phosphorus i n peat 

( F i g u r e s 33, 35, 38 and 57). Under these circumstances i t must be con

cluded t h a t the lower c o n c e n t r a t i o n of phosphorus i n ombrotrophic 

ve g e t a t i o n of v i r g i n mires i s a r e s u l t of l i m i t a t i o n s on uptake, r a t h e r 
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than l i m i t a t i o n of supply. 

Phosphorus i s known to accumulate i n water-logged m i n e r a l s o i l s 

(Glentworth, 1947; Paul and De Long, 1949), but such accumulation has 

been a t t r i b u t e d to m i c r o b i a l fermentation ( G a s s e r and Bloomfield, 1955). 

I t i s u n l i k e l y that fermentation i s r e s p o n s i b l e f o r the accumulation of 

phosphorus i n ombrotrophic peat because the l e v e l of m i c r o b i a l metabolism 

i n such peats i s very low: the s m a l l number of n i t r o g e n f i x i n g b a c t e r i a 

( T a b l e s A16 and A17), the i n c r e a s e i n C:N r a t i o ( F i g u r e 54) and the s m a l l 

amounts of nitr o g e n a s e a c t i v i t y , a l l i n d i c a t e a low l e v e l of m i c r o b i a l 

a c t i v i t y i n ombrotrophic peat. Indeed, t h i s low i n t e n s i t y of ecosystem 

metabolism may be another m a n i f e s t a t i o n of the f a c t o r s which r e s t r i c t 

phosphorus uptake i n t o poor mire vegetation. 

The p o s s i b i l i t y of the phosphorus c o n c e n t r a t i o n i n ve g e t a t i o n being 

determined by c e r t a i n other elements has been d i s c u s s e d i n Chapter 10, and 

the d e c l i n e i n vegetation phosphorus along the mire e c o c l i n e i n the 

ombrotrophic d i r e c t i o n may, i n part a t l e a s t , be due to concomitant changes 

i n these other elements. However, t h e r e i s one very important f e a t u r e of 

the peat.land ecosystem which has not been included i n t h i s study, but which 

might e x e r t some i n d i r e c t i n f l u e n c e on the uptake of phosphorus: t h i s i s 

waterlogging, or more p r e c i s e l y , the decrease i n water movement which i s 

a c h r a c t e r i s t i c t r e nd of the gra d i e n t from rheotrophic to ombrotrophic 

s i t u a t i o n s . I n h i s s t u d i e s of two p e r e n n i a l g r a s s e s Humphries (1962) 

found t h a t waterlogging r e s t r i c t e d the uptake of phosphorus to a g r e a t e r 

extent than the uptake of ni t r o g e n . Greenhouse experiments have demon

s t r a t e d t h a t the bog plan t Eriophorum vaginatum grows b e t t e r i n water

logged c o n d i t i o n s than the more rhe o t r o p h i c s p e c i e s M onilia c a e r u l e a 

(Gore and Urquhart, 1966), although the d i f f e r e n c e s i n performance were not 

matched by d i f f e r e n c e s i n phosphorus content of the p l a n t s . By c o n t r a s t 

Armstrong and Boatman (1967) observed that stagnant c o n d i t i o n s caused Molinia 
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p l a n t s to be stunted by comparison w i t h p l a n t s growing where water move

ment occurred, moreover t h i s s t u n t i n g was accompanied by a great r e d u c t i o n 

i n the phosphorus content of the l e a v e s . Armstrong and Boatman suggested 

t h a t uptake of phosphorus might be p h y s i c a l l y c u r t a i l e d by the accumul

a t i o n of f e r r o u s s u l p h i d e which surrounded the ro o t s . McVean (1959) 

found t h a t a l d e r s e e d l i n g s , and numerous n a t i v e s p e c i e s , made a b e t t e r 

response to the a p p l i c a t i o n of phosphate f e r t i l i s e r i n s i t e s on blanket 

bog where t h e r e was some i n f l u e n c e of moving ground water* F i n a l l y 

i t might be mentioned t h a t anion uptake by rye g r a s s i n l i q u i d c u l t u r e s 

can be i n c r e a s e d as much as twenty times merely by s t i r r i n g the medium 

(Ols e n , 1953). 

Moving water i n peatlands, has a v a r i e t y of i n f l u e n c e s , amongst 

the most important of which a r e : on pH (Bellamy, 1968); on the removal 

of t o x i c substances ( R u t t e r , 1955); on the n u t r i e n t budget; and on redox. 

I t i s perhaps s i g n i f i c a n t t h a t n i t r o g e n i n peat i s i n the c a t i o n i c form 

whereas phosphorus i s a n i o n i c , and i n c o n d i t i o n s of reduced oxygenation 

which accompanies the diminished ground water movement i n ombrotrophlc 

peats, a more r e s t r i c t e d uptake by v e g e t a t i o n of a n i o n i c phosphorus 

compared w i t h c a t i o n i c n i t r o g e n , i s J u s t as would be p r e d i c t e d by the theory 
e 

of anion r e s p i r a t i o n propounded by Lundegardh and othe r s (e.g. Robertson 

and W i l k i n s , 1948; Lundegardh, 1952; Burstrom, 1957). T h i s theory s t a t e s 

t h a t c a t i o n accumulation by plant r o o t s proceeds l a r g e l y without the 

expenditure of energy, whereas anion accumulation r e q u i r e s both energy, 

and the o x i d a t i o n of a c a r r i e r near to the c e l l s u r f a c e . The theory 

a l s o r e q u i r e s an o x i d a t i o n g r a d i e n t , w i t h the hig h e s t p a r t i a l p r e s s u r e s of 

oxygen on the ou t s i d e of the root. A c c o r d i n g l y , mire p l a n t s would 

e x p e r i e n c e g r e a t e r problems of anion uptake from peat i n the more stagnant 

ombrotrophic s i t u a t i o n s , as opposed to uptake from rh e o t r o p h i c peats where 

ground water movement provides some degree of a e r a t i o n . 
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Armstrong (1964) demonstrated that the roots of bog p l a n t s r e l e a s e 

oxygen i n t o the surrounding growth medium. T h i s would h e l p to c r e a t e the 

oxygen gradient r e q u i r e d by the theory d e s c r i b e d above; furthermore roots 

of the more rheophilous Monilia r e l e a s e d about 15 times l e s s oxygen than 

e i t h e r Menyanthes t r i f o l i a t a , or Eriophorum a n g u s t i f o l i u m which have 

modal p o s i t i o n s i n a c o n s i d e r a b l y more ombrotrophic part of the e c o c l i n e 

than Monilia ( F i g u r e 16). I t would be very i n t e r e s t i n g to know whether 

or not high r a t e s of oxygen d i f f u s i o n from roots i s a widespread f e a t u r e 

of s p e c i e s comprising ombrotrophic vegetation. 

The d e t a i l s of Lundegardh's theory were, and to some extent s t i l l 

a r e , matters of contention. I n i t s o r i g i n a l form i t i s no longer considered 

a c c e p t a b l e , however i n h i s 1972 review E p s t e i n observed t h a t c e r t a i n 

e s s e n t i a l f e a t u r e s of the o r i g i n a l hypothesis have been r e t a i n e d by a l l 

subsequent changes: notably t h a t t h e r e i s charge s e p a r a t i o n , a s s o c i a t e d 

w i t h which i s a process of o x i d a t i o n , and that only one ion i s moved 

by a c t i v e t r a n s p o r t ( E p s t e i n , 1972, p. 325). I t i s g e n e r a l l y accepted 

the anion uptake i s demanding of energy, i n v o l v i n g o x i d a t i o n e i t h e r i n the 

form d e s c r i b e d above, or i n o x i d a t i v e phosphorylation ( J a c k s o n et a l . , 

1962). 

I t i s l i k e l y t h a t the lower l e v e l s of phosphorus i n vegetation of 

poor mires are due to a g e n e r a l r e d u c t i o n of metabolic a c t i v i t y through the 

lac k of oxygen and/or the l a c k of an adequate supply of v a r i o u s metal 

c a t i o n s (e.g. Calcium Magnesium e t c . ) which a r e necessary i f metabolic 

a c t i v i t y i s to be maintained a t a high l e v e l . The data i n d i c a t e that 

the supply of phosphorus to ombrotrophic mires i s adequate, t h e r e f o r e 

such terms as 'poor mire' and ' o l i g o t r o p h i c ' w i t h r e f e r e n c e to peat land 

n u t r i t i o n should be used c a r e f u l l y as they appear i n a p p l i c a b l e to both 

n i t r o g e n and phosphorus. 
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12(c) a p o s t e r i o r i note on s t a t i s t i c s 

A b r i e f note on the s t a t i s t i c a l problems encountered i n t h i s 

p r o j e c t was given i n Chapter 7. With the various m u l t i p l e r e g r e s s i o n 

a n a l y s e s completed, the computer provides a very p a i n l e s s way to v a l i d a t e 

the r e s u l t s , by examination of r e s i d u a l s . (A r e s i d u a l i s the d i f f e r e n c e 

between the measured value of a p r e d i c t e d v a r i a b l e , and the value pre

d i c t e d by the r e g r e s s i o n e q u a t i o n ) . I f p r o b a b i l i t i e s based upon the normal 

d i s t r i b u t i o n a r e to be a p p l i e d to s t a t i s t i c s produced by r e g r e s s i o n 

a n a l y s i s , e.g. beta, R 2 , then c e r t a i n assumptions concerning the e r r o r 

component must be s a t i s f i e d . The e r r o r s must be independent, have a 

normal d i s t r i b u t i o n , a mean of zero, and be of constant v a r i a n c e through

out the whole range of v a l u e s of the independent v a r i a b l e . I f any of these 

assumptions are s e r i o u s l y v i o l a t e d then the a p p l i c a t i o n of p r o b a b i l i t y 

l e v e l s placed upon the normal d i s t r i b u t i o n i s i n n a p r o p r i a t e . 

The r e s i d u a l a n a l y s i s i s an i n d i r e c t way of t e s t i n g the above 

requirements. R e s i d u a l s from each of the a n a l y s e s were examined, and i n 

every c a s e they proved to be s a t i s f a c t o r y . Two examples of the d i s t r i b u t i o n 

of r e s i d u a l s a re shown i n F i g u r e 55: f o r the phosphorus content vegetation 

as p r e d i c t e d by other elements i n vegetation, and n i t r o g e n a s e a c t i v i t y as 

p r e d i c t e d by s o l u b l e chemicals i n peat. Moving averages and histograms 

have been superimposed onto these diagrams i n order to a i d i n t e r p r e t a t i o n . 

I n both c a s e s l o g a r i t h m i c t r a n s f o r m a t i o n of the dependent v a r i a b l e was 

n e c e s s a r y . I n the case of phosphorus the transformation has improved the 

normality of the d i s t r i b u t i o n of r e s i d u a l s , and s t a b i l i s e d the v a r i a n c e . 

For n i t r o g e n a s e a c t i v i t y the normality i s m a r g i n a l l y improved by the 

t r a n s f o r m a t i o n , but two more s e r i o u s v i o l a t i o n s of the assumptions have 

been completely c o r r e c t e d : ( 1 ) the v a r i a n c e has been s t a b i l i s e d and ( 2 ) 

the l i n e a r r e l a t i o n s h i p between the dependent v a r i a b l e and s i z e of r e s i d u a l s 

has been e l i m i n a t e d . 
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F i g u r e 55 i l l u s t r a t e s problems f r e q u e n t l y encountered during the 

a n a l y s i s of e c o l o g i c a l data, e s p e c i a l l y the point r e l a t i n g to s t a b i l i t y 

of the v a r i a n c e . Three o b s e r v a t i o n s emerging from the above a n a l y s i s 

might u s e f u l l y be s t a t e d • ( 1 ) A p r e l i m i n a r y p l o t of the f i g u r e s f o r the 

dependent v a r i a b l e i n histogram form, provides a u s e f u l i n d i c a t i o n of 

the d i s t r i b u t i o n of the data. ( 2 ) Logarithmic t r a n s f o r m a t i o n should, 

perhaps, be c a r r i e d out more often p r i o r to the a n a l y s i s of e c o l o g i c a l 

data, because i t f r e q u e n t l y improves the normality of the d i s t r i b u t i o n , 

s t a b i l i s e s the v a r i a n c e , and g i v e s r i s e to a more n e a r l y l i n e a r r e l a t i o n 

s h i p between the dependent and independent v a r i a b l e s . ( 3 ) Values of 

s t a t i s t i c a l p r o b a b i l i t y quoted i n e c o l o g i c a l r e p o r t s i n v o l v i n g data whose 

d i s t r i b u t i o n has not been examined, should be t r e a t e d w i t h c a u t i o n . 

12(d) F a c t o r s i n f l u e n c i n g h e t e r o t r o p h i c n i t r o g e n f i x a t i o n i n peat 

The r e s u l t s presented i n Chapter 8 provide a strong i n d i c a t i o n t h a t 

potassium may be an important chemical f a c t o r i n f l u e n c i n g the r a t e of 

b a c t e r i a l n i t r o g e n f i x a t i o n throughout the e n t i r e peat land ecosystem. 

There are b a s i c a l l y two ways i n which t h i s element might a f f e c t the r a t e 

of a c t i v i t y . ( 1 ) By s a t i s f y i n g some d i r e c t , or c l o s e l y r e l a t e d r e q u i r e 

ment of the n i t r o g e n a s e enzyme complex, or ( 2 ) by g e n e r a l l y s t i m u l a t i n g 

the metabolism of e i t h e r or both the micro-organisms and the higher plant 

populations, hence c o n t r o l l i n g the a v a i l a b i l i t y of energy to the n i t r o g e n 

f i x i n g organisms. 

A l a r g e potassium requirement has been demonstrated f o r Azotobacter, 

and the d e p l e t i o n of s o i l potassium by legumes i s s i g n i f i c a n t l y g r e a t e r 

than by other crops (Gukova and Bogomolova, 1963). Roberts and Olsen 

(1942) c a r r i e d out t r i a l s on land f e r t i l i s e d w i t h both potassium and 

phosphorus, and found t h a t only potassium was e f f e c t i v e i n s t i m u l a t i n g 

n i t r o g e n f i x i n g a c t i v i t y . Wilson and Wilson (1933) found t h a t the growth 
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of Azotobacter i n peat s o i l s of New York S t a t e was s t i m u l a t e d by phosphorus, 

but only i n the presence of l a r g e q u a n t i t i e s of potassium. 

Thus t h e r e i s some evidence that n i t r o g e n f i x i n g organisms may have 

a s p e c i f i c potassium requirement. R e s u l t s of the various m u l t i p l e 

r e g r e s s i o n a n a l y s e s which have been reported i n the preceding c h a p t e r s , 

repeatedly demonstrate the importance of potassium i n ecosystem metabolism. 

A d e f i c i e n c y of potassium i n s o i l i s probably more widespread than i s 

f u l l y a p p r e c i a t e d . Barber, e t a l . (1963) c a r r i e d out a survey of the 

c o n c e n t r a t i o n s of elements i n wheat grown i n the North C e n t r a l U.S.A., 

and found t h a t the c o n c e n t r a t i o n ' o f potassium was about 10 times g r e a t e r 

than any of the other major n u t r i e n t s . Barber (1962) concluded t h a t the 

supply of potassium and phosphorus i n s o i l s i s g e n e r a l l y so low that these 

two elements a r e l i k e l y to be depleted i n the zone immediately surrounding 

the r o ots, which i s probably a region of i n t e n s e nitrogen f i x i n g a c t i v i t y . 

F i g u r e 50 shows that potassium i s the most mobile of a l l major elements i n 

mire ecosystems, and F i g u r e 49 shows i t to be one of the elements most 

hi g h l y concentrated i n t o vegetation. Nitrogen f i x a t i o n i s one, probably of many, 

metabolic a c t i v i t i e s whose r a t e i s i n f l u e n c e d by the r e l a t i v e s c a r c i t y of 

potassium i n mire ecosystems. 

Magnesium i s much l e s s important than potassum w i t h regard to 

n i t r o g e n a s e a c t i v i t y ( T a b l e 6 ) , however i t i s i n t e r e s t i n g to note t h a t 

magnesium does appear to have a s m a l l , but s t a t i s t i c a l l y s i g n i f i c a n t 

i n f l u e n c e i n the poor mires. Jensen (1954) observed that Azotobacter 

r e q u i r e d more magnesium when grown i n the presence of high c o n c e n t r a t i o n s 

of i n o r g a n i c phosphorus. In previous s e c t i o n s i t has been shown t h a t 

r e l a t i v e l y high l e v e l s of s o l u b l e phosphorus a r e c h a r a c t e r i s t i c of poor 

mires ( c . f . r h eotrophic m i r e s ) , so the general d e c l i n e i n magnesium 

towards the ombrotrophic end of the mire e c o c l i n e may give r i s e to some 

d e f i c i e n c y w i t h r e s p e c t to nitrogen f i x i n g organisms, a d e f i c i e n c y 
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exacerbated by the s o l u b l e phosphorus. 

Calcium i s e s s e n t i a l f o r a l l l i v i n g organisms, however the 

s t a t i s t i c a l a n a l y s i s ( T a b l e 6) i n d i c a t e s that t h i s element e x e r t s a 

negative i n f l u e n c e on the r a t e of b a c t e r i a l n i t r o g e n f i x a t i o n i n peat. 

Calcium c o n t r i b u t e s to the e x p l a i n e d v a r i a n c e i n a l l s e c t i o n s of the 

a n a l y s i s , but i t s main e f f e c t i s c l e a r l y i n r i c h mires, and t h i s may 

account f o r the s l i g h t d e c l i n e of n i t r o g e n a s e a c t i v i t y i n extreme r i c h 

fens ( F i g u r e s 18-20), because these s i t e s c o n t a i n very high l e v e l s of 

exchangeable c a l c i u m ( F i g u r e 40B). The high F value f o r i t s p a r t i a l 

r e g r e s s i o n c o e f f i c i e n t suggest that at l e a s t part of the e f f e c t of 

c a l c i u m may be d i r e c t . A p o s s i b l e i n t e r a c t i o n w i t h phosphorus was sus

pected, but s t a t i s t i c a l t e s t provided no support f o r t h i s idea ( t h e 

simple r value f o r c a l c i u m on nitrogen f i x a t i o n i s 0.56, w i t h the e f f e c t 

of phosphorus removed r = 0.55). The p o s s i b i l i t y that the e f f e c t of 

calcium was simply a r e f l e c t i o n of the high ash content was s i m i l a r l y 

e l i m i n a t e d . 

Azotobacter from n o n - s a l i n e s o i l s a r e s e n s i t i v e to high s a l t l e v e l s , 

and c o n c e n t r a t i o n s g r e a t e r than about 1% are known to i n h i b i t t h e i r 

development (Babak, 1966). Mire water c o n t a i n s much l e s s than 1% calcium, 

but values f o r exchangeable amounts show t h a t i n the immediate v i c i n i t y 

of peat c o l l o i d s , the c o n c e n t r a t i o n of c a l c i u m can be c o n s i d e r a b l y g r e a t e r 

than 1%. Wilson and Wilson (1933) found that l a r g e amounts of CaCO i n 
3 

peat prevented growth of Azotobacter, although they a t t r i b u t e d the e f f e c t 

to i n t e r a c t i o n w i t h phosphorus. 

I n view of the evidence i t may be concluded that the d e c l i n e i n 

nitrogenase a c t i v i t y towards the extreme r i c h fen part of the mire e c o c l i n e 

i s due to high s a l t l e v e l s , of which calcium i s the most abundant; 

furthermore i t appears that much of the i n f l u e n c e of c a l c i u m i s through 

d i r e c t i n h i b i t i o n of the n i t r o g e n f i x i n g organisms. T h i s does not preclude 
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the p o s s i b i l i t y that the i n f l u e n c e of c a l c i u m on nitrogen f i x a t i o n i n 

peat a l s o operates v i a other elements, hut simply that any such i n t e r 

a c t i o n s are beyond the l i m i t s of d e t e c t i o n by the methods of a n a l y s i s 

used. 

The n e g a t i v e p a r t i a l r e g r e s s i o n c o e f f i c i e n t f o r the i n f l u e n c e of 

NH^ - N i n poor mires ( T a b l e 6) has an F value which i s j u s t below 

the b i o l o g i c a l l y a c c e p t a b l e l e v e l of s t a t i s t i c a l s i g n i f i c a n c e ( i n f a c t 

p = 0.08). I n 1893 Winogradsky reported t h a t the b i o l o g i c a l f i x a t i o n 

of gaseous n i t r o g e n was reduced by i n c l u s i o n of an i n o r g a n i c n i t r o g e n 

source i n t o the b a c t e r i a l growth medium. Rece n t l y t h i s e f f e c t has been 

a t t r i b u t e d to prevention of enzyme production, r a t h e r than i n h i b i t i o n of 

enzyme a c t i v i t y per s e (Daesch and Mortensen, 1968). Reduced nit r o g e n a s e 

a c t i v i t y i n the presence of NH+ - N has a l s o been demonstrated u s i n g the 

a c e t y l e n e r e d u c t i o n a s s a y (Brouzes and Knowles, 1971). I t has been 

estimated that the a s s i m i l a t i o n of gaseous nitro g e n by b a c t e r i a c e a s e s 

when the r a t i o of a v a i l a b l e carbon to a v a i l a b l e i n o r g a n i c nitrogen i s l e s s 

than about 150:1 ( W i l l i s , 1934). The s o l u b l e amounts of carbon i n the peat 

were not estimated during t h i s p r o j e c t , however K a i l a et a l . (1954) 

measured the s o l u b l e organic content of some F i n n i s h peats, and t h e i r 

f i g u r e s can be u t i l i s e d to e s t i m a t e a s o l u b l e C:N r a t i o . They found an 

average of 2.8% water s o l u b l e organic matter i n the peats, w i t h no 

s i g n i f i c a n t d i f f e r e n c e s between fen and bog peats (o.c. Table 2 ) . I f i t 

i s assumed that a l l of the s o l u b l e organic matter was a v a i l a b l e carbon, 

then a combination of t h i s information w i t h t h a t on s o l u b l e n i t r o g e n 

presented i n Chapter nine, i n d i c a t e s a C:N r a t i o ranging from about 700:1 

i n r i c h fen peats to about 140:1 i n bog peats. (Not a l l of the s o l u b l e 

organic m a t e r i a l i s a v a i l a b l e carbon, t h e r e f o r e both of these e s t i m a t e s 

are probably too h i g h ) . Taking a l l the above f a c t s i n t o c o n s i d e r a t i o n i t 

can be concluded t h a t the d e c l i n e of n i t r o g e n a s e a c t i v i t y towards the 
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ombrotrophic end of the mire e c o c l i n e might, i n p a r t , r e s u l t from the 

r e l a t i v e l y high l e v e l s of NH+ - N which occur i n these peats. I f the 

r a t e of h e t e r o t r o p h i c n i t r o g e n f i x a t i o n i n ombrotrophic peats took place 

at a r a t e s i m i l a r to that found i n rheotrophic peats, then t h i s , i n 

combination w i t h other a s p e c t s of the nitrog e n f l u x d i s c u s s e d i n S e c t i o n 

1 2 ( a ) , could g i v e r i s e to t o x i c l e v e l s of nitrog e n i n the system. Thus 

the trends of s o l u b l e n i t r o g e n and ni t r o g e n a s e a c t i v i t y i n r e l a t i o n to 

the e c o c l i n e may w e l l r e f l e c t part of thfi evolved homeostastis of the 

system a s a whole. 

The accumulated information regarding the e f f e c t of phosphorus on 

nitroge n f i x a t i o n i n mi n e r a l s o i l s , suggests that a strong r e l a t i o n s h i p 

between these two f a c t o r s might be expected to e x i s t i n peat s o i l s . The 

data presented i n Chapter 8 and 10 show th a t t h i s i s not the case. The 

few previous attempts to i n v e s t i g a t e the r e l a t i o n s h i p between phosphorus 

and n i t r o g e n f i x a t i o n i n peat, have reached much the same c o n c l u s i o n . 

K a i l a (1954) found the presence or absence of Azotabacter i n F i n n i s h peat 

v/as not dependent upon the l e v e l of a c e t i c a c i d s o l u b l e phosphorus. 

Wilson and Wilson (1933) d i d not achieve any improvement i n the growth of 

Azotobacter by the a d d i t i o n of phosphorus, that could not a l s o be achieved 

by treatment w i t h d i l u t e a c i d s . Vandecaveye (1932) demonstrated t h a t the 

a d d i t i o n of superphosphate to peat n e i t h e r r a i s e d the general l e v e l of 

metabolic a c t i v i t y , nor i n c r e a s e d the count of b a c t e r i a . C o n s i d e r i n g 

t h a t the trend of i n c r e a s e i n s o l u b l e phosphorus i n the peat land ecosystem 

i s , l i k e s o l u b l e nitrogen, i n the same d i r e c t i o n as the general decrease 

i n n i t r o g e n a s e a c t i v i t y , i t must be concluded that there i s no g e n e r a l 

shortage of phosphorus w i t h respect to n i t r o g e n f i x a t i o n i n peat. 

Wallace (1961) s t a t e d that the m o b i l i t y of i r o n i s reduced i n the 

presence of phosphorus, and from a very d e t a i l e d experimental study Dolar 

and Keeney (1971) obtained negative p a r t i a l r e g r e s s i o n c o e f f i c i e n t s f o r 
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the i n f l u e n c e of phosphorus on the a v a i l a b i l i t y of t r a c e metals i n s o i l s . 

Dolar and Keeney concluded that s o l u b l e phosphorus caused a s i g n i f i c a n t 

r e d u c t i o n i n the a v a i l a b i l i t y of copper, z i n c and manganese. The 

negative p a r t i a l r e g r e s s i o n c o e f f i c i e n t s f o r the i n f l u e n c e of phosphorus 

on nitrogen f i x a t i o n a re not s t a t i s t i c a l l y s i g n i f i c a n t ( Table 6 ) , although 

the percentage v a r i a n c e e x p l a i n e d by phosphorus i n r i c h mires i s f a i r l y 

l a r g e ( 1 3 % ) . I r o n e x p l a i n s about 5% of the v a r i a n c e ; the p a r t i a l r e g r e s s i o n 

c o e f f i c i e n t s of t h i s element are p o s i t i v e , and, l i k e those of phosphorus, 

s t a t i s t i c a l l y i n s i g n i f i c a n t . The simple c o r r e l a t i o n c o e f f i c i e n t between 

i r o n and n i t r o g e n a s e a c t i v i t y f o r the e n t i r e mire i s 0.41, the p a r t i a l 

c o r r e l a t i o n c o e f f i c i e n t f o r t h i s r e l a t i o n s h i p w i t h the i n f l u e n c e of 

phosphorus removed i s 0.26. These i n f e r e n t i a l s t a t i s t i c s a r e merely an 

a i d to understanding m u l t i v a r i a t e i n t e r a c t i o n s , but as such, these f i g u r e s 

do not preclude the p o s s i b i l i t y that the negative i n f l u e n c e of phosphorus 

on h e t e r o t r o p h i c n i t r o g e n f i x a t i o n i n peat, i s a r e s u l t of i n t e r a c t i o n w i t h 

i r o n , and other e s s e n t i a l t r a c e metals. 

The importance of pH as a determinant of n i t r o g e n a s e a c t i v i t y , i s 

second only to potassium ( T a b l e 6 ) , however the i n f l u e n c e of pH i s a 

f e a t u r e of poor, r a t h e r than r i c h mires where i t appears to be t o t a l l y 

unimportant: the simple c o r r e l a t i o n c o e f f i c i e n t between pH and nitrogenase 

a c t i v i t y i n r h e o t r o p h i c peats i s only -0.18. The r e l a t i v e s i z e of the F 

values f o r the pH p a r t i a l r e g r e s s i o n c o e f f i c i e n t s i n d i c a t e s that a 

c o n s i d e r a b l e proportion of the e f f e c t of pH i s i n d i r e c t , r e s u l t i n g from 

i t s i n f l u e n c e on other v a r i a b l e s , as might be expected. S e v e r a l workers 

have suggested t h a t i n very a c i d mineral s o i l s , aluminium might i n h i b i t 

f r e e l i v i n g b a c t e r i a l n i t r o g e n f i x a t i o n (e.g. K a i l a , 1954; Gromyko, 1963). 

The a n a l y s e s reported i n Chapters 8 and 11 provide no support f o r t h i s 

p o s s i b i l i t y i n peats, i n F i g u r e 46B i t can be seen that a c e t i c a c i d 

s o l u b l e aluminium i n peat does i n f a c t decrease s i g n i f i c a n t l y i n very a c i d 
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c o n d i t i o n s . 

12(e) Nitrogen f i x a t i o n and hydrogen ion c o n c e n t r a t i o n 

B a c t e r i a l n i t r o g e n f i x a t i o n was not d e t e c t a b l e i n the most a c i d 

peats, but c o n s i d e r a b l e a c t i v i t y was measured i n peats w i t h r e a c t i o n s 

as low as pH 3.8, which i s p a r t i c u l a r l y i n t e r e s t i n g when i t i s r e a l i s e d 

that b a c t e r i a l n i t r o g e n f i x a t i o n i s considered to be uncommon i n s o i l s 

w i t h pH values lower than about 5.5 (Mishustin and S h i l ' n i k o v a , 1971). 

However, t h e r e a r e s e v e r a l r e p o r t s which, together w i t h the f i n d i n g s of 

t h i s project, i n d i c a t e that peat s o i l s as a group a re exceptions to t h i s 

r u l e . Vandecaveye (1932) i s o l a t e d Azotobacter from v i r g i n peat s o i l s 

w i t h r e a c t i o n s of pH 4.3, and V a l v u l o (1958) found Azotobacter to be 

widespread i n peat bogs of B e l l o r u s s i a w i t h pH v a l u e s v a r y i n g between 

4.8 and 4.9; Boyd and Boyd (1962) i s o l a t e d the a c i d t o l e r a n t A_. i n d i c u s 

from a r c t i c peat w i t h a pH value of 4.1. K a i l a (1954) f a i l e d to de t e c t 

any a e r o b i c b a c t e r i a i n F i n n i s h peats, but recorded s i g n i f i c a n t n i t r o g e n 

gains i n a e r o b i c a l l y incubated peat samples w i t h pH values of 4.3. A f t e r 

i n v e s t i g a t i n g a wide range of peats from New York S t a t e , with r e a c t i o n s 

v a r y i n g between pH 3.6 and pH 7.6, Wilson and Wilson (1933) concluded that 

the d i s t r i b u t i o n of Azotobacter i n these peats was not r e l a t e d to the pH 

value. 

C l o s t r i d i u m spp. a r e considered to be g e n e r a l l y more a c i d t o l e r a n t 

than Azotobacter, and th e r e are numerous r e p o r t s of t h i s genus being 

i s o l a t e d from organic s o i l (e.g. B o s w e l l , 1955; V a l v u l o , 1958; Jurgensen 

and Davey, 1971; G r a n h a l l and Selander, 1973). 

C e r t a i n o b s e r v a t i o n s on ni t r o g e n f i x i n g b a c t e r i a l i n r e l a t i o n to the 

water content of s o i l a r e p a r t i c u l a r l y i n t e r e s t i n g i n re s p e c t of a c i d 

t o l e r a n c e . In a c i d m i n e r a l s o i l s of Southern A u s t r a l i a i t has been found 

that an i n c r e a s e i n the moisture content of s o i l promotes improved 
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development of both Azotobacter and C l o s t r i d i u m (Swaby, 1939; Jensen, 
1940) and s i m i l a r r e s u l t s have been obtained f o r the a c i d s o i l s of 
Queensland (McKnight, 1949). Meiklejohn (1962) was a b l e to i s o l a t e 
Azotobacter from a c i d s o i l s i n Ghana, but only i n the r a i n y season. 
Thus i t i s p o s s i b l e that the widespread occurrence of n i t r o g e n f i x i n g 
b a c t e r i a or b a c t e r i a l a s s o c i a t i o n s i n very a c i d peats, may be r e l a t e d 
to the moist nature of these environments. 

1 2 ( f ) Blue-green algae i n peat lands 

There are very few r e p o r t s of blue-green algae i n mires, and the 

t e s t s reported i n Chapter 4 provide no evidence f o r the p o s s i b i l i t y of 

l i g h t induced a u t o t r o p h i c n i t r o g e n f i x a t i o n i n peat. Two e x t e n s i v e 

surveys of peat bog microbiology report b a c t e r i a , fungi and actinomycetes, 

but make no mention of blue-green a l g a e ( V a l v u l o , 1958; Burgeff, 1961). 

Recent reviews of n i t r o g e n f i x a t i o n conclude that blue-green algae a r e 

g e n e r a l l y i n t o l e r a n t of a c i d c o n d i t i o n s (Stewart, 1966; Jurgensen and 

Davey, 1970; Mis h u s t i n and S h i l ' n i k o v a , 1971), and some i n v e s t i g a t o r s 

have concluded t h a t blue-green a l g a e are of l i t t l e importance i n s o i l 

n i t r o g e n budgets (e.g. Lund, 1947; Beck, 1968). 

Blue-green algae a r e important i n many a q u a t i c s i t u a t i o n s , and t h i s 

group may be s i g n i f i c a n t during c e r t a i n phases of the hydrosere, as such 

t h e i r p o t e n t i a l r o l e i n mires i s probably worthy of c l o s e r examination. 

C e r t a i n l y blue-green a l g a e do occur i n mires, t h i s f a c t has been demon

s t r a t e d by workers whose s p e c i f i c o b j e c t i v e was the examination of algae, 

i n c o n t r a s t to the more g e n e r a l m i c r o - b i o l o g i c a l surveys quoted above 

(e.g. Flensburg, 1967; F l e n s b u r g and Maimer, 1970; Dooley and Houghton, 

1973; G r a n h a l l and Selander, 1973/ Flensburg and S p a r l i n g , 1973). Dooley 

and Houghton ( o . c . ) concluded t h a t nitrogen f i x a t i o n by blue-green algae 

i n low l e v e l I r i s h blanket bog was i n s i g n i f i c a n t compared w i t h b a c t e r i a l 
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f i x a t i o n ; they reported the complete absence of blue-green algae below 

pH 5.4. G r a n h a l l and Selander (1973) who i n v e s t i g a t e d a s u b - a r c t i c 

'mixed mire', considered both h e t e r o t r o p h i c n i t r o g e n a s e a c t i v i t y i n the 

d r i e r p a r t s of the mire, as w e l l as nitrogen f i x a t i o n by blue-green 

a l g a e i n the wet m i n e r a l r i c h depressions to be important; as might be 

expected, the photo-autotrophic a c t i v i t y decreased r a p i d l y below the 

top 2-3 cm of the substratum. (A mixed mire d e s c r i b e s a s k e l e t a l peat-

land comprised of a mosaic of ombrotrophic hummocks, and mineral r i c h 

d e p r e s s i o n s ) . 

The environmental requirements of blue-green algae probably pre

clude any s i g n i f i c a n t r o l e i n the nitrogen balance of peat land ecosystems 

as a whole, however they may be l o c a l l y important i n open pools, and 

s k e l e t a l mires. 

12(g) Symbiotic n i t r o g e n f i x a t i o n i n peatlands 

Most of the i n v e s t i g a t i o n s reported i n t h i s t h e s i s were concerned 

w i t h non-symbiotic nitr o g e n f i x a t i o n , however symbio t i c a s s o c i a t i o n s of 

higher p l a n t s w i t h micro-organisms do occur, and are undoubtedly of l o c a l 

importance. Apart from the two w e l l known a s s o c i a t i o n s i n v o l v i n g Alnus 

and Myrica, m i c o r r h i z a l r e l a t i o n s h i p s are widespread amongst the mire 

e r i c a d s . The p o s s i b i l i t y t h a t these a s s o c i a t i o n s might have a n i t r o g e n 

f i x i n g f u n c t i o n was i n v e s t i g a t e d by Marthaler (1939), but h i s r e s u l t s 

were negative, as were those of a more recent study of the same t o p i c by 

Burgeff (1961). 

L e s s w e l l known a r e the s m a l l legume l i k e root nodules ( u s u a l l y 

r e f e r r e d to as swollen r o o t s ) which are found on many members of the 

Cyperaceae, i n c l u d i n g Cladium, Schoenus and Carex. Some of these nodules 

do appear to c o n t a i n b a c t e r i a l l i k e i n c l u s i o n s (Davies et a l . , 1972). I 

have examined the root nodules of s e v e r a l of these s p e c i e s , but i n a l l 
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i n s t a n c e s the t e s t s f o r n i t r o g e n f i x a t i o n were negative. Thus, although 

a s s o c i a t i o n s between micro-organisms and higher p l a n t s are very common 

i n mires, only those a s s o c i a t i o n s i n v o l v i n g Alnus and Myrica have been 

e s t a b l i s h e d as having a n i t r o g e n f i x i n g f u n c t i o n . The d i s t r i b u t i o n of 

these two genera w i t h i n the mire ecosystem can now be examined i n the 

l i g h t of g e n e r a l peat land chemistry. 

Bjorkman (1942) found that nodulation of a l d e r roots decreased w i t h 

i n c r e a s i n g a p p l i c a t i o n of NH+ - N, t h i s r e s u l t has s i n c e been confirmed 

by other workers (Stewart and Bond, 1961; Z a v i t k o v s k i and Newton, 1968). 

S e v e r a l f i e l d i n v e s t i g a t i o n s have demonstrated t h a t the r a t e of n i t r o g e n 

f i x a t i o n by a l d e r slows down as the stand matures. Newton et a l . (1968) 

found t h a t increments of s o i l n i t r o g e n due to f i x a t i o n by a l d e r nodules 

ceased before the t r e e s were 20 y e a r s old. T a r r a n t et a l . (1969) concluded 

t h a t the t o t a l n i t r o g e n i n s o i l beneath a 40 year old stand of red a l d e r 

(A. r u b r a ) , could not be accounted f o r by the then c u r r e n t r a t e s of 

n i t r o g e n accumulation, and decided, therefore, that nodules must have been 

more a c t i v e during the e a r l y y e a r s of stand development. A l d e r i s an 

important component of the vegetation during the e a r l y phase of s u c c e s s i o n 

on g l a c i a l moraines during the period of n i t r o g e n accumulation, but i t i s 

not abundent i n the l a t e r phases (Crocker and Major, 1955). 

A l d e r i s r e s t r i c t e d to rheotrophic mires, and the evidence presented 

i n p revious s e c t i o n s i n d i c a t e s that i t i s t h i s part of the mire ecosystem 

where problems of nitrogen shortage are l i k e l y to be g r e a t e s t . Voigt and 

Steucek (1969) have demonstrated a very s t r o n g p o s i t i v e r e l a t i o n s h i p between 

ni t r o g e n f i x a t i o n i n A. rugosa, and the amount of moisture i n the s o i l ; 

t h i s may be connected w i t h the f a c t that the optimum oxygen c o n c e n t r a t i o n 

fo r n i t r o g e n f i x a t i o n by nodules of t h i s s p e c i e s i s w e l l below atmospheric 

l e v e l s (Chapter 2 ) . Taking i n t o c o n s i d e r a t i o n the moisture and n i t r o g e n 

regimes of rheotrophic mires, i t i s c l e a r t h a t A l d e r w i l l have c o n s i d e r a b l e 
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advantages i n such s i t u a t i o n s . 

Nitrogen f i x a t i o n by Myrica i s a l s o a f f e c t e d by the amount of 

s o l u b l e n i t r o g e n i n the growth medium. Stewart (1961) found a decrease 

i n the dry weight of nodules when Myrica p l a n t s were grown i n a medium 

c o n t a i n i n g 150 p.p.m. NH* - N. The qua n t i t y of nitrog e n f i x e d per 
4 

gram dry weight of nodules when the p l a n t s were grown i n a s o l u t i o n 

c o n t a i n i n g 100 p.p.m. NH^ - N was only about h a l f the amount f i x e d by 

nodules of p l a n t s i n 50 p.p.m. Nrf£ - N (Stewart and Bond, 1961). 

These r e s u l t s c l e a r l y demonstrate t h a t n i t r o g e n f i x i n g a c t i v i t i e s 

of Myrica a r e much reduced i n environments c o n t a i n i n g high l e v e l s of 

s o l u b l e n i t r o g e n . 

Myrica i s f r e q u e n t l y s a i d to occur on bogs, but i n most p a r t s of 

Northern Europe i t i s e s s e n t i a l l y a plant of poor fens, r a t h e r than 

ombrotrophic mires proper. One p o s s i b l e e x p l a n a t i o n f o r t h i s d i s t r i b u t i o n 

may be the r e l a t i v e abundance of s o l u b l e n i t r o g e n i n ombrotrophic l o c a t i o n s . 

The arguments i n t h i s r e s p e c t which were o u t l i n e d f o r h e t e r o t r o p h i c 

nitrogenase a c t i v i t y i n peat e a r l i e r i n t h i s chapter, may be eq u a l l y 

a p p l i c a b l e to Myrica: not only would i t s n i t r o g e n f i x i n g a b i l i t y a f f o r d 

no s p e c i a l advantage i n ombrotrophic s i t u a t i o n s , but a d d i t i o n a l n i t r o g e n 

might even prove d e t r i m e n t a l . 

Before t h i s s e c t i o n on symbiot i c nitrogen f i x a t i o n i s concluded, 

mention must be made of l i c h e n s and bryophytes. Nitrogen f i x a t i o n has 

been confirmed i n the l i c h e n s P e l t i g e r a , Nephroma and Stereocaulon, 

and i t has been suggested t h a t these genera may make a s i g n i f i c a n t con

t r i b u t i o n to the n i t r o g e n economy of peatlands i n tundra regions ( K a l l i o 

et a l . , 1972; K a l l i o , 1973; G r a n h a l l and Selander, 1973). Blue-green 

a l g a l symbionts a l s o occur i n some bryophytes, and of these n i t r o g e n 

f i x a t i o n has been confirmed i n Sphagnum (Stewart, 1966), B l a s i a p u s i l i a 

(Bond and S c o t t , 1955), C a v i c u l a r i a densa (Bond and S c o t t o . c ) , and 
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F r u l l a n i a (Bellamy and Waughman, unpublished). There i s no evidence to 

suggest that n i t r o g e n f i x i n g bryophyte a s s o c i a t i o n s are important i n 

peatland systems. 

12(h) The amount of n i t r o g e n f i x e d by h e t e r o t r o p h i c a c t i v i t y 

I n Chapter 4 i t was emphasised that i n view of the e f f e c t of 

oxygen, and the nature of the a c e t y l e n e r e d u c t i o n assay, e s t i m a t e s of 

the amount of atmospheric nitrogen f i x e d by the h e t e r o t r o p h i c component 

of the peatland ecosystem are l i k e l y to be very i n a c c u r a t e . But having 

emphasised t h i s f a c t , i t must a l s o be noted t h a t the a c e t y l e n e reduction 

assay i s s t i l l the b e s t method c u r r e n t l y a v a i l a b l e . 

Before attempting to produce an e s t i m a t e i t i s w e l l to b r i e f l y 
i 

r e i t e r a t e the two main problems. F i r s t l y , the t h e o r e t i c a l c onversion f a c t o r 

of three C H to one N has not been confirmed i n a l l s o i l systems. R i c e 

and Paul (1971), and Brouzes, et a l . (1971) obtained r a t i o s c o n s i d e r a b l y 

g r e a t e r than t h r e e , although the second group l a t e r reported t h a t they 

had not confirmed t h e i r e a r l i e r r e s u l t s (Knowles, et a l . , 1973). In view 

of these f a c t s a conversion f a c t o r of 6:1 w i l l be used i n the f o l l o w i n g 

c a l c u l a t i o n s . The second important problem i s that a mixture of a e r o b i c 

and anaerobic c o n d i t i o n s s t i m u l a t e nitrogenase a c t i v i t y to l e v e l s higher 

than those o c c u r r i n g i n the purely a e r o b i c , or purely anaerobic c o n d i t i o n 

( R i c e e t a l . , 1967; Magdoff and Bouldin, 1970; Brouzes e t a l . , 1971, and 

Chapter 4 ) . However the f l u c t u a t i n g water t a b l e near to the s u r f a c e i n 

mire ecosystems, and the exudation of oxygen by some mire p l a n t s (Armstrong, 

1964) must c r e a t e j u s t such a mixture of a e r o b i c and anaerobic c o n d i t i o n s 

i n the r o o t i n g zone. Burgeff (1961) observed that peat above the water 

t a b l e was w e l l s u p p l i e d w i t h oxygen, he a l s o noted that p r e c i p i t a t i o n 

and evaporation gave r i s e to frequent f l u c t u a t i o n s of the water t a b l e . 

The surveys of Havas (1961) and Persson (1962) a l s o demonstrated t h a t 
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the upper l a y e r s of peat i n mire ecosystems are by no means devoid of 

oxygen. Thus i t i s reasonable to conclude that c o n d i t i o n s of the assay 

may approximate c o n d i t i o n s which are widespread i n peat lands, and 

t h e r e f o r e e x t r a p o l a t i o n on the b a s i s of f i g u r e s reported i n Chapter 8 

might not be e n t i r e l y u n j u s t i f i e d . 

The g e n e r a l survey reported here involved n e a r l y one thousand a s s a y s , 

and the r e s u l t s show th a t the v a r i a t i o n between s i m i l a r mire types i n 

d i f f e r e n t l o c a t i o n s i s not g r e a t : much l e s s than one order ( F i g u r e s 18, 

19 and 20). The t e s t s i n Southern Germany were a l l c a r r i e d out during 

the summer, but m a t e r i a l from other l o c a t i o n s was assayed at v a r i o u s times 

of the year, the evidence from these r e s u l t s i n d i c a t e s that f l u c t u a t i o n s 

of n i t r o g e n a s e a c t i v i t y due to temperature changes a re probably g r e a t e r 

than f l u c t u a t i o n s due to i n t r i n s i c s e a s o n a l v a r i a t i o n . Therefore, i n the 

f o l l o w i n g e s t i m a t e , s e a s o n a l changes of temperature a r e allowed f o r by 

u t i l i s i n g the annual temperature data f o r Wielenbach (near to P f r u l e Moss) 

i n Walter and L i e t h (1967); C e n t r a l Europe diagram Nm 483. T h i s 

information i s used i n c o n j u n c t i o n w i t h the method f o r temperature c o r r e c t i o n 

d e s c r i b e d i n Chapter 4 and 5. 

The e s t i m a t e s are d e r i v e d from the curve i n F i g u r e 20: 

y = 0.64 + 0.038x + 0.0004-9x.2 

nmol 
where y = log^C^^/ml f r e s h peat/day at 20 C and x a the weighted index. 

The weighted i n d i c e s i n s e r t e d f o r each mire category are as f o l l o w s : 

fen, 49; poor fen, 74; bog, 94. I t i s assumed that n i t r o g e n f i x a t i o n 

occurs throughout the top 20 cm of peat, which was the depth of the 

sample c o r e s . The e s t i m a t e s are shown i n Table 16. 
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Table 16 

E s t i m a t e s of atmospheric n i t r o g e n f i x e d by h e t e r o t r o p h i c nitrogenase 
a c t i v i t y i n peat from Southern Germany 

Fen Poor fen Bog 
estimated 
d a i l y r a t e 25 6 1 
i n summer 

estimated 
annual 2100 530 70 
accumulation 

a l l f i g u r e s mg N/m2 

The only other reported e s t i m a t i o n of n i t r o g e n f i x e d by h e t e r o t r o p h i c 

a c t i v i t y i n peat u t i l i s i n g a c e t y l e n e reduction i s t h a t by G r a n h a l l and 

Selander (1973). T h e i r e s t i m a t e f o r a e r o b i c n i t r o g e n f i x a t i o n i n the 

ombrotrofchic part of a s u b - a r c t i c mire was 150 mg N/nf'/y, which i s about 

double the e s t i m a t e f o r the ombrotrophic s i t e s i n Southern Germany. T h i s 

d i f f e r e n c e i s unimportant as compared w i t h the g e n e r a l s i m i l a r i t y of these 

two independent e s t i m a t e s . 

The amount of n i t r o g e n deposited i n Northern Europe by p r e c i p i t a t i o n 

ranges between about 200 and 2000 mg N/m2, wit h an average f i g u r e of about 

800 mg N/m2 ( E r i k s s o n , 1952; Holden, 1966). Thus i t i s apparent that 

b i o l o g i c a l n i t r o g e n f i x a t i o n makes an important, and probably e s s e n t i u l , 

c o n t r i b u t i o n to the n i t r o g e n budget of mire ecosystems. 
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SUMMARY OF PARTS ONE AND TWO 

CHAPTER ONE 

A short d e s c r i p t i o n of the h i s t o r y of i n v e s t i g a t i o n s i n t o b i o l o g i c a l 

n i t r o g e n f i x a t i o n i s presented, commencing w i t h the f i r s t experimental 

evidence from the middle of the ni n e t e e n t h century, through to the d i s c o v e r y 

of a c e t y l e n e r e d u c t i o n i n the l a t e 1960s. D i f f i c u l t i e s i n measuring 

n i t r o g e n a r e emphasised, and the r e l a t i v e m e r i t s of both a c e t y l e n e r e 

duction and i s o t o p i c n i t r o g e n techniques a r e d i s c u s s e d . 

Some pre v i o u s r e p o r t s suggest t h a t n i t r o g e n f i x a t i o n i s temperature 

s e n s i t i v e , some suggest otherwise; t h i s matter i s of c o n s i d e r a b l e 

importance w i t h regard to the use of a c e t y l e n e r e d u c t i o n i n the f i e l d , 

and needs to be r e s o l v e d . 

Alnus and Myrica are known to f i x atmospheric n i t r o g e n , but Inform

a t i o n on other a s p e c t s of nitrogenase a c t i v i t y i n peatlands i s scanty. 

CHAPTER TWO 

Low oxygen c o n c e n t r a t i o n s i n h i b i t n i t r o g e n a s e a c t i v i t y i n root 

nodules of both Alnus and Myrica. The r a t e of ni t r o g e n a s e a c t i v i t y i n 

both s p e c i e s i s a l s o very s e n s i t i v e to temperature change, w i t h a c t i v i t y 

d e c r e a s i n g r a p i d l y at temperatures above about 20°C. A c t i v a t i o n e n e r g i e s 
o 

between 5 and 20 C were c a l c u l a t e d to be 30 Kcal/mol f o r Myrica and 

38 Kcal/mol f o r Alnus. Nitrogenase a c t i v i t y i n root nodules of Alnus 

occurs only w h i l s t the t r e e i s i n l e a f . 

CHAPTER THREE 

The r a t e of nitrogenase a c t i v i t y i n Plectonema (a n a e r o b i c w i t h r e s p e c t 

to n i t r o g e n f i x a t i o n ) i n c r e a s e s w i t h i n c r e a s i n g temperature between 5 and 
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25 C, i n s a t u r a t i n g l i g h t i n t e n s i t i e s , although s e n s i t i v i t y i s lower above 

20°C. The c a l c u l a t e d a c t i v a t i o n e n e r g i e s are 30 and 12 Kcal/mol below 
o 

and above 20 r e s p e c t i v e l y . I n s u b - s a t u r a t i o n l i g h t i n t e n s i t i e s , 
n i t r o g e n a s e a c t i v i t y i n Plectonema i s not s e n s i t i v e to temperature change 

o 

below, and only s l i g h t l y s e n s i t i v e above 20 C. The e f f e c t of temperature 

change on n i t r o g e n a s e a c t i v i t y i n Anabaena ( a e r o b i c w i t h r e s p e c t to 

n i t r o g e n f i x a t i o n ) i s s i m i l a r to the response of t h i s enzyme i n Plectonema, 

except t h a t i n atmospheric l e v e l s of oxygen c o n c e n t r a t i o n complete 
o 

i n h i b i t i o n occurs above about 20 C; by c o n t r a s t , i n low oxygen c o n c e n t r a t i o n s 

a c t i v i t y c o u l d s t i l l be d e t e c t e d at 40°c. The i m p l i c a t i o n of t h e s e 

r e s u l t s to f i e l d a s s a y s of blue-green algae i s d i s c u s s e d . 

CHAPTER FOUR 

Ac e t y l e n e r e d u c t i o n by peat continues f o r at l e a s t f i v e days under 

assay c o n d i t i o n s . Responses to glucose, oxygen, carbon monixide and 

temperature change, as w e l l as the i n c o r p o r a t i o n of i s o t o p i c n i t r o g e n , 

a l l s e r v e to confirm that the observed a c e t y l e n e r e d u c t i o n by peat r e s u l t s 

from the a c t i v i t y of a l i v i n g enzyme, as opposed to a n o n - l i v i n g c a t a l y s t . 

The optimum temperature f o r h e t e r o t r o p h i c n i t r o g e n a s e a c t i v i t y i n peat i s 
o 

about 30 C. There i s no evidence f o r a u t o t r o p h i c n i t r o g e n a s e a c t i v i t y i n 

the bulk of the peat mass. Both C l o s t r i d i u m spp. and Azotobacter spp. 

were i s o l a t e d from peat. 

A mixture of a e r o b i c and anaerobic c o n d i t i o n s appears to s t i m u l a t e 

a c e t y l e n e r e d u c t i o n by the peat m i c r o - f l o r a , and i t i s suggested t h a t 

m i c r o b i a l a s s o c i a t i o n s i n v o l v i n g a e r o b i c and anaerobic organisms may be 

of p a r t i c u l a r importance w i t h regard t o n i t r o g e n f i x a t i o n i n peat. 

CHAPTER FIVE 

The responses of n i t r o g e n a s e to temperature change a r e d i v i d e d i n t o 
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t h r e e c a t e g o r i e s : anaerobic, w i t h a b i p h a s i c a r r h e n i u s p l o t ; a e r o b i c 
non-legume, w i t h a simple a r r h e n i u s p l o t ; and legume nitr o g e n a s e which i s 
comparatively i n s e n s i t i v e to temperature change. Some e v o l u t i o n a r y 
a s p e c t s a r e b r i e f l y d i s c u s s e d , and i t i s pointed out that legume 
nit r o g e n a s e , which has the hig h e s t s p e c i f i c r a t e s of a c t i v i t y , a l s o has 
a temperature response which l e a s t resembles that of a simple chemical. 
A simple method of c o r r e c t i n g the r e s u l t s of a s s a y s f o r d i f f e r e n c e s i n 
temperature i s de s c r i b e d . 

CHAPTER SIX 

Concepts of the mire n u t r i e n t e c o c l i n e , f e n pla n t l i m i t , community, 

and continuum, a r e d i s c u s s e d . Seasonal and d a i l y p r e c i p i t a t i o n changes, 

g r e a t l y i n f l u e n c e the chemical c o n s t i t u t i o n of mire water, which l i m i t s 

the u s e f u l n e s s of mire water chemistry w i t h r e s p e c t to understanding the 

n u t r i e n t e c o c l i n e , and ve g e t a t i o n chemistry provide a more r e l i a b l e b a s i s 

f o r t h i s . 

CHAPTER SEVEN 

Methods of fi e l d sampling, p r e l i m i n a r y l a b o r a t o r y procedures, and 

s t a t i s t i c s used a r e d e s c r i b e d . P h y t o s o c i o l o g i c a l methods r e l e v a n t to t h i s 

p r o j e c t a r e d i s c u s s e d , and r e s u l t s of c e r t a i n a s p e c t s of the p h y t o s o c i o l -

l o g i c a l a n a l y s i s are presented. A c o e n o c l i n e corresponding to the n u t r i e n t 

g r a d i e n t i s a b s t r a c t e d from the f l o r i s t i c data. 

CHAPTER EIGHT 

Nitrogen f i x a t i o n was detected and estimated i n peat from a l l eleven 

mire complexes examined. The r a t e of nitrogenase a c t i v i t y i n c r e a s e d along 

the e c o c l i n e from bog to r i c h fen, but e x h i b i t e d a marked decrease i n extreme 

r i c h fens. A c i d i t y i s the s i n g l e f a c t o r which e x p l a i n s most of the 
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v a r i a b i l i t y of n i t r o g e n a s e a c t i v i t y i n peat, but much of the e f f e c t of 
pH r e s u l t s from i t s i n f l u e n c e on other f a c t o r s . Potassium appears to 
e x e r t a s i g n i f i c a n t p o s i t i v e i n f l u e n c e on the r a t e of a c t i v i t y i n a l l 
p a r t s of the mire. By c o n t r a s t the i n f l u e n c e of c a l c i u m i s negative, 
and exerted only i n r i c h mires. 

CHAPTER NINE 

T o t a l n i t r o g e n i n mire v e g e t a t i o n and peat i s lowest i n poor mires, 

however the trends are not very marked. By c o n t r a s t , NH* - N i n peat i s 

lowest i n r i c h mires, and i n c r e a s e s along the e c o c l i n e i n the d i r e c t i o n 

of poor mires; NO - N i n peat i s highest i n extreme r i c h f e n s , but 

d e c l i n e s along the e c o c l i n e to become non-existent i n poor fens; the trends 

of both NO and NH* are very marked. NO - N was not detected. The 

d i s t r i b u t i o n s of the v a r i o u s i n o r g a n i c s p e c i e s of n i t r o g e n are d i s c u s s e d 

i n the l i g h t of redox and pH. 

No form of n i t r o g e n i n peat c o r r e l a t e s very w e l l w i t h n i t r o g e n i n 

mire v e g e t a t i o n : of these, n i t r o g e n d i s s o l v e d by a c i d i f i e d NaCl i s best 

v/hen only poor mires a r e under c o n s i d e r a t i o n , and t o t a l peat n i t r o g e n 

i n any other c i r c u m s t a n c e s . S o l u b l e n i t r o g e n , s o l u b l e phosphorus, and pH 

a l l e x p l a i n some of the v a r i a b i l i t y i n the n i t r o g e n content of mire 

vegetation, although most of the i n f l u e n c e of pH i s i n d i r e c t . Nitrogenase 

a c t i v i t y i n peat i s weakly r e l a t e d to the amount of n i t r o g e n i n 

vegetation, the h i g h e s t c o r r e l a t i o n s being found i n r i c h mires. 

CHAPTER TEN 

The lowest phosphorus c o n c e n t r a t i o n s i n peat and mire v e g e t a t i o n were 

found i n poor mires. However e a s i l y s o l u b l e phosphorus i n peat was found 

to be lowest i n r i c h mires, i n c r e a s i n g along the e c o c l i n e to highest l e v e l s 

i n ombrotrophic s i t u a t i o n s . The lower c o n c e n t r a t i o n s of s o l u b l e phosphorus 
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i n the peat of r i c h mires i s a t t r i b u t e d to bonding by i r o n and aluminium 

i n fens, and to p r e c i p i t a t i o n as i n s o l u b l e c a l c i u m phosphates i n r i c h , 

and extreme r i c h f e n s . 

T o t a l phosphorus i n peat was found to be c l o s e l y r e l a t e d to the 

phosphorus c o n c e n t r a t i o n of mire v e g e t a t i o n , e x p l a i n i n g up to 71% of the 

v a r i a b i l i t y i f a q u a d r a t i c term i s included i n the equation. S o l u b l e 
i»Y peak 

aluminium^appears to be weakly r e l a t e d to the amount phosphorus i n 

v e g e t a t i o n , whereas the potassium content of mire v e g e t a t i o n accounts f o r 46% 

of the v a r i a t i o n i n v e g e t a t i o n phosphorus. There i s some s t a t i s t i c a l 

evidence to support the contention that much of the e f f e c t of potassium 

on the amount of phosphorus i n mire v e g e t a t i o n r e s u l t s i n d i r e c t l y from 

i t s i n f l u e n c e on manganese. 

CHAPTER ELEVEN 

The amounts of Ca, Mg, K, Na, Fe, A l , Mn, and Zn i n peat and mire 

Vegetation a r e d e s c r i b e d w i t h r e f e r e n c e to the e c o c l i n e . Some data a r e 

a l s o presented on Cu, Cd, Pb, Ni and Co. T o t a l amounts of calcium, 

potassium and magnesium are highest i n the peat and v e g e t a t i o n of extreme 

r i c h fens, and decrease along the e c o c l i n e i n the ombrotrophic d i r e c t i o n . 

The trends of exchangeable amounts of c a l c i u m and magnesium i n peat 

r e l a t i v e to the e c o c l i n e r e f l e c t the t o t a l amounts of these elements, 

but exchangeable potassium shows the r e v e r s e trend, having i t s highest 

c o n c e n t r a t i o n s i n ombrotrophic peats, where i t i s the dominant exchangeable 

ion. I n g e n e r a l , the heavy metal content of peat i n poor mires i s s m a l l e r 

than the amount i n peat from r i c h mires, whereas w i t h regard to mire 

vegetation the opposite i s the case; however l e a d i s an exception. 

A Ca/Mg r a t i o of l e s s than one i s no c r i t e r i o n of ombrotrophy i n 

the German peats s t u d i e d . The trend of the Ca/K r a t i o i n these peats 

suggest t h a t t h i s r a t i o may provide a more r e l i a b l e index. 



155 
Potassium, nitrogen and phosphorus are the elements most highly 

concentrated into the vegetation, throughout the entire mire system, 
although the level of concentration declines from r i c h t o poor mires; i n 
poor mires, manganese i s also highly concentrated into the vegetation. 
With regard to mineral cycling the mobility of nitrogen and phosphorus i s 
low as compared with potassium, zinc, and sodium i n r i c h mires, and 
with potassium and manganese i n poor mires. Throughout the entire mire 
ecocline calcium appears to be the element which explains most of the 
variat i o n i n the coenocline, but i n the fen to bog section, potassium 
appears to be the major chemical determinant. 

CHAPTER TWELVE 

There i s no evidence that peatlands are deficient i n the supply of 

nitrogen, p a r t i c u l a r l y on bogs where the levels of up to 250 p.p.m. 

NH* - N i n peat are much higher than i n most mineral s o i l s . The main 4 
demands on nitrogen supply are l i k e l y to occur i n r i c h mires, thus the 

high level of biological nitrogen f i x a t i o n i n such situations makes 

perfectly good ecological sense: i f intense nitrogen f i x a t i o n occurred 

i n poor mires i t could give r i s e to toxic levels of soluble nitrogen. 

The d i s t r i b u t i o n of soluble phosphorus resembles that of NH* - N, 
4 

and a close examination of the l i t e r a t u r e indicates that high levels of 

soluble phosphorus i n poor mires, as compared with r i c h ones, i s a wide

spread feature. The concentration of soluble phosphorus i n peat from 

ombrotrophic mires also appears to be greater than i n most mineral s o i l s . 

I t i s suggested that the terms poor mire and oligotrophic are inappropriate 

with reference to the supply of nitrogen and phosphorus i n ombrotrophic 

peats. Results i n the l i t e r a t u r e regarding f e r t i l i s a t i o n experiments on 

cultiv a t e d peatlands suggests that these systems have- a greater requirement 

for potassium and phosphorus than f o r nitrogen. The low concentration of 
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phosphorus i n poor mire vegetation as compared with vegetation i n r i c h 

mires i s at t r i b u t e d to the lower level of metabolic a c t i v i t y i n the former 

si t e s , t h i s i s discussed with reference to Lundergardh's theory of anion 

respiration. Differences in the uptake of phosphorus and nitrogen i n t o 

the vegetation of poor mires may be due to the fact that the l a t t e r element 

i s i n a cat ionic form. 

The lower levels of heterotrophic nitrogen f i x a t i o n i n extreme r i c h 

fens r e l a t i v e to fens i s attr i b u t e d to the abundance of calcium i n t h i s 

part of the mire ecosystem. Evidence i s examined for the p o s s i b i l i t y 

that the decrease i n nitrogenase a c t i v i t y along the ecocline i n the 

direction of ombrotrophic mires may be partly related to the increase of 

soluble nitrogen i n the same direction. Nitrogen f i x a t i o n i n peat occurs 

i n very acid conditions, t h i s feature i s discussed with reference to 

l i t e r a t u r e on the subject. A b r i e f review of non-heterotrophic nitrogen 

f i x a t i o n i n peatlands i s presented. On the basis of acetylene reduction 

i t i s estimated that the annual contribution of nitrogen to the mire 

ecosystem by heterotrophic f i x a t i o n i s as follows: fens 2100 mg/nrVy; 

poor fens 530 mg/m2/y; and bogs 70 mg/n^/y. By comparison with the input 

from p r e c i p i t a t i o n t h i s i s considered highly s i g n i f i c a n t . 
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APPENDIX A : 

LOCATION DESCRIPTIONS 

1. Achmelvich Mire, near Loch Dubh, Sutherland, S c o t l a n d . (58°16' N, 
5°23' W) 

T h i s mire i s 1$ k from the sea at the headwaters of a s m a l l stream 

d r a i n i n g i n t o Loch Dubh. The system i s roughly c i r c u l a r and c o n s i s t s 

of a p e r i p h e r a l lagg, w i t h input and outflow streams e n c i r c l i n g a p a r t l y 

f l o a t i n g sphagnum lawn; the surrounding water p a r t i n g s a re covered by 

blanket mire. T h i s was one of the s i t e s used i n the study of the d i s 

t r i b u t i o n of n i t r o g e n a s e a c t i v i t y i n mire ecosystems. 

2. Dun Moss. F o r e s t of A l y t h , P e r t h s h i r e , S c o t l a n d . (56°41' N. 
3°21' W 

A s m a l l mire s i t u a t e d at the head of the Drumturn Burn. Many mire 

types a r e present e i t h e r s i d e of the s m a l l stream flowing through the 

blanket mire. The s i t e was used to study the d i s t r i b u t i o n of n i t r o g e n a s e 

a c t i v i t y throughout a sphagnum hummock. 

3. Tarn Moor, Westmoorland, England. (54°30' N, 2°20' W) 

An a r e a of undulating moorland developed on c a r b o n i f e r o u s limestone 

and g l a c i a l d r i f t deposts, i t i s drained by Tarn S i k e i n t o Sunbiggin Tarn. 

A wide range of mire types a r e present from deep ombrotrophic peats to 

a l k a l i n e r h e o t r o p h i c f l u s h e s . The s i t e was used f o r the study of the 

d i s t r i b u t i o n of n i t r o g e n a s e a c t i v i t y i n peat, and f o r p h y s i o l o g i c a l 

i n v e s t i g a t i o n s . 

4. Roydon Common, Norfolk, England. (52°45' N, 2°20' W) 

A mire complex developed from a stream which d r a i n s a c r o s s Roydon 
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Common. There i s some a c i d drainage from the nearby heathlands; both 

t r a n s i t i o n a l and r h e o t r o p h i c mires a r e present. The a r e a was used f o r the 

study of n i t r o g e n a s e d i s t r i b u t i o n . 

5. Taufach Moss, near Beuren, South Germany. (47°47' N f 9°40' E) 

T h i s Moss occupies a b a s i n l y i n g adjacent to the main v a l l e y of the 

Eschach. Although s m a l l a r e a s of ombotrophic mire are s t i l l i n e x i s t e n c e , 

the main i n t e r e s t of the complex a r e the e x t e n s i v e a r e a s of rheotrophic 

and t r a n s i t i o n a l mire showing a v a r i e t y of stages of b i o l o g i c a l s u c c e s s i o n 

from pioneer to climax. The s i t e was used f o r chemical and n i t r o g e n a s e 

s t u d i e s . 

6. Wurzacher R i e d , near Wurzach, South Germany. (47°44' N, 9°54' E) 

E x t e n s i v e a r e a s of ombrotrophic and rheotrophic mire are present 

i n a broad b a s i n which i s drained by a number of streams forming the head

waters of the Wurzacherach, which i n turn d r a i n s to the south of the b a s i n . 

Pioneer and climax s t a g e s f o r both ombrotrophic and r h e o t r o p h i c a r e a s a r e 

i n evidence. The s i t e was used f o r chemical and n i t r o g e n a s e s t u d i e s . 

7. P f r u l e Moss, E s c h e l o e , near Murnau, South Germany. (47°35' N, 
10°45' E) 

T h i s s i t e c o n t a i n s a wide range of mire types from extreme ombrotrophic 

ones i n the c e n t r e of the Cupola, to very c l a c a r e o u s r h e o t r o p h i c ones 

adja c e n t to the streams which d r a i n the complex. The broad development of 

pioneer s t a g e s i n t h i s complex form a continuum, which i s very convenient 

f o r s t u d y i n g the complex mire g r a d i e n t . P f r u l e Moss was the most important 

s i t e u t i l i s e d i n t h i s p r o j e c t f o r chemical and n i t r o g e n a s e i n v e s t i g a t i o n s . 
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8. Simanggang, Sarawak, E a s t Malaysia. (1°15' N, 111°20' E ) 

An e x t e n s i v e a r e a of t r o p i c a l r a i n f o r e s t growing on onbrotrophic 

peat on the north bank of the Batang Lupar, 3 m i l e s to the west of 

Simanggang. A s m a l l amount of rheotrophic mire i n the form of mangrove 

swamp i s present at the r i v e r margin. E s t i m a t e s of n i t r o g e n a s e a c t i v i t y 

were made on peat c o l l e c t e d from a s i n g l e t r a n s e c t cut 2 m i l e s i n t o the 

r a i n f o r e s t . 

9. Nordkjosbotn, between Nordkjosbotn and gvergard, North Norway. 
(64°14' N, 19°34' E ) 

A s m a l l rheotrophic mire w i t h S c o r p i d i o n scorpiodes and Menianthes 

t r i f o l i a t a . One of the most n o r t h e r l y s i t e s i n which peat was t e s t e d f o r 

n i t r o g e n a s e a c t i v i t y . 

10. Parry Sound, S. Ontario, Canada. (45°22' N, 80°0' E ) 

A s m a l l mire s i t u a t e d about 5 k to the south of the township of Parry 

Sound, j u s t o f f the main highway to Toronto. Mostly P i c e a spp. w i t h some 

open mire covered by Chamaedaphnae spp. and Kalmia a n j u s t i f o l i a . The 

a r e a of fen peat i s very s m a l l . The fen peat was t e s t e d f o r n i t r o g e n a s e 

a c t i v i t y . 

1 1 • C o r t i n a , I t a l y . (46°60' N, 12°20' E) 

A s m a l l area of poor fen s i t u a t e d at about 2100 m i n the moutains 

to the E a s t of C o r t i n a . The peat was t e s t e d f o r n i t r o g e n a s e a c t i v i t y . 
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APPENDIX B 

L i s t of Data T a b l e s 

Table Page 
number number 

A l E f f e c t of temperature on a c e t y l e n e r e d u c t i o n by detached 
nodules of Alnus and Myrica 181 

A2 E f f e c t of d i f f e r e n t oxygen c o n c e n t r a t i o n s on a c e t y l e n e 
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and Plectonema - summary of a d d i t i o n a l experiments 184 
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A13 E f f e c t of d i f f e r e n t l i g h t and a e r a t i o n c o n d i t i o n s on 
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c o n c e n t r a t i o n on a c e t y l e n e r e d u c t i o n by peat 186 
A15 E f f e c t of d i f f e r e n t i n i t i a l oxygen c o n c e n t r a t i o n s on 

a c e t y l e n e r e d u c t i o n by peat 187 
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n i t r o g e n and phosphorus i n peat i n r e l a t i o n to the 
e c o c l i n e 192 

A22 Equations of curves i n t e x t f i g u r e s 193 
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TABLE Al E f f e c t of tmper&ture on acetylene reduction by 1§1 
detached nodules of AJAUS, and Mvrlca. yumol C^i^/g/h. 

ALU US 

Sample nn. 
°c 1 2 3 4 5 6 7 

5 14 0,24 «*. 15 . 31 13 vJ.28 
i a (<i. \ * W,9f» l ,hw ! ,2n 
16 i.«a 2.7a 4 , f>Ci 2 . 5 ) 3,H 
?•/} 11 , b M 3.fit* 2,5/ «. 1 J B.'> 1 ,u<-.: 2, 
25 7 . 1 * B.4tf 8,6tf / . a 8.2«s B.iW 
31 0.5 w tf,8n 3.7W 15, bO U,5 tf.9* 

8 2,6 
17 12,1 

MYRICA f, J J : ; 
30 7,1 
36 3,4 

3.7 1,7 
1?>,6 9,7 
J. 8 , 6 1 7 , * 
19.8 H.4 

o,6 13,4 
1.3 9,4 

1.7 (1,5 
0,4 13.2 

14,7 23.2 
8,9 25, H 

11,2 0,2 
8.H 1,4 

TABLE A2 E f f e c t of d i f f e r e n t oxygen concentrations 
on acetylene reduction by detached root nodules 
of Alnus (A), and Mvrica tM). yumol CgH^/g/h. 

p 0 2 
sample A M 

atm. rim. 
M 

0,01 1,03 0.5 
0,01 2 M,^2 0 ..4 
0,Vil 3 , UVA 

5 1 0,22 3,8 
2 3,36 2,5 
3 tf,58 C.2 

Id, tfl 1 <*,51 12.M 
, 1 (.' 2 1 .25 7.9 

• \ 1 H 3 1 .95 

pOg s a m p l e . 
hi a t m . run. hi 

ft. 1 b 1 a,BB \ 7 . W 
vi. I S 2 1.75 
w, l b 3 2,63 l 

* i , 2y I 1 .25 29. H 
^,2a 2 1.63 19, 0 
0,2tf 3 1,25 3,2 
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TABLE A3 Annual c y c l e of a c e t y l e n e r e d u c t i o n by nodules of Alnura, 

^umol CgH^/g/h. A, l e a v e s absent; B, buds opening; 
0, f u l l l e a f ; F, l e a v e s f a l l i n g . 

date 1 2 3 
341/1 H , 0 a.G 0 , 0 
2 8 / 2 0 , 0 0,0 0.0 
2 5 / 3 . 0 , 0 0,M Pi, If! 
2 5 / 4 0 , 0 0 , 0 0 . M 
1 8 / 5 6,9 6,fc> 2 3 , 0 
1 2 / 6 8,9 1.0 1 . 0 
U i / 7 3 . 7 2 7 , 0 5,1 
1 4 / 8 2 . 4 5 . 6 1 5 , 0 
1 2 / 9 2 1 , 0 1 5 . 0 4 . 5 
1 8 / 1 0 2 6 . 0 2 2 , 0 2 4 , M 
2 7 / 1 0 4 . 9 0 , 5 1 9 . 2 

5 / 1 1 3 , 7 0 , 6 7 . 8 
1 7 / 1 1 0 . 0 0 , 0 0 , 0 
1 5 / 1 2 0,0 0,0 0 , 0 

sample nm. 
4 5 b 7 

0,0 0.0 0,0 ?. , 0 
0,0 'fl.H 0,0 0.0 

0,0 
0 , M U,. 0 0.0 0.0 
1*1 2.4 2,4 
3,1 2 . * 4.5 8,3 

14.0 ji.«« 3 i ,0 1.4 
6,3 6.3 

8, ? i 4.0 3,2 2,0 
1 3 . Ci 1.3 6,3 1 3 , ^ 
1.7 0.6 3.7 5 , «i 
2,6 0.4 0,6 0.3 
0,0 0.0 0.0 0 , 0 
0, : i J.0 0. J 

6 9 T°C leavos 
0,'* a . " A A 

0. 7 A 

0,0 0, ̂  9 A 
0,0 0.0 1 1 0 

1.0 11 0 
5.2 b.6 20 0 

13.0 15 u 
6.0 10 0 

18.0 1 7 . M 16 0 
1.1 1 4.v* 14 0 
1.2 5.0 12 0 
1.0 5.3 7 F 
0.0 0.0 8 A 
0,0 0.0 5 A 

TABLE AJf E f f e c t of temperature on a c e t y l e n e reduction by Anabaena 
c y l i n d r i c a nmol C_H,/sample/h. 

sample nm. 
T ° C 1 2 3 4 5 

5 8 , 0 2 . 7 7 . 3 3 . ? 
1 0 1 6, M 1 4 , 1 12,H. 1 3 . 0 1 0 , ' ^ . 
1 5 1 6 , 0 2 0 . 1 1 . 0 2 5 . 0 1 2 , *> 
2 0 3 8 . 0 44,0 2 5 . 0 2 5 . 0 5 1 .4 
2 5 6 4 , 0 6 2 , 0 3 5 . a 6 7 . 0 4 3 , 0 
3 0 8 1 . 0 7 6 . 0 4 9 . 0 4 8 , * 5 7 . 0 
3 5 1 3,0 3 5 , 0 3 8 , n •16.0 5 4 . 0 
4 0 1 . 7 0 , 5 1.0 0 . 7 2 , 4 
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TABLE A5 E f f e c t of temperature on a c e t y l e n e r e d u c t i o n by 

Anabaena c y l i n d r i c a i n pO of 0.02 atm. 
runol CgH^/sample/hT 

sample nm. 
T § m p 1 2 3 k 5 

5 30 31 29 34 3» 
I B 29 37 42 41 43 
20 33 45 46 39 47 
2b 49 1145 8/ 72 3 a 
3(* 42 144 4ft 83 60 
3 ? 77 124 84 69 66 
4 8 oo 14 2 i 28 17 

TABLE Ab E f f e c t o f temperature on a c e t y l e n e reduction by 
Anabaena c y l i n d r i c a i n reduced l i g h t , 
nmol CgH / sampl e/h. 

Temp sample nm. 
°C 1 2 3 
5 4,9 b.a 5,2 

13 4,4 5,4 5,1 
i 5 9,3 9.2 9.6 
20 17.2 16,0 17,9 

2S 2 6 , 11 21.i:. 2 7 . 2 
3 id 14,8 14,4 15,2 
35 12,4 12,4 11,9 
414 9,R l a, a l , l 

TABLE A7 E f f e c t of temperature on a c e t y l e n e reduction by 
Plectonema borvanum. nmol CpH. /eample/h. 

Temp sample nm. 
1 2 3 4 5 

r 
«* 2a i n 3 l o 32 

27 5b 44 — 42 
15 7« 95 1.11 8 »i 9f. 
2 ? 163 155 199 1 Hh 172 
?!b 192 I B 326 237 2b* 
Z* 355 ?/.' 351 3B1 3«k-i 
3b 422 2<i9 176 130 79 
4v? 115 155 165 19b 9b 
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TABLE AQ E f f e c t of temperature on a c e t y l e n e r e d u c t i o n by 

Plectonema boryanum i n reduced l i g h t , nmol CgH^/sample/h. 

Temp sample run. 
o 
C 1 2 3 
5 8 7 7 

Itr) 7 6 11 
15 16 35 24 
23 26 38 34 
25 57 56 6F> 
38» 24 13 19 
35 U 24 20 
40 0 6? 

TABLE A9 E f f e c t of temperature on a c e t y l e n e r e d u c t i o n by 
Anabaena. c v l i n d r i c a (A.c.) and Plectonema boryanum 
( P . b . ) : summary of a d d i t i o n a l experiments, 
nmol CgHj^/sample/h. 

A»c. P.b. 
Temp experiment run. 
°c 2 3 2 3 if 
5 1 4 1 3 9 8 1 

1(4 2 4 H 12 2u 1* a 
) 5 1 fci 12 5 3 5 8 2 3 2 5 

'-.'Id 2 2 7 4 2 ^ 1 115 6 5 5 1 

25 3 1 8 7 1 QQ 9 5 8 1 

3 0 3 8 5 1 2 3 7 1 2 9 1 9 2 1 2 4 

35 1 4 2 7 ltf3 4 4 6 7 1C*7 

4 0 2 1 4 2tf 1*1 26 1 5 

TABLE A10 Time course f o r a c e t y l e n e reduction by d i f f e r e n t 
types of peat nmol CgH^/ml peat. 

peat type hours from s t a r t 

r h e o t r o p h i -
t r a n s i t i o n a l 
ombro tr o p h i c 
blank G ' . 

2 8 2 0 3 ? 4 4 5 4 6 6 1 6 8 

.. 2 v i . 3 M , t i 1 . 6 2 . 4 3 , 4 4 . 5 / . 6 
1 H . 3 U . 2 1 . 4 M . 6 1.9 1 . 7 7 . 6 
1 o . l * , 4 U . 3 t i , 6 H . 6 

».l i i , W a ,w w , rt 
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TABLE A l l E f f e c t of d i f f e r e n t p r e - i n c u b a t i o n temperatures 

on a c e t y l e n e reduction by rh e o t r o p h i c peat, 
nmol C pH./ml peat/h. 

SnaP"l*e Temperature of p r e - i n c u b a t i o n °C 

5 12 23 32 37 59 

1 3,4 4.2 3.2 1.1 1.14 0, J 1 
2 1.4 7.2 3,1 «,6- 0,73 0,19 
3 3.7 2.6 0,9 1.7 1,82 12 
h 1.8 2,8 3,6 3,2 0.31 0,12 
5 2.P 2.5 0,8 6.3 0,31 0.10 
6 2,6 5.3 2.4 2.0 0,28 0,11 
7 ««7 1.1 1.7 0,6 0,12 0,12 
>J 4.1 2.1 2.1 2.0 0,22 0.1 1 
9 1.7 3.4 1.2 2.3 0,18 0. 10 

10 1.3 3,5 2.1 1.6 0,19 0,18 

TABLE A12 E f f e c t of temperature on a c e t y l e n e r e d u c t i o n 
by rheotrophic peat, nmol Cpji./ml peat/h. 

Sample 0 nm. Temperature C 

7 16 25 33 37 45 
1 0,21 0,38 2.3 2 2 . i l 1.3 0.31 
2 0.31 0,46 2.7 4 . 5 1.4 0.73 
3 0,29 0,36- 4.9 15.8 1.6 0,5? 
if 0,27 0.51 2.0 7.4 2.0 0.31 
5 0,33 0.37 l.» 17,9 1.4 0,38 
b 0,27 0.59 2.1 9.2 1.4 0,29 
7 0,30 0,53 1..3 17.H 1,9 ?-,30 
6 0,21 0,50 2.6 4,7 1.1 0,41 
V 0,18 0, 32 2,2 10,4 2.U k.35 

10 0.22 0.52 9,9 3.2 2.3 0,55 
1.L 0,29 0.4? 0,t* 3.2 1.2 0.4 J 
1ft 0.15 0,61 4.* l a , f i 1.6 0.31 
13 0,18 •». 51 3.5 5.6 ! .6 0,3H 
l i f 0.21 0, 3B 1.9 lfr,0 1.4 &.3Z 
15 0,15 3,14 3,6 19,0 1.5 fc',21 
16 0,25 ••1.2ft 5.5 7« 1.4 IB 

'•',24 0,34 4.9 lb,4 h, b '4.4 J 
18 0,10 0,42 5.4 6,0 1.6 l'i,4Vi 
19 0,25 0.42 2.2 1 7,k* 1.2 .27 
20 0,21 0.55 3.4 6.2 1.5 * .43 

http://22.il
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TABLE A13 The e f f e c t of d i f f e r e n t l i g h t and oxygen c o n d i t i o n s 
on a c e t y l e n e reduction by rheotrophic peat, 
nmol C«H./ml peat/2fdh. 

Sample l i g h t l i g h t dark dark 
nm. aerobic anaerobic a e r o b i c anaerobic 
1 64 38 64 21 
2 44 i 2 213 o 
3 19 15 115 16 
4 19 20 63 83 
5 35 35 34 lib 
6 If) 22 40 25 
7 62 9 10 29 
8 64 57 19 7 

TABLE Al l * The e f f e c t of CO, high pOg, and glucose on 
a c e t y l e n e reduction by rheotrophic peat, f u l l 
d e t a i l s i n t e x t . nmol C pH./ml peat. 

me a f t e r CO high glucose 
s t a r t c o n t r o l added added 

5.1 6.2 4,5 4,1 
3 2.8 8.6 4.1 A, It) 
3 5,7 I E , 5 4.5 4.0 

10,6 \£. 5 1U.2 5.7 
c 
V 7.1 ;6,8 6.7 6.0 
c 11.6 * 1 ,0 14,0 6,0 
9 9.4 2 0 , 3 15.4 7,8 
9 11.2 27,7 1.1 ,5 7.H 
9 15,4 55, M 14,4 7,7 

16 28.7 ?9.4 53, d 18.2 
18 24,4 72,8 25, d 15.4 
18 29,9 92,3 32,2 17.5 
2w 07,1 117,H 2.9 3n.tf 
20 36,2 122,« 2.5 2tf, 1 
2 Pi 41,4 154,0 9.3 19,9 

23 17.4 6,5 1.6 6,6 
23 11.7 14,5 8.7 
23 16,5 9.8 7.6 
27 63,2 47,2 6.9 34.8 
27 36,8 58,7 7,8 28,8 
27 89,8 3H.7 5,2 31.6 
32 1 1 9,tf 'j >,5 U . » 194,0 
32 67,8 92,7 14,5 231 ,H 
32 127, (* 76.9 9.2 213.(1 
42 2HM.H 65,2 76,6 884.H 
42 287. H 1*3. V) 97,3 
42 343,d u7,8 44,9 1 168.id 
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TABLE A15 E f f e c t of d i f f e r e n t i n i t i a l oxygen concentrations 
on the time course of acetylene reduction by 
rheotrophic peat, nmol C2H /ml fresh peat. 

%0z 
a t Time from s t a r t i n hours s t a r t 

3 b 14 . 22 30 38 47 

0 3 J6 .23 30 32 43 43 
0 6 15 27 31 32 34 46 
0 17 29 41 5.» t>0 65 69 
4 '•) r» 

V 2B 31 50 104 21!3 
4 it h 14 28 31 55 bfc> 
4 5 14 50 9£ 187 3B4 453 

16 9 17 28 43 6 J 144 175 
16 0 1 12 32 49 74 
16 1 5 14 7,'.: 64 95 189 
40 2 2 6 14 16 22 41 
40 0 11 24 44 8B 15W 264 
40 0 5 21 Z7 92 '.29 290 

TABLE A16 Results of attempts to detect C l o s t r i d i a 
i n peat by plating and araerobic incubation. 

sub 
sur- sur- colour-
face fac© lesd milky butyric 

Plate colon-colon-colon» colon- a c i d 
nm. i e s i e s i e s i e s smell 

rheotrophic 

ombrotrophic 

4 
1 
2 
3 
4 

• f 
t 
+ 
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TABLE Al? Plate counts of Azotobacter from rheotrophic 
peat (R), and ombrotrophic peat ( 0 ) . 

dilu t i o n 
300 13 

1/tf !0 
1/0 300. 21 
1 / 1 * ?0fl 4 
; / i a 3/<n 5 

300 8 
1/100 !S0H 4 
1/100 30 a 3 
1/100 300 2 

120 22 
1/1*>^0 1'J'J 4 
1/1000 160 0 
i / i n , 0 t f 0 .5 3 0 
1/10,0*11* 3 » 0 
1/10,a Av 30 0 

TABLE Aid Attempt to confirm nitrogenase a c t i v i t y i n 
colonies on plates by sub-culturing into a 
l i q u i d medium and te s t i n g by acetylene reduction 
under aerobic (A) and anaerobic (AN) conditions, 
nmol C PH,/bottle/h. N.D. not detectable. 

sample 

1 NO : NO 
2 NO NO 
3 NO 1.35 
4 .Ml J 0,r-4 
5 NO HQ 
6 . NO 1 .90 
7 NO ND 
8 NO 3.51 
9 NO NO 
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TABLE A20 E f f e c t of log transformation on some chemical 

parameters studied i n t h i s project. 

UntrAnsformed Transformed 
KURTOCIS SKEwNESS KUR ros i s SKEWNF,SS 

Weighted index - 1 . 1 1 -0,57 1.74 -1.6U 
Nitrogen f i x a t i o n 111 .50 3.04 --0.97 0.59 
Ash i n peat 1.53 1.62 -0 , 9 1 0.68 
C i n peat 0.11 -1.21 4.-54 -2.13 
N soluble i n peat i .5o 1*55 -0.08 -0,60 
P soluble i n peat 0 . I 0 0.89 -H.32 -0,71 
N t o t a l i n peat 1.52 1 .28 - i \ 3 7 0.29 
P t o t a l i n peat 3.92 1.62 0.10 0.43 
N i n vegetation 0.05 0,05 1 , i 3 . -0.9b 
P i n vegetation 10 . 08 2.48 -0,68 . ••0,26 
Ca i n peat 2.32 1.80 0,86 
K i n pest 2.41 1.74 -to, 60 0,53 
Mg i n peat 3.92 2.26 0,19 1.17 
Fe i n peat 5.43 2.13 -0.9(5 0,31 
Co i n peat 1.91 1.62 -1.14 0,32 
Pb i n peat 0.39 0.36 17,74 -3,57 
Ca Exch. i6.45 4.04 3.14 1 .39 
K Exch. 0.23 1.12 -0 .17 -0.64 
Mg Exch. 7.29 2.50 0.37 0.6] 
Ca i n vegetation 27,45 4,80 2,94 1.22 
K i n vegetation -0.62 0.34 -K.2H -0.56 
Mg i n vegetation 2o,77 4.00 <2.90 1 .37 
Pb i n vegetation i n " 6 ft. 67 -0,63 - 0 , 8 1 

Level at whicn deviation from normal d i s t r i b u t i o n i s 
s t a t i s t i c a l l y s i g n i f i c a n t (p 0.05): Skewness 0.53; Kurtosls upper l i m i t 3-99; Kurtoeis lower l i m i t 2.15. 

TABLE A21 Correlation c o e f f i c i e n t s "between the mire ecocline 
and N and P i n peat calculated on the basis of 
diff e r e n t u n i t s . 

.Nitrogen 
t o t a l available 

Unit dry weight -0.10 +0.72 
Unit humus -0.58 +O.42 
Unit volume -0.b9 +0.13 

Phosphorus 
t o t a l a v a i l a b l e 
-0.31 +0.1*6 
-0.72 +0.22f 
-0.66 +0,09 
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TABLE A23• Species weightings used i n calculation of weighted 
index for each aufname. 

Weighting = 0 
Juncus subnodulosus 
Bryum pseudo-triquetrum 
Cladium mariscus 
Cratoneuron commutatum 
Drepanocladus revolvens 
Ctenidium molluscum 
Cirsium palustre 
Scorpidium scoryioides 
Fissidens adianthoiii-es 
Carex davalliana 
Schoenus ferrugineus 
T o f i e l d i a p u s i l l a 

Weighting = 75 
Eriophorum angustifolium 
Vaccinium oxyooccus 
Drosera rotundifolia 
Andromeda p o l i f o l i a 
Trichophorum alpinum 
Polytrichum strictum 
Sphagnum papillosum 
Eriophorum vaginatum 
Sphagnum recurvum 
Aulacomnium palustre 
Calluna vulgaris 

Weighting = 25 
Phragmites a u s t r a l i s 
Carex elata 
Campylium. stellatum 
Carex panicea 
Lysimachia vulgaris 
Carex f l a v a 
Parnassia p a l u s t r i s 
P o t e n t i l l a erecta 
Carex lepidocarpa 
Equiseturn variegatum 

Weighting = 100 
Scheuchzeria p a l u s t r i s 
Melampyrum pratense 
Sphagnum magellanicum 
Sphagnum rubellum 
Sphagnum cuspidatum 
Carex pauciflora 
Sphagnum fuscum 

Weighting = 50 
Sphagnum plumulosum 
Molinia caerulea 
Carex lasiocarpa 
Menyanthes t r i f o l i a t a 
Equisetum f l u v i a t i l e 
Carex rostrata 
Carex echinata 
Drosera intermedia 
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TABLE A24 Total cation content of peat samples col l e c t e d i n 
1972. A l l figures are the mean of t r i p l i c a t e analyses 
N.D. not detectable. 

mg/g dr.wt. 

s i t e 
nm. Ca K Mg Na Fe Mn A l 
36 115.0 2.6 37, 6 0.19 5,8 0,10 10.0 
37 86,0 i .0 62,0 0.23 2.6 0,03 4,4 
38 68,0 3,3 53,0 0.16 15.0. ^,24 12.0 
39 5,6 I , * 2.5 0,14 6,0 0.14 7.1 
00 2,4 4.5 3,0 0.16 3,0 0.04 12 . 0 
41 2.5 4,8 0,8 0,15 0.7 0,04 2.0 42 2.9 ?l,4 0.8 0.06 0.9 0,02 0.8 
43 3.5 1.4 1.5 0,05 0,9 0,03 2.2 <!4 3,0 f . 7 U.7 0.17 0,8 0,04 1.1 45 3.7 0.3 0.7 0,04 1.1 l % 0 2 1.1 46 15,0 0,9 2.6 0,09 19.0 0.40 10,0 
47 3,6 0,0 0.5 0,04 2.3 fc',04 4,1 48 1.7 C.4 0,5 0,05 0,b 0,03 0,4 
49 1.7 0,2 0.7 0,16 0,6 0,04 1.0 50 2.8 0,5 0,03 l o 0 0.03 1.0 

s i t e 
dr.wt. 

nm; Co Cd Ni Cu Pb Zn 
36 7.0 2.4 18,0 12.0 42 1110 
37 7.8 4.* 15.0 15,0 60 170 
38 4,6 l . l 20,0 6,^ 72 50 
39 2.3 i.» 6,8 66,0 82 53 
40 NO 2.2 9.7 114,0 90 93 
41 NO 0,2 3,5 104,0 76 26 
42 NO 0,7 6.4 53,0 79 21 
43 NO 1.2 2.9 8"9.'J 73 26 
44 4.5 NO 4,0 45, 74 190 
45 NO NO 2.9 37,0 93 300 
46 2.6 0,4 U . 0 12,0 59 40 
47 ND 1.0 5,8 16.0 57 1150 
48 NO NO 2.8 69,0 46 
49 NO 4.1 4.5 53.0 62 ' 200 
50 NO NO NO 83,0 59 60 
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TABLE A25. Total cation content of vegetation samples collected 
during 1472. A l l figures are the mean of t r i p l i c a t e 
analyses, m^/g dr.wt. N.D. not detectable 

s i t e Ca run. Ca 
36 6.2 
37 3,d 
38 4 , 0 
39 2.6 
43 2,2 
41 2.1 
42 1.8 
43 2.5 
44 2.5 
45 2.4 
46 5,3 
47 2,8 
48 0,6 
49 1.2 
50 2,0 

K Mg 
18,0 4,0 
17,0 1.5 
14,0 2.1 
13,0 l . b 
19.0 l . i 
7.3 1.0 
9.3 l u 4 
7.1 0.9 
5,6 1.2 
7.3 1.1 
10,0 2.? 
11,0 2.0 
9.0 1.0 
5.2 0,8 
5.1 I.® 

Na Fe 
0,02 0.12 
0.62 0.13 
NO 0.28 

0.01 0.05 
0.05 0.05 
0,(12 0.32 
0,*6 0.25 
0,08 0,80 
0,55 w . 7 i 
0.16 0.98 
0.10 0.24 
0.14 C.17 
0.79 0.42 
0.28 /.5U 
0.18 '),63 

Mn Al 
1 ? , 16 0,06 
*.'„H2 W.01 
:i,06 NO 
i i . 2 0 NO 
0,14 0.35 
0,10 0.14 
0.15 0,51 
0,03 1 ,40 
0,!!6 0,27 
0,i>6 1.10 
0,11 0.55 
0.G6 0,17 
0,24 0,28 
0 , 1 / 0.24 
0,10 0.52 

TABLE A26 Cations extracted with N ammonium acetate from 
peat samples col l e c t e d during 1972. A l l figures 
are the mean of t r i p l i c a t e a n a l y s i s , mg/g dr.wt. 

s i t e 
nm. Ca K Mg Na 
36 5.7 0,09 1,80 0.08 
37 10,0 0,29 1 .30 0, i 5 
38 7.1 0,23 2,20 0.17 
39 4.1 0,51 0.9? 0.34 
40 2.2 0,72 0,f-0 0.34 
41 2,0 0,56 0,f?3 w, 68 
42 i f . 7 0,41 *\67 '.1,33 
43 .2,2 0,79 0,*2 0,23 
44 2.1 0,51 0,4 3 1,4* 
45 2.6 0,79 0.55 1 ,40 
46 14,0 0, I t 1.»» 0,07 
47 2.5 0,1 1 0.18 0,»4 
48 1.3 0,42 V:. 3 1 0,17 
49 1.3 0.12 *:.26 « . 08 
50 2.1 0,17 fc.32 0.21 
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TABLE A27 Some chemical properties (excluding cations) of peat 
and vegetation samples collected i n 1972. (1) % dr.wt. 
(2) mg/g dr.wt. (3) ^jg/g dr.wt. N.D. not detectable. 

I n 1 I n 
Peat; I Vegetation 

(1) (2) (3) (2) (3) (1)1 (1) (2) (2) s i t e soluole soluble 
(2) (2) 

nm. PH C N N P P Ash1 

i 
Ash P N 

36 7.2 8 8 64 0,50 0.1 78 1 10 i , 4 9 20 
3? 7.2 18 10 35 0J41 0,6 66 , 10 0.68 15 
38 6,5 18 10 51 0,51 NO 59 7 0,78 17 
j 9 5.4 39 19 118 0.58 4.7 10 1 5 0,81 21 
40 5,0 39 !3 48 0.51 5,3 3 I 5 0,65 19 
41 5,0 45 9 92 0.34 8,7 6. 4 0.66 14 
42 4,5 40 13 182 0.36 13 , 0 4> 5 0.55 22 
43 4,2 43 10 170 0.31 6,:i 51 6 K,33 25 

3,8 43 12 246 0.33 8.2 7 1 4 0,54 26 
45 3,8 44 14 159 0,39 15 . 0 

B 1 
5 0, bid 20 

46 6,5 102 1.19 NO 27 8 1,10 
47 4,5 134 0,98 0,5 1 4 6 2.H0 
48 4,4 276 0,5» 22,0 A 1 5 1,20 
49 4,3 218 0,31 6,3 7» 5 0.50 
50 3,9 183 0,37 19,0 <: 4 0,90 
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TABLE A29 Cations extracted with N ammonium acetate from peat 
samples collected i n 1973* A l l figures are the mean 
of t r i p l i c a t e analyses. ND not detectable, 
mg/g dr.wt. 

S i t e 
i l i a . Ca K Mg Na 

4 
I 10.0 0.17 0.30 0,04 
0 9.6 0.09 1 .30 0,07 
3 7*0 0.(11 1.30 0,13 
4 9.7 0,01 1.20 0.01 
5 4.7 0.03 0,66 0.15 
6 5,0> 0.03 0,60 1.50 
7 5.5 0,07 1,90 ND 
a 7.1 0.116 2.70 0,89 
9 9.2 0.04 3.80 0.90 
10 3.7 0.06 M,41 0.07 
11 5.6 0.05 1.40 0.1/1 
12 5.5 0.16 0,60 0.26 
13 2.5 0.64 0.26 0.11 
14 2.3 0.30 0.91 0.22 
15 2.6 0.20 0.51 0.41 
16 i . 9 0.68 0.45 0.26 
17 2.4 0.15 0.60 0.1 1 
la 2,2 0,32 0,50 0.16 
i 9 2.0 0.26 0,49 0.1 1 
20 2.0 0.15 0,45 0,23 
21 1.8 0.15 0.50 0.23 
22 1.6 0.56 0.51 0.22 
23 19.0 0.39 0,414 0.75 
24 15,0 0,01 0,31 0.17 
25 17.0 0.01 .36 0.09 
26 1.2 0,40 0.24 0,85 
27 1.5 0,06 0,40 0.20 
28 1.2 0.21 0,31 i4.36 
29 1.7 0.19 . 0,32 H.53 
30 1.5 0. i n 0,35 K 14 
31 3.4 0,02 0,27 0,09 
32 2.9 0,07 d,21 0.17 
33 5,0 0. 1 7 0, t 0.H3 
34 2.3 0.05 0,34 0.27 
35 3.2 0.16 0,35 0.2t) 
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TABLE A30 Cations extracted with N a c e t i c a c i d from peat 
samples co l l e c t e d i n 1973. ND not detectable. 
A l l figures are the mean of t r i p l i c a t e analyses, 
mg/g dr.wt. 

S i t e 
nm. Ca K Mg Na Fe Mn A l Zn 

1 62. in 0 . 33 24 ,00 0.28 0 .12 0.02 0 .14 0,01 
2 53.0 0.26 27.M0 0 , 3 5 0 ,20 0,05 0 .10 0,01 
3 32.0 3,21 16,00 0 , 07 0 ,30 ND 0 ,05 NO 
4 12.0 0 C'J8 1 .80 0 , 37 0 ,20 0.02 0 .17 0,02 
5 5,8 0.22 0 . ? 3 0,12 0 .12 0,06 0 ,u5 0,03 
6 6.1 0,19 0,88 0.94 0 ,30 I ) , 06 0 ,07 0.04 
7 5,3 0.25 31 - 00 0,80 0 . 1 1 0,10 (1 .14 0,04 
8 84.0 0,46 •)3,00 0,15 0 .47 0,04 0 .34 0,04 
9 . 12.0 0.50 5,110 0.01 0 ,23 H.01 0 ,26 0.05 
10 *.\ 0.30 0,46 0.01 y .16 0.03 0 .10 0,t'6 
11 7.9 0,19 2.90 0.31 0 ,07 0.01 .0 , f 9 0,?4 
12 6 . 3 0,42 0.62 0.31 0 ,70 0.04 0 .1*8 0.13 
13 1 . 5 0,23 0,32 0.05 0 ,05 ND 0 .16 0,fc' 3 
14 3.9 1 ,4H 2.00 0.65 0 .11 0,01 0 .10 15 2.9 0,52 K.,62 0.27 0 ,"2 0,02 0 ,06 0 , 0 5 
16 2.1 0 , 5 7 0.69 0,09 0 .04 0,02 0 .07 0.V1S 
17 3.7 0,41 1 ,50 0,34 0 ,05 0 , 0 3 0 ,08 
18 2.3 0.43 0.48 0,05 0 ,10 0.01 0 , w5 0.06 
19 2.0 0 , 4 3 0 . 5 7 0,13 0 ,05 0.02 .0 ,09 0,»?6 
20 2.0 'A , 5 1 0,49 0.16 0 ,08 0.02 it .10 0,05 
21 1.9 4.20 0.66 0.56 0 ,03 0,01 0 . 4?6 0,03 
22 1 . 6 0,29 0,48 0.21 0 ,02 0.01 0 .08 (?,B4 
23 86,0 0.26 1,10 0 , 73 0 , 05 e. 01 0 .^7 0,02 
24 .99.0 0.13 0.86 0.11 0 ,03 0 , 0 3 0 .05 e. {'. I 

25 76, 'fl 0.26 0,84 0 . 0 3 0 ,03 0,n2 .("6 0 . 0 3 
26 l . - i 1.96 0,46 0.19 y) ,03 W.01 0 ,05 0.t<4 
27 2.8 0 . 3 5 1,20 0,36 0 0.03 0 • w5 i i . 0 4 
28 1.0 0 . 3 3 0.26. W.27 0 ,12 0.02 0 , 04 n . 0 3 
29 2.2 4.32 4,47 0.25 0 .H2 0,02 0 ,'/6 0,H4 
30 5.3 0,23 0,68 0,60 0 ,02 0 , 0 3 0 .12 
31 4,i\ 0.78 U.43 1 .79 I; * ,04 0 . 2 * H.R3 
32 4.2 0.31 u . 37 W , 1 8 0 ,04 tf.Ul 0 .38 3.H2 
33 5.1 0. 20 0.65 0 . 0 5 •A ,06 ND 0 .17 0.02 
34 2.4 '",24 0.18 y, u 0 ,10 rf,0 7 0 .17 f .03 
35 2.9 0,48 0.22 ;i.28 0 .40 0.02 0 .14 0 .^3 
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TABLE A31 Total cation content of vegetation samples collected 
i n .1973* A l l figures are the mean of t r i p l i c a t e 
analyses. (1) mg/g dr.wt. ( 2 ) *>g/g dr.wt. 

S i t e (1) (1) (1) (1) (1) (1) (1) ( 2 ) ( 2 ) ( 2 ) 
iJiH. Ca K MS Na Ee Mn A l Cu Zn Pb 

1 33.0 12 14, a 1.20 1 .20 0.0.5 0,7/ 3.2 24 Id 74 
2 4,9 10 1.6 0.81 0 .06 0.05 0,03. 1.8 2 ] 5 
3 14,0 21 4,3 1.30 0 .25 0.02 0 . 2 M 192,0 180 32 
4 8.7 9 3.7 0.91 0 .47 0.18 0.28 152, U 14tf 24 
5 3.1 10 l . E 0.26 0 .31 0.13 0, lw 2.0 43 4 
6 4.2 15 2.2 0,43 0 .15 0.18 0,05 76,0 J. 15 72 
7 8,3 13 4.1 0.37 0 .18 0.10 0,25 2,7 34 10 
8 4,4 12 ? . l 0,52 0 .17 0.05 0,0 3 2.0 26 2 
9. 5.9 17 3.2 0.26 0 .14 0.11 Pi,04 52.0 91 89 
10 3.7 10 1.4 0.21 0 .17 0.35 0,06 4,5 58 20 
11 2.? 9 1.4 0.51 1A .2") 0.24 0,09 11.0 72 22 
12 - 8.4 16 3.2 1.00 3 .10 0.24 0.11 323,0 328 62 
13 3.2 14 1.9 0.22 0 .11 0. 16 0.03 1.0 50 2 
14 2.1 15 1.5 0.06 0 .14 0.20 0.02 4.0 48 3 
15 2.5 9 1.3 0.30 0 .18 0.37 0.12 5. r> 65 36 
16 1.9 9 1.1 0.12 0 .15 0.16 0.09 3.0 o4 2w 
17 2,0 7 1,0 0.12 0 .23 0.40 0.17 5.0 87 51 
18 2.9 11 1.3 0.15 0 .20 0.21 0.11 4,0 76 25 
19 2,2 4 0„9 0,18 0 .41 0.15 e.21 4,0 84 80 
20 1.7 5 l.H 0.20 a .34 0.14 0.19 4.1 61 3 d 
21 2.1 9 1.3 0.4H 0 ,48 0,09 0.14 2.0 8? 34 
22 2.1 5 0,9 0.21 0 .32 0.20 0.21 6,0 61 43 
23 3,8 15 1.1 0.51 0 .11 0.03 0,02 4,0 2ii 2 
24 . 5.4 13 l . P 0,72 0 .16 0,04 0.14 5,0 32 « 
25 7.1 9 1.1 0.36 0 .18 0.03 0.1 1 5,9 26 1 5 
26 1.6 14 0.9 0.55 0 .25 0.08 0,16 4.9 7!i 34 
27 4.7 5 0,9 0,48 0 .19 0.59 0.13 6,2 . 56 2b 
28 2.3 3 0.6 0.37 0 ,54 0.40 0.29 7.2 56 51 
29 2,5 3 0,6 0.M 0 .25 0,49 0,26 3.6 59 59 
30 2,2 3 0.6 0.62 0 .42 0.44 0,39 5.9 5b 59 
31 2.7 18 1.4 0.71 0 .93 0.11 0.03 4,4 29 1 
32 2.8 14 !.4 U, «3 0 .25 0.12 0,tf8 5,2 49 2 
33 2.6 10 2.1 0.25 0 .12 0.20 0,02 5,0 5ii 1 
34 2.4 7 1.0 0. 1 8 0 .15 l.lw 0.12 10,0 59 27 
35 2.3 8 1.0 0.17 0 .31 0.46 0.14 131 , B 119 36 
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TABLE A32 Phosphorus i n peat and vegetation samples collected i n 

1973> A H figures are the mean of t r i p l i c a t e analyses, 
(1) yug/g dr.wt. (2) mg/g dr.wt. ND not detectable, 
Extractant indicated. 

(1) (1) (1) (1) (1) (1) (2) (2) (1) 
Ace»-

fcle 
Total Total 

S i t e NH^ Ace»-
fcle OJ002N 0.02N0.5N in in 

nm. NH^Cl Acetat e Acid H2?\ U^h^^k P e a t veg 
1 4 . 7 5.0 14.0 0 . 6 5.1 3 a 0,28 1 ,00 
2 t a « 0.9 « ̂  rt 0.41 0 ,70 
3 2.0 2.5 8 . 3 0,5 6 . 7 21 0.27 0 ,75 
4 2.9 NO 6.8 0 . 3 14.0 16 0.52 0 .74 
5 2.0 9,5 11.0 1.1 2W.0 27 0,44 0 .70 
6 0.2 2.5 «.l 1.0 28.0 28 0 , 6 '5 1 .10 
7 3,0 NO 13,0 0 . 3 3.0 59 W, 63 LI .94 
8 0 ,3 0.1 18.0 0.2 3.9 19 0,47 0 .79 
9 3.2 6.0 7.6 1.3 16.0 24 0,42 0 ,81 
10 0 ,7 2.5 3,8 1.2 14.P 36 0,62 0 .67 
11 7.P 14,0 21.0 2,0 14,0 17 0,35 0 .93 
12 1.3 0.2 5 .7 0 .7 18.0 56 0 , 70 1 .60 
13 2,2 0.1 . 6.5 1.0 8 . 8 16 0,35 0 .85 
14 5,4 19,0 15.0 l.fc 1 1 .0 12 0,46 1 .10 
15 6,0 46,0 27.0 1.4 19.0 0 .33 0 ,81 
16 5.4 11.6 3w,0 1.6 12.0 31 0,34 fci .79 
17 17.0 9 .0 17.0 2.2 22.0 tf,3l ,414 
18 19,0 12.0 '. 7 , 0 5.9 28,0 28 0,34 0 .40 . 
19 8,0 4.0 9.5 1.6 7.9 26 0,25 0 ,4 If) 
20 21.0 5.4 24,0 2.1 7.7 27 0,29 0 .64 
21 22.0 2.5 1 1.0 1.5 30.0 28 0.3 b 0 .74 
22 26. 9 15.0 2.9 2.6 7.3 12 0,34 0 .32 
23 0.4 11.0 11.0 0,4 0 . 6 23 1-.29 i) .57 
24 2 .3 «.2 3.8 0 . 3 1.3 24 0.35 'A ,5? 
25 PI. 2 2.5 3,8 0 . 3 0 , 3 36 0.32 A .60 
26 14,0 12,0 9.5 1.2 11.0 25 w,20 0 ,84 
27 23.0 3.2 30.0 7.7 7.2 21 0. 48 0 *6J 
28 33,0 10,0 17.0 1.1 5,9 46 0.32 0 .43 
29 7,6 15, fr-28 , 0 0 . 8 7.5 22 0.29 w .33 
30 4 . 8 12,0 19.0 0 . 7 14.0 21 20 0 .31 
31 0.2 NO 11.0 0.1 14,0 26 0,60 0 .2ft 
32 0,5 NO 11.0 0.1 . 16.0 38 0.59 1 .30 
33 T .3 0.2 10.0 0.7 11.0 29 l?,56 1 ,20 
34 3.8 5,"i 12.0 0.7 14,0 33 0.65 0 .74 
35 4 . 3 2.5 19,0 1.2 22.0 34 0,63 0 .47 
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TABLE A33 Nitrogen i n peat and vegetation samples collected i n 

1973• ND not detectable. A l l f i g u r e s are the mean 
of t r i p l i c a t e analyses. Extractant as indicated. 
(1) yug/g dr.wt. (2) mg/g dr.wt. 

( i ) iy w (2) (2) 
N02-N NHj-N NH7-N neu- neu- t o t a l t o t a 

S i t e . t r a l t r a l acid i n i n 
ma. KaCl NaCl NaCl peat veg 

i 0.26 34 22 12 17 
2 0.18 5 10 13 14 
3 0.10 37 5 14 18 
4 0.03 23 38 14 18 
5 0.16 52 63 17 19 
6 NQ J9 63 28 22 
7 0.14 45 67 10 23 
e 0.07 23 35 7 18 
9 0.05 42 55 21 17 
10 NO 54 102 22 16 
l i NO 89 80 17 16 
12 ND 94 65 22 23 
13 Nl? 57 30 14 14 
14 NO 110 70 14 19 
15 ND 161 97 12 17 
16 NO 85 225 14 16 
17 ND 64 140 I t 22 
IB ND 82 100 7 21 
19 NO 40 81 9 13 
20 NO 75 240 19 29 
21 NO 64 200 20 30 
22 NO 20& 270 13 25 
23 0,47 21 2b 15 19 
24 0.13 8 57 12 13 
25 0.13 36 24 8 13 
26 ND 94 105 6 12 
27 NO 55 120 10 10 
28 ND 66 135 8 7 
29 NO 20 88 7 7 
30 NO 26 R'8 7 7 
31 NO 6 11 12 20 
32 NO 5 23 20 24 
33 NO 16 35 33 19 
34 NO 210 100 25 13 
35 NO 64 80 34 13 



TABLE A34 Some properties of peat collected i n 1973. 

S i t e density Ash 
run. PH g / 1 % 

1 7.6 517 88 
2 6.7 128 44 
3 7.1 390 78 
4 7.1 194 29 
5 6.7 93 U 
6 5,8 1 l f l IB 
7 6.7 294 66 
8 6.7 22x) 54 
9 6.5 111 29 
10 5.7 94 / 
11 4.5 76 6 
12 4.9 82 2 
13 4.5 87 3 
14 4.2 75 6 
15 4.4 76 3 
16 3,8 75 5 
17 3.8 65 4 
16 3,5 72 7 
19 3.5 65 5 
20 3.5 68 4 
21 3,6 76 7 
22 3.4 86 3 
23 7.1 112 39 
24 7,0 314 29 
25 7.8 377 22 
26 3,6 54 6 
27 3.3 72 5 
28 3.'4 621 4 
29 3,6 57 5 
3* 3,3 5vi 7 
31 6,4 . 147 39 
32 5.4 119 22 
:»3 4.9 112 9 

4.4 96 8 
35 4.4 116 8 
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TABLE A35 Nitrogenase a c t i v i t y i n peat c o l l e c t e d from United 
Kingdom s i t e s . A l l f i g u r e s a d j u s t e d to 20°C. 
nmol CgH^/xnl/day. T, Tarn Moor; R, Roydon Common; 
A, Achmelvich; D, Dun Moss. 

date 1/72 1/72 1/72 2/72 6/72 6/72 6/72 6/72 

•P cd o 
•H 
i 
¥ 

.tion T T T R R R R 
pH If.6 5.0 6.9 7.9 4.e 5.4 5.7 7.3 
1 0,02 50 85 2 1.0 l 24 0.2 2 0.01 2 15 2 39.0 1 5 7.7 
3 ,66 60 39 9 1.3 11 29 7,0 
4 3,67 G 91 24 22.0 88 24 7.5 
5 0,38 1 1 145 Itf 4.7 13 38 13.0 
6 0,65 71 14 12 1.4 13 1 0 14,0 
7 1,40 7 83 16 3.7 28 56 21.0 
8 0,97 117 119 8 11.0 4 1 5.7 
9 '.3,01 1 51 118 7.0 64 3 3.4 
10 0.2 14 11 6.4 
11 11.0 31 21 37, V 
12 39,* 10 14 8.4 
3 0.3 21 15 9.3 
14 9.3 7 90 16,0 
15 6.7 19 32 6.4 
X 0,53 3b 71 22 10,5 21 25 1 1 

date 4/71 !*/• 
l c c a t i o n A A 

+> (4 o •H 
1 

pH 3.7 4.3 
1 » 2.7 
2 0 2.5 
3 0 3,0 
4 0 6.2 
5 0 2.1 

! 6 0 1.5 
1 7 0 1.1 
1 » 0 2,3 
I 9 0 2.5 
' 10 
1 

0 2.1 
mm 

X 2.6 

4/71 4/71 4/71 5/71 5/71 5/71 5/71 A A A D D D D' 6.4 6.4 7.4 4.9 5.7 5.9 6.7 i A , -.1 54,0 1 4 , PI 0 1.4 5.7 6.8 
1.4 8.6 ft n 1.3 3.8 3.9 
4,3 8,6 1 2,il 0 5,6 4.1 
3. <* 8.4 13.»' (1 1.3 1.3 5.2 
2.5 11." 1 4.H 0 t',7 1.4 5.6 
4.3 16 .1' . 12.0 0 0.4 1.9 6,5 
2.5 4 4 . i i 0*9 2.3 1 0 . * 
4,4 b.b 1 6 . 0 «1 0.4 i .0 4.7 
2.1 2,1 3.2 
4, vl 26tv> 12.0 

3.9 18.4 1 I .0 0 0.9 2.3 5.8 

http://44.ii
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TABLE A36 Nitrogenase a c t i v i t y i n peat from s i t e s outside 
of the United Kingdom, but excluding Germany, 
nmol C^H^/inl/day. P, Parry Sound; S, Simmangangj 
0, Gfvergaruj C, Cortina. A l l fi g u r e s adjusted to 20°C. 

to 
4> 4i 14 O «H H P. 

t e 3/72 3/72 6/72 7/72 
on P S S 0 C 
PH 5.0 3.0 7.1 6.0 -
1 4.5 0 65 6.2 129 
2 5.9 152 12 
3 12.0 0 91 0,4 30 
4 9.o 22 1.2 8 
5 13. a 0 1«4 1.6 4 
i» 6.7 12h 1.2 39 
7 1.3 0 72 2.2 
8 10.0 (4 41 2.0 
V 11. .1 CI IB 1.4 
i e n ?4g 0,4 
n 64 
12 « 147 
13 159 
14 0 121 
I S 97 
1ft (9 3b 
17 0 101 
1 14 22 
19 98 
~0 0 114 

8,2 0 107 2.1 37 
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TABLE A37 Nitrogenaoe a c t i v i t y i n peat c o l l e c t e d a t P f r u l e 
Mosa^ 9 7 2 . nmol C ̂ / i n l / d a y . A l l f i g u r e s a d j u s t e d 
w w r w v 

r e p l i - s i t e run. 
c a t e 36 37 33 39 40 41 42 if3 45 

1 7 9 2 3 8 1 6 5 5 4 3 2 . 7 1 . 1 1.3 0 , 0 Iti , 0 
2 7 4 301 £ 9 1 1 * a . l 2 . 1 1 . 5 4,0 
3 9 1 1 4»y 1 1 2 2 B 8 8 1 4 . 0 , l d 6 , 5 M . 0 0 . 9 
4 7 4 9 2 A 6 2 7 3 1 2 0 . 0 1 3 . n 0,0 0,0 
5 6 8 la S I 8 J H9 1 5 1 . 2 2 . 7 2 3 , 0 0 , 0 ».5, J 
6 1 6 3 2 3 6 8 2 71 ie>3 1 . 2 1 . 7 2 . 1 : i , 0 W . 0 
7 4 5 6 4 5 « 7 7 2* 4 7 0 . 0 l d . 0 0 . 4 1 . 2 «i , 0 
8 4 6 1 1 3 7 5tf 1 6 3 8 6 a , w 0 , 0 8 . 1 0 , /> 1 . 7 
9 5 4 5 • 3 i > 7 l H 4 1 2 2 4 . 9 0 , 0 2 . 9 0,0 4 , 0 10 1 9 1 2 2 0 1 2 6 2 31 0 , u 0 . 0 2.0 «^. t i 
n 1 5 1 0 2 6 5 3 6 1 . 2 1.0 3 . 4 v., 
1 2 4 7 1 7 1 7 4 i?y 4 b c • 0 2 3 . J 0 , w lt> , K-
13 5 1 8 3 4 8 7 3 6 8 I f l . M 1J , 0 1 2 . 1 9 tf , 0 ») , 1-1 
J A Stf 5 / 2 7 3 7 6 4 9 , 0 1 7 , 0 U , i't 
I S J 2 8 5 2 ? 6 ° 2 8 0 . 0 0 . fi 3 . 1 0.0 
X 1 1 3 2 3 3 5 3 2hH 5 4 1 . 4 1 , 0 8 , 0 « . 2 

1.0 
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TABLE A38 Nitrogonase a c t i v i t y i n peat c o l l e c t e d a t Wurzacher 
Ried 1973. nmol CgH^/ral/day. A l l f i g u r e s a d j u s t e d 
to 20°C. 

r e p l i 
23 

s i t e run. 
c a t e 23 24 25 26 27 28 29 30 

i 39 1.9 0,4 f , ' / ? r-i.0 0,0 0,0 0,0 
2 15 0.1 k-,4 ii . v) 0, ^ , 0 0.0 0,0 
»• i y i i .2 0.4 V> , to 0,0 V\ , 0 0,0 
4 .16 l . i - i 0,0 0,0 0,0 0,0 0.0 0,0 
b 16 1.9 0,0 0,0 0,0 0,0 0,'4 0.0 
e 25 |/..4 0 , VI 0,0 0.0 i ) , M 
7 28 l.w Vi ,0 0,0 0 . H 0 , 0 0.0 0,0 

34 1.2 '1 *> • J . - 0,0 0,0 0,0 0,0 0,0 

TABL£ A 3 9 Nitrogenase a c t i v i t y i n peat c o l l e c t e d a t Taufach Moss 
1973. nmol CgH. /ml/day. A l l f i g u r e s a d j u s t e d to 2 0 ° C , 

r e p l i s i t e nm. 
cat e 31 32 33 34 35 
1 9 37 0,R 1 , 1 2.2 
2 5 5 :t. ft l . ii 
3 14 6 a b.7 1 0,7 
^ IV 8 24 1.3 1 0 , 
5 102 7 0.3 1 3. v, 
s 17 1 4 f.3 1 • j 1.0 7 99 77 17,0 1 . 1 4,5 
x M 31 4,5 J .2 1.7 
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TABLE A40 Nitrogenase a c t i v i t y i n peat c o l l e c t e d a t P f r u l e 
Moss 1973. nmol C^H, /ml/day. A l l f i g u r e s a d j u s t e d 
to 20 C. * 

r e p l i  s i t e nm. 
ca be 1 2 3 If 5 6 7 8 9 10 11 
1 5.4 2,5- 128 17 35 96 10 246 124 1.2 0.3 
2 1.1 1.4 1U) 8 6 7 57 I 11.0 0.6 
3 7.3 1.6 198 2\ QtJ 90 260 51 56 14,0 0.5 

2.4 0,4 51 1 63 5 3:) b9 9 3.4 9.6 
5 i?7 , i a 1 .6 163 4 56 15 15 93 \A 2."' 
6 3.7 110 2 73 13 2<J 21 18 3,5 0.5 
y 5 3 , 4 l . a 1 84 1 62 4 8 a 126 1 1.5 0,6 
mm 

X 14,H l . f - ' 134 8 56 33 1 ? 2 83 30 5.2 1.8 

r e p l i  s i t e r u a . 

c a t e 12 13 15 16 17 i d 19 20 21 22 
14 80 26 0.1 139 K,4 0.9 0.5 2.9 0,v» 0.'.'-

2 6 115 1 2 % 0,5 50 0.2 i-.. 6 0.2 0,9 d , 0 0.1 
3 201 1 03 82 0,9 1 4.3 ? . i /•, (i 8.4 0.3 
4 27 42 149 1-1,6 v) 0.2 I8 . 0 0,3 1 2.0 1.5 '<).1'i 
c 2 J ? 35 H , ft id 0.5 y , 6 0.5 ft 4.3 
ft 10 1"3 9 21 5 I r ) , 3 51 2.8 0.6 11.0 0.1 0.2 0.3 
7 10 41 50 6.9 2 0,4 w . l , .1 U.3 0, 1 

X 39 79 98 5.9 35 1.2 3.3 1.8 3,6 0.3 0.2 



TABLE Aifl Standing crops of some plant communities i n 
German mires. 

nm. of mean 
s i t e samples g dr.wt. 95% 
nm. dominant species cropped /m2 l i m i t s 

2 Cladium mariecus 9 506 295-717 
7 Carex davalliana 6 203 80-326 
8 Carex elata 10 197 165-228 

13 Eriophorum angustifolium 10 291 55-526 
11* Molinia caerulea 10 •518 405-631 
16 Carex ro s t r a t a 10 564 319-808 
17 Trichophorum caespitosum 10 597 444-752 
19 Sphagnum magellanicum 9 690 414-966 
20 Rhynchospora alba 10 534 308-766 
21 Carex limosa 6 133 9-257 
23 Juncus subnodulosus 9 121 68-174 
24 Cladium mariscus 10 458 247-668 
25 Schoenus ferrugineus d 135 79-191 
26 Rhynchosphora alba 10 516 445-587 
27 Sphagnum recurvum 8 439 214-664 
28 Sphagnum papillosum 10 632 444-820 
29 Sphagnum magellanicum 5 554 270-858 
30 Sphagnum f uscum 7 632 444-820 
31 Carex elata e 354 235-437 
32 Carex lasiocarpa 9 204 142-266 
33 Carex limosa 4 93 0-206 
34 Eriophorum angustifolium 8 401 242-643 
35 Trichophorum caespitosum 5 457 316-598 


