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ABSTRACT OF THESIS 

Nitrogen availability is limiting to the growth of certain tree species planted on 
oligotrophic peats in Britain and Ireland. Sitka spruce (Picea sitchensis (Bong.) Carr.) 
requires repeated applications of fertilizer-N for the establishment of plantations on 

these sites. When spruce is planted in mixed stands with the pines or larches it can be 

grown successfully without fertilizer-N and with associated improvements in N status. 

Mixed stands accumulate greater biomass and nitrogen capitals than pure spruce 

plantations. Reseach indicates that greater N uptake in mixtures is derived from 

enhanced mineralization of the native peat organic matter. This thesis investigates 

whether certain tree species can access mineral-N from an oligotrophic peat substrate 

more readily than others and whether these trees have any influence on N release rates 
from peat. 

A large glasshouse experiment was planted with Sitka spruce, lodgepole pine (Pinus 
contorta Dougi.), Japanese larch (Larix leptolepis (Sieb and Zuc.)) and birch (Betula 
spp.). Trees were grown for two seasons in plots of Sphagnum peat, pH 3.1, fertilized 
with P, K at field rates. Treatments included plots with fertilizer-N and spruce in 

mixtures with .the other species. There were no differences between the total N uptake 

for individual species or combinations of species in mixed plots (-N). In +N treatments 
the rate of N uptake by birch and larch was greater than for'spruce and pine. In mixed 

plots birch was a more effective competitor for available N than spruce, larch was more 

effective in +N plots but not -N and pine was at a competitive disadvantage to spruce in 

all treatments. N use efficiency of biomass was similar for all species within the same N 
treatment and increased as N became limiting. 

Trees assimilated a mean of 220 .ig N g 1d.w. peat over two growing seasons. A 16 hr 
extraction with 2% acetic acid recovered less mineral-N than taken up by trees (130 p.g N 

9 1d.w.). Approximately 40 percent of N uptake was derived from quantities of N 
which could only be extracted from peat after incubation for 6 weeks. Substrate N release 
rates during laboratory incubations did not show species-related differences. Planted 

peat N release rates were lower than for unplanted peats (40 vs 90 tgN g 1  month-') but 
N release rates were considered to be a product of sample perturbation rather than a 
index of real N mineralization rates in-situ. 
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Standing crops of fine roots were assessed in glasshouse plots (-N) during the second 

season. Root dry weight intensity reached a maximum of 1.3 mg cm-3, equivalent to 

standing crops beneath forest stands. Birch had non-mycorrhizal roots, unlike other 

species, which rapidly exploited the whole plot volume. Root form for other species is 

described, with no change in morphology detected as a result of admixture. 

A separate glasshouse experiment confirmed that lodgepole pine roots were more tolerant 
of anaerobic conditions in peat 	than 	Sitka spruce. However, the ability of pine 
roots to grow into an anaerobic peat substrate did not confer a significant advantage in 
N uptake. 

An experiment in 15 year old stands of lodgepole pine and Sitka spruce planted on a 

raised bog, investigated the response of fine roots to inorganic-N amendments to root 

ingrowth cores. Root production was not influenced by added N but production rates 

were different between stands. Trees fertilized with rock phosphate produced more root 
(782 kg ha 1  yr1:pine, 913 kg ha-1  yr 1: spruce) than stands fertilized with 
superphosphate (524 kg ha 1  yr': pine, 374 kg ha 1  yr1:spruce). Soil physical and 
chemical properties are described for each stand. 
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CHAPTER 1: INTRODUCTION 

The development of silvicultural techniques for afforestation of peaty 
soils in upland Britain. 

Great Britain has undergone a major programme of afforestation during this century. 

Since the end of the First World War the extent of forest area in Britain has increased 

from 3 to 11 percent of total land area. The majority of new plantations have been 

restricted to upland sites with low agricultural value, particularly in Scotland and the 

North of England. These areas have presented a silvicultural challenge to the successful 

establishment of plantations on sites which were exposed and had infertile soils. Much 

empirical research has been undertaken to determine effective silvicultural techniques and 

the most suitable choice of tree for timber production. Early trials devoted much 

attention to the choice of species from a variety of exotic conifers and our native Scots 
pine (Pinus sylvestris L.). Selection of the most compatible combination of species and 

site type was considered to be of great importance (Anderson, 1950). Modern 

techniques for establishment have overcome many of the silvicultural constraints on the 

choice of tree species. Current prescriptions for forestry practice are now mainly derived 

from economic appraisal of silvicultural systems. 

The most cost effective techniques for establishment and maintenance seek to maximize 

financial returns on an initial investment. A small number of the most productive 

coniferous tree species now form the predominant choice for upland afforestation 
(Busby, 1974). Sitka spruce (Picea sitchensis (Bong.) Carr.) is the most important 
coniferous tree grown in Scotland and the North of England with its wide 	site 
tolerance, high yield potential and desirable properties for the wood processing 

industries (Henderson & Faulkner, 1987). Sitka comprises approximately 40 percent of 

coniferous high forest in Britain, a proportion which will increase as about 65 percent of 
land is currently being planted or restocked with this species (Locke, 1987). 

Peaty soils have constituted the main resource for afforestation in upland Britain and 

their physical and chemical characteristics are associated with specific problems for 

establishment. Very early attempts at planting these sites used traditional methods of 

notch planting with no ground preparation or fertilization. Although these techniques 

were sufficient to establish trees on mineral soils it became apparent that survival and 

growth rates of plants were very poor on peaty soils. Stirling-Maxwell (1907) reported 

the success of Belgian techniques for planting on peaty soils and recommended their use 
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in Scotland. Usually, a system of drainage was created and trees were planted on turves 

with a top dressing of phosphorus as basic slag. Although widespread adoption of 

planting on Belgian turves progressed slowly, the method gave significant benefits to the 

establishment of all tree species (Zehetmayer, 1954, 1960). Ploughs were later 

developed to combine the benefits of drainage and a raised planting position and early 

techniques have been reviewed by Zehetmayer (1954, 1956, 1960). 

In the 1920's, trials in Scotland showed that Sitka spruce did not grow as well as pines 

or larches on peats and heathiand soils. Spruce growth rates deteriorated soon after 

planting and eventually trees became stagnated or 'checked' from further height 

increments. Spruce often did not close canopy under these conditions whereas pines and 

larches continued to grow relatively well. Where spruce had been established in a mixed 

plantation with pine or larch the same growth check was usually not apparent. 

Macdonald, (1936) revealed that when pine was introduced into checked spruce 

plantations the growth rates of spruce gradually improved. Confirmation that pine could 

'nurse' spruce through a period of check was obtained when trees had recovered and 

achieved canopy closure within the pine matrix (Macdonald & Macdonald, 1952). 
Mixtures of spruce with a 'nurse' species became a common prescription for planting 

peaty soils during the 1930's. Mixed stands were intended to, provide a 'fail safe' 

combination with spruce as the preferred final crop and the nurse as insurance against 
failure of the spruce. 

The potential for remedial dressings of basic slag to release spruce from check was 

explored during the 1930's (Zehetmayer, 1954, 1960). Improvement in spruce growth 

rates were apparent on certain soils where phosphorus was deficient but spruce still 
remained in check where heather (Calluna vulgaris (L.) Hull) was a dominant 
component of ground vegetation. Mixed stands on heathiand sites were more effective at 

nursing a final crop of spruce if a top dressing of slag had been applied. Where this 

treatment was omitted, spruce was often outgrown by the nurse species and eventually 

suppressed by shading. Suppression by the nurse component became more likely as 
lodgepole pine (Pinus contorta Dougi.) and Japanese larch (Larix leptolepis (Sieb & 
Zucc.) Gord.) were planted in preference to the slower growing species of pine. 

Despite trials with intensive ploughing and top dressings of basic slag, Sitka spruce still 

experienced growth check on some heathiand soils and peats. Check became apparent as 
Calluna recolonized sites after ploughing and it was observed that the condition of spruce 
was worse where Calluna was more vigorous. Research was focussed on potential 
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mechanisms which could explain the checking of spruce by Calluna and Weatherell 
(1953) established that nitrogen deficiency was associated with the yellow-green needles 

of checked trees. On a podzolized soil he showed that check could be alleviated by 
killing Calluna surrounding the trees or by application of a nitrogenous fertilizer. 

Treatments as simple as rotovating between rows of trees or applying a heather mulch 

were sufficient to release spruce from check (Weatherell, 1953). Leyton (1955) 
confirmed that control of Calluna by artificial shading increased the concentrations of 
nitrogen contained in spruce foliage. Leyton proposed that the benefits to spruce grown 

in nursing mixtures were largely a result of shading of Calluna by those trees which 
were tolerant of competition from Calluna. Later work by Handley (1963) and Robinson 
(1972) was to establish that extracts from live Calluna roots inhibited the development of 
symbiotic relationships between spruce roots and mycorrhizal fungi. Mycorrhizal roots 

are more efficient at nutrient uptake than non-mycorrhizal roots (Harley & Smith, 1983). 

Handley (1963) also showed that mycorrhizal fungi specific to infections with pines and 
larches were unaffected by the same Calluna root extracts. It was concluded that this 
antagonistic mechanism restricted the uptake of nutrients by spruce but did not affect the 
nutrition of trees used as nurse species. 

Weatherell (1957) reviewed the trials of spruce planted in mixed-species stands on 

hèathland soils in the North York Moors. He concluded that Japanese larch was a more 

effective nurse species due to its rapid suppression of Calluna compared with the pines 
which had slower crown development. Observations from these trials suggested that 

spruce roots travelled considerable distances to proliferate beneath larch litter layers. In 
contrast, roots growing beneath spruce had to compete with Calluna and were thinner, 
poorly branched and had smaller root tips. Zehetmayer (1960) supported the evidence 

for potential spruce root interactions with the forest floor beneath nurse species. Spruce 

did not show any response to adjacent stands of nurse species on deep peats when plots 

were separated by deep cross drains. Spruce planted next to nurse stands with no root 

barriers developed a canopy profile which indicated a marked response of edge trees to 
the nurse. Weatherell (1957) observed that only the roots of spruce at the edge of plots 

had proliferated beneath adjacent larch. Roots of trees from plot centres did not reach the 
larch and these trees remained in check. 

Weatherell (1957) and Zehetmayer (1960) both reported trials with the continental 

practice of growing spruce with leguminous plants as a nurse. Broom, gorse, tree lupin 

and laburnum were all tested for their potential to increase nitrogen availability for spruce 

by dinitrogen fixation. Both lupin and broom increased early growth rates of spruce but 
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were short-lived and required intensive site preparation for establishment. The high costs 
of such treatments prevented their introduction as regular practice, although gorse and 

broom were accepted when they occurred as components of heathland vegetation. Trials 
with different varieties of Alnus had also proved unsuccessful (Zehetmayer. 1954, 

1960). The main problem associated with alder was frost damage and this genus was 
generally not tolerant of acid soil conditions. 

Better understanding of the nature of spruce check by Calluna has led to modified 
prescriptions for the establishment of pure spruce plantations on peaty soils. Cultivation 

and drainage were routinely undertaken to provide well aerated planting positions which 

increased the period when spruce was free from competition by Calluna (Taylor, 1970; 
Neustein, 1976). More intensive ploughing regimes gave significant improvements in 
Calluna control but were not commonly adopted due to the high costs of such operations 
(Thompson & Neustein, 1973). Generally, Calluna began to grow back onto plough 
ridges between 3 and 4 years after planting and effective herbicides were developed to 

prevent recolonization (Holmes, 1957). The use of herbicides was more often applied to 

checked plantations (Mackenzie, 1974) and widespread afforestation with pure spruce 

created large areas requiring such treatment. Prescriptions for weed control considered 

both the potential for spruce to be released from check by nursing mixtures and the 

contribution of nitrogen fixing species where they occurred (Mackenzie et al., 1976). 

Mackenzie (1974) reported that on peaty ironpan soils N and P deficiency were the two 

main factors limiting the growth rates of spruce. On deep peats, K deficiency was 

recognised as an additional factor to N and P deficiency. Experimental trials had helped 

refine fertilization techniques using rock phosphate and superphosphate (Dickson, 1971; 

Mackenzie, 1972; Everard, 1974) and P fertilizer was considered essential for any 
planting on peaty soils. 

Mackenzie (1974) also recommended Calluna control as a successful alternative to N 
fertilization of checked spruce on peaty podzols. Malcolm (1975) supported these views 

with results from similar experimental work on a deep peat. However, Dickson & Savil 

(1974) sounded a warning note from Northern Ireland by suggesting that pure spruce 

stands were likely to require repeated nitrogen applications up to canopy closure. Their 

observations from deep oligotrophic peats suggested that the availability of inorganic-N 

in peat only sustained satisfactory growth of spruce for 6 to 8 years after planting. 
Consequently, Calluna control and added P(K) was not sufficient to establish pure 

stands of spruce on oligotrophic peats. Even the response of spruce to N fertilization 
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was short-lived and it was anticipated that N applications would need to be repeated at 
intervals of 3 to 4 years. Malcolm (1975) offered a choice of silvicultural systems to the 

forest manager for the establishment of trees on peaty soils dominated by Calluna: 

pure spruce with N, P, K and no Calluna control on oligotrophic peats. 
pure spruce with P(K) and Calluna control where N was not limiting. 
Calluna tolerant species with P and no Calluna control. 
nursing mixtures with P(K) and no Calluna control. 

McIntosh (198 1) consolidated these principles with detailed fertilizer prescriptions for 

Sitka spruce in upland Britain. These recommended treatments had realized the earlier 

predictions of Dickson & Savill (1974) with the requirement for N applications to be 

repeated on heathiand podzols and deep peats. In a later publication, McIntosh (1983) 

was to describe the characteristic N deficiency of spruce and the sites with which it was 

associated. The rates of nitrogen application recommended to correct this deficiency 
were 150 kgNha 1  (i.e. 330 kgha 1  urea or 440 kgha 1  ammonium nitrate). No 
differences were found for the response of spruce to the alternative forms of fertilizer-N 
(Taylor, 1987). 

Garforth (1979) has described the experience of the Forestry Commission with Sitka 

spruce/lodgepole pine mixtures in South Scotland. Large areas of mixed stands had 

been planted in the 1950's and 1960's but had proved difficult to manage due to poor 

choice of pine provenance and inadequate provision of phosphate supply. Complex 

guidelines were outlined by Garforth for the future management of these plantations. 

The difficulty of implementing management operations on mixtures was considerably 

greater than for stands of one species. Such problems may go some way to explain why 

many foresters adopted the pure spruce options offered by Malcolm (1975) and why 

nursing mixtures were largely avoided in the 1970's and early 1980's. The most 

common forestry practice on peaty soils was either to establish high fertilizer input 

regimes with Sitka spruce or low input alternatives with lodgepole pine and the larches. 

In recent years there has been a renewal of interest in the use of nursing mixtures as a 

silvicultural option on oligotrophic peats (O'Carroll, 1978; McIntosh, 1983; Taylor, 
1985; Carey et al., 1988). Observations from experiments in Scotland and the Irish 

Republic have confirmed that the growth rates of Sitka spruce can be improved by its 

planting in admixture with pines and larches. Foliar analysis has clearly demonstrated 

that improvements in spruce growth are associated with better nitrogen status in mixed 

5 



stands. The checking of spruce on similar peats described by Dickson & Savill (1974) 

and McIntosh (1983) was caused by a lack of available nitrogen and not solely by 
allelopathic effects of Calluna. Pure spruce developed N deficiency symptoms despite 
Calluna control whereas spruce in mixed stands continued to grow satisfactorily 

(O'Carroll, 1978; Carlyle, 1984; Taylor, 1985). It has been concluded that the benefits 

to spruce grown in mixtures were due to some mechanism which had increased the 

availability of nitrogen above levels occurring in pure spruce stands. In one experiment 

where pure spruce plots were fertilized with nitrogen, the average annual height 

increment of spruce in mixed stands was equivalent to those receiving N (Taylor, 1985). 

Carey & Griffin (1981) made a financial appraisal of the options for afforestation of 

peats and mineral soils overlying Old Red Sandstone in Eire. The returns from a high 

input regime of spruce with repeated applications of fertilizer-N were lower than pure 

lodgepole pine or spruce/larch mixtures with no N. However, on sites where spruce 

could be grown with low inputs of N, pure spruce still remained the most attractive 

option. The real price of nitrogen fertilizer has a great bearing on the outcome of this 

form of appraisal. The gradual decline in real prices of fertilizer-N has actually favoured 

the choice of high input options with spruce over the past 10 years. Should the real price 

of N increase, then low input options would be more commonly adopted on peaty soils. 

A consequence of the removal of tax incentives for private forestry has been to favour 

the choice of low input silvicultural systems. The new grant-aided scheme does not pay 

maintenance costs and also means that fertilization costs are no longer tax-deductable. 

The most recent work to be published on nitrogen deficiency in Sitka spruce plantations 

has been compiled by Taylor & Tabbush (1990). The forest manager is now presented 

with excellent guidelines explaining the different forms of spruce N deficiency and the 

most effective prescriptions for remedial treatment. Taylor & Tabbush have described 

four site categories which are associated with different degrees of nitrogen deficiency. 

These categories have been defined from the response of pure spruce stands to 
combinations of N and Calluna control over a range of field experiments. A method for 
predicting the site category from soil type, lithology and Calluna cover has been 
described. The poorest site categories are oligotrophic peats which overlie Old Red 

Sandstone and quartzitic lithologies. Three to four nitrogen applications are required to 

establish pure stands of Sitka spruce on these soils. 

Taylor & Tabbush do not recommend planting of pure spruce plantations on sites where 

severe nitrogen deficiency is inevitable. Nursing mixtures are advocated in preference to 
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pure spruce on these soils. Spruce may be planted with Japanese larch or Scots pine on 

heathiand soils whilst Alaskan provenances of lodgepole pine should be chosen as a 

nurse on deep peats. Recommendations are that spruce and nurse should be intimately 

planted as alternate pairs or triplets in each row. Line mixtures are considered to be an 

acceptable option where stands are programmed to be thinned on heathiand soils. 

Stands on peaty soils with high windthrow hazard rating are unlikely to be thinned. 

These mixed stands are intended to be 'self-thinning' with spruce shading out the nurse 
species early in the rotation. 

Recent research into the nitrogen cycles of pure spruce and mixed-species 
stands planted on oligotrophic peats 

The observations of improved growth rates and nitrogen status of Sitka spruce growing 

in mixed plantations were followed by more intensive studies in field experiments which 

demonstrated the 'mixture effect'. The results of three research projects will be reviewed 

to present the most recent information on the nitrogen cycles of pure spruce and nursing 

mixtures planted on oligotrophic peats. Appendix la includes a summary of the 

treatment types and site descriptions relating to the three investigations; Carlyle, 1984; 
Carey et at., 1986 and Miller et al., 1986. Tables which present some of the results 
from these studies are included as Appendices lb to if. 

Mixed stands were planted with Sitka spruce and either lodgepole pine, Scots pine, 
Japanese larch or Hybrid larch. The 	similarity across all locations was for 
mixed stands to contain larger above ground biomass than pure spruce with no nitrogen 

fertilization (Appendix ib). When the biomass of spruce was expressed as a function of 

stand area occupied, this was also larger than the equivalent measurement for pure 

spruce stands. On the deep peat at Inchnacardoch spruce planted with larch represented 

an above ground biomass of 105 t ha compared with 23 t ha 1  in pure spruce plots. 
The spruce component of the same spruce/larch stands contained a similar above ground 

biomass to pure spruce which had been fertilized with N (102 t ha-1). However, 
comparisons between the above ground biomass of each treatment (spruce + nurse) 
revealed that the weight of pure spruce with added nitrogen was always larger than the 

nursing mixtures. The comparison drawn from Inchnacardoch showed that treatment 
totals for spruce/larch mixtures represented approximately. half the above ground 
biomass of pure spruce with added N (Miller & Miller, 1986). 
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The magnitude of biomass differences between pure spruce (-N) and the treatment totals 

for mixed stands varied between locations (Appendix lb). Within the same experimental 

site, comparisons between pure spruce and mixtures were also influenced by the form of 

initial cultivation and the choice of nurse species. Pure stands of spruce (-N) performed 

better on completely ploughed soils at Culloden (CDT) than where single furrow 

ploughing had been used (DT). A comparison of their above ground biomass revealed 

that pure spruce (DT) contained 9 t ha and pure spruce (CDT) 40 t ha'. The margin 

for increases of biomass in mixed spruce/pine stands over pure spruce were lower in 

completely ploughed treatments (28 t ha ) than for single furrow ploughing (40 t ha-1). 
More effective control of Calluna (Thompson & Neustein, 1973) and increased 

mobilization of soil organic-N (Ross & Malcolm, 1988) could account for the benefits of 

complete cultivation to pure spruce. The total above ground biomass for spruce/larch 

mixtures at Inchnacardoch was lower than for mixtures with lodgepole pine. Japanese 

larch did not perform as well as lodgepole pine on the deep peat site and was subject to 

deer damage (Miller & Miller, 1986). Similar observations had been made at Mabie 

where the rapid growth rates of lodgepole pine threatened to suppress the spruce it was 
nursing (Pyatt, pers.com.). Hybrid larch was a much less competitive nurse than 
lodgepole pine at Mabie. 

The above ground biomass of all treatments was reflected by the total nitrogen capital 

contained in these stands (Appendix ic). Nitrogen capitals were larger in mixtures than 

in pure spruce with no N at all locations investigated. Similarly, spruce as a component 

of mixed stands contained more N ha than when grown as a monoculture. The 

differences between N capitals of pure and mixed stands were large. Total N in mixtures 

ranged between 2 and 6 times the N capital of pure spruce stands. 

The below ground contribution to total stand biomass was estimated by excavation of 
stumps and large lateral roots at Avondl-iu and Culloden (Appendix ld). At both sites 

there was a greater proportion of spruce biomass below ground in pure stands than in 

mixtures. Within spruce/pine or spruce/larch mixtures spruce and nurse both allocated a 

similar proportion of total biomass to large roots. McKay (1986) investigated the fine 

root dynamics under pure spruce and spruce/pine treatments with single furrow 

ploughing at Culloden. The mean standing crop of fine roots under pure spruce (112 
gm-2) was approximately twice as large as those measured under mixed stands (57 
g 2). Spruce root contributed about two thirds of the standing crop in mixed stands 

and this equated to about two thirds of the rooting intensity of spruce in pure plots 
(standing crop/stocking density). Annual production rates of fine roots beneath pure 



spruce were also double those measured under mixed stands. Turnover rates of fine 

roots were faster under pure spruce and the amount of dead root recovered was larger 

than under mixtures. The fine root study supported the findings from excavations 

regarding the allocation of resources to roots. McKay & Malcolm (1988) calculated that 

only 10 percent of net primary production was required for growth and respiration of 

fine roots under mixed stands compared with 60 percent in pure spruce stands. McKay 

and Malcolm suggested that the differences in spruce carbon allocation to fine roots were 
a consequence of low productivity and nitrogen stress in pure spruce stands. 

The vertical distribution of fine roots was different under pure spruce and spruce/pine 

stands (McKay, 1986; McKay & Malcolm, 1988). The majority of fine roots beneath 

pure spruce were found less than-6 cm below ground whereas pine and spruce roots in 

mixtures were more evenly distributed to a depth of 9 cm. The relative frequency of pine 

roots was greater than spruce below a depth of 6 cm in mixed stands. High winter water 

table levels were suggested as the main factor controlling root distribution and it was 

considered that better aeration under mixed stands encouraged a greater depth of rooting 

(McKay & Malcolm, 1988). Scots pine roots are not noted for high tolerance of soil 

anaerobism, although their distribution at Culloden may suggest greater tolerance than 

Sitka spruce roots. Spruce roots are known to be very sensitive to soil anaerobism and 

high root mortality is caused by rising water tables in peaty soils (Coutts & Phillipson, 

1987). Lodgepole pine and Hybrid larch are two nurse species which are considered to 

be tolerant of anaerobic soil conditions and demonstrate the ability to root deeply in 

poorly drained soils (Boggie, 1972; Morgan, 1984). The capacity for mixed stands to 

root deeper than pure spruce may be an important advantage to nutrient uptake. At 

Culloden the rooted volume under mixed stands was effectively 30 percent larger than 
under pure stands. 

The accumulation of litter occurred at greater rates under mixtures than under stands of 

pure spruce (Appendix le). Larch is deciduous and pine has a shorter period of needle 

retention than spruce (3 and 5-7 years respectively). Larger crowns had developed in 

mixed stands and consequently litter was returned earlier and in greater quantities than by 

stands of pure spruce. The total N capital of annual litterfall from mixed stands was 

more than 3 times as large as litterfall-N under pure spruce. Litterfall-N from mixed 

stands containing larch was no greater than under mixtures with pine, despite larch being 

deciduous. Larch had poor crown development at Mabie and Inchnacardoch whereas 

pine mixtures had reached canopy closure with associated increases in litterfall. The 

contribution of litterfall-N to soil could have been expected to occur earlier and in larger 
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quantities under larch compared with pines in mixed stands. Weatherell (1957) 

demonstrated that larch litter-N did make a significant contribution to the availability of 

nitrogen for spruce uptake in mixed stands. In a subsequent investigation Leyton & 
Weatherell (1959) demonstrated that litter amendments from a range of tree species could 

improve the growth rates and N status of checked spruce on a heathiand soil. They 

concluded that growth responses were proportional to the total nitrogen added in litter. 

Larch litter had been the most effective source of N due to larger litter-N concentrations 

than other species. From the results of this investigation Leyton & Weatherell 

recommended that larch should be used as a nurse species in preference to pines. 

Litterfall inputs of N would seem to be a plausible source from which spruce could gain 

access to N provided by the nurse species in mixed stands. However, the maximum N 

capital of annual litterfall was recorded as only 16 kg N ha for spruce/pine mixtures at 

Culloden. This level of nitrogen input could not have accounted for the differences 

between spruce-N capital in pure and mixed stands (130 kg N ha-1) even if all N had 
been released from litter. Actual mineral-N release rates from litter are slow and usually 

follow a period of immobilization lasting for up to 1 year. The total quantity of nitrogen 

added as litter by Leyton & Weatherell (1959) actually ranged from 156 to 835 kg N ha 
over a 3 year period. This level of input would significantly increase the availability of 

inorganic-N for trees. Even if nurse litter-N inputs were able to account for a proportion 
of the increased spruce -N uptake at the experimental sites the total stand-N uptake 
would still require explanation. Alternative processes which could have provided an 

input into the nitrogen cycles of mixed stan1s were therefore sought. 

The larger leaf area of mixed-species stands may have been responsible for greater 

interception of precipitation and aerosols than by pure spruce. However, an increased 

flux of N was only observed in the throughfall and stemfiow at Avondhu. At all other 

locations it appeared that canopies of mixed stands actually absorbed N and if more N 

had been intercepted then this was not measured in throughfall. At Avondhu the 
maximum gain to mixed stands from precipitation was 10 kg N ha-1  yr'; a relatively 
small input in relation to stand N capitals. Enriched throughfall was not considered to be 

responsible for the more effective accumulation of N in mixed stands (Miller & Miller, 
1986). 

Carlyle (19 84).  investigated the potential for dinitrogen fixation in the top 3 cm of soil 

beneath stands at Mabie. Acetylene reduction techniques failed to indicate the presence 

of any non-symbiotic nitrogen fixation in any of the stands tested. Rates of nitrogen 
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fixation by free living heterotrophs are generally low in temperate forest ecosystems. 

Nohrstedt (1988) reported that N fixation measured in older litter layers under birch was 

approximately 1.4 kg N ha yr. Rates of N fixation in pine and spruce litter layers 

were much lower than those reported for birch. Nitrogen fixation was not considered to 

be an important input of N for trees growing on oligotrophic peats. 

Total nitrogen capitals contained in litter and native peat layers were measured for the 

soils of three experimental sites (Appendix if). At Culloden there was more N in the 

litter layers under mixed stands than under pure spruce. Litterfall-N inputs could not 

account for the total amounts of N measured in these layers and it is assumed that they 

are mainly derived from the original vegetation. Calluna was completely shaded beneath 
mixed stands but was still actively growing amongst spruce which had a more open 

canopy. At Mabie the litter layer-N capitals were the same for both pure spruce and 

spruce/larch treatments. Soil organic layers contained reserves of N which reflected the 

depth of peat at the site investigated. There were no collective trends to suggest 

accumulation or depletion of peat organic-N by any treatment in the experimental trials. 

The availability of mineral nitrogen for uptake was examined in detail for soils at Mabie 

and Culloden (Appendix ig). Net nitrogen mineralization rates were measured from 

isolated cores of soil incubated in-situ and in the laboratory. Both studies revealed that 

the release of inorganic-N was occurring at a faster rate beneath mixed stands compared 

with pure spruce. However, the quantity and distribution of net N mineralization 

differed considerably between sites and within cultivation treatments at Culloden. At 

Mabie most mineralization occurred in the top 3 cm of soil beneath pure spruce and 

spruce/larch treatments. Carlyle (1984) reported annual net mineralization rates of 28 
and 60 kg N ha-1  for pure spruce and spruce/larch respectively. The majority of 

additional N released beneath mixed stands was derived from the flat portion of the 

planting position. Carlyle found no evidence for any influence of microclimate or soil 

physical conditions on the mineralization rates in each treatment. He concluded that 

greater N release rates under mixtures were either due to changes in substrate quality or 

superior microbiaiJmycorrhizal decomposition in the rhizosphere of mixed stands. 

At Culloden, Williams (1986) reported that N mineralization rates were greatest in the 
organic layers beneath spruce and spruce/pine stands. Differences in the distribution of 

nitrogen mineralization were most apparent in treatments with less intensive cultivation 

(DT). The total amounts of N released during incubations were also larger in less 
intensively cultivated treatments. Soils beneath spruce/pine stands released more N than 
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under pure spruce and the differences between treatments originated from the LFH layers 

of DT plots and from organic layers of CDT treatments. Williams concluded that the 

differences measured in LFH layers could be related to substrate quality but that litter-N 

inputs could not account for the size of mineralization rates measured. Williams also 

noted that there was a close correlation between the availability of readily mineralized 

forms of N and the microbial biomass measured by Alexander (1986). Anaerobic 

laboratory incubations suggested that either N was released from the death of microbial 

hyphae due to waterlogging or by the increased activity of ammonifying decomposers. 

Alexander (1986) investigated the microbial activity beneath pure spruce and spruce/pine 

stands at Culloden. If increased nitrogen mineralization rates were the result of more 

effective heterotrophic decomposition then differences between the size and activity of 

microbial populations would be apparent beneath pure spruce and mixed stands. Total 

microbial biomass was estimated by amended basal respiration and revealed that 

populations were indeed larger in the LFH layers of spruce/pine stands (113 gm-2) 
compared with pure spruce (77 gm-2). No differences were apparent when basal 

respiration was compared between the native peat horizons from each treatment. The 

rate of decomposition of microbial hyphae was greater in the soil and LFH layers of 

mixed stands. Faster decomposition rates may have allowed nitrogen to become 

available more rapidly from the peat under mixed stands. Dead microbial biomass would 

have immobilized nitrogen for longer periods beneath spruce compared with mixtures. 

The results accorded well with the findings from measurements of nitrogen 

mineralization. There appeared to be a larger, more active microbial population beneath 

mixed stands which turned over more rapidly to make a larger pool of labile N available 
for uptake by trees. 

The studies of nitrogen cycles in field experiments have identified the processes which 

were most likely to account for the high availability and uptake of nitrogen in mixed 

stands. Atmospheric inputs and nitrogen fixation were not considered to offer any 

advantage to the nutrition of mixtures over pure spruce. The most probable source of 
increased availability of N came from the soil. Net  mineralization rates of soil organic-N 
and LFH layers were shown to be greater beneath mixed stands than under pure spruce. 

More active microbial populations have been associated with the rapid turnover of 
organic-N in mixtures. 

The implication that larger soil N mineralization rates could account for the greater N 

capitals and total biomass of mixed stands deserves further consideration. The field 
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experiments reviewed were more than 15 years old when investigations were carried out. 

The 'mixture effect' had become apparent in these trials from approximately 10 years 

after planting. Pure spruce had begun to encounter N deficiency and check at about 8 

years of age, when foliar N levels of spruce in mixed stands had also declined to 

deficiency levels. Spruce in mixed stands recovered from this period of N deficiency 

between 8 and 10 years after planting when it is assumed that processes which increase 

the availability of N to trees in mixtures are initiated. Litter layers developing under 

stands of this age would contain small amounts of fresh material which would tend to 

immobilize rather than release N during decomposition. The most likely source of 

mineral-N for trees of this age would be the native peat on which they were planted. 

Only one field study has compared the biomass production and nitrogen uptake of young 

spruce and pine planted in pure stands at the same site. Carey et al. (1984) investigated 7 
year old stands of Sitka spruce and lodgepole pine growing on a raised bog in the 

Republic of Ireland. Both total biomass and nitrogen capitals of the pine were greater 
than the spruce. Pine had accumulated 150 kg N ha-1  compared with 100 kg N ha by 
spruce, despite no large differences in the total root weight of each species. No work to 

measure nitrogen mineralization rates was attempted at this site but it was suggested that 

the total N concentrations of peat had been depleted by trees and surface vegetation. It 

may be assumed that the differences between mineralization rates observed beneath pure 

spruce and mixed stands will show similar trends to those present under monocultures of 
spruce and nurse species. 

Campbell (1988) investigated how lodgepole pine might cause more nitrogen to be 

released from a peat substrate than Sitka spruce. Campbell grew pine and spruce in 

microcosms and measured the release and uptake of N from the same volume of peat 

planted with each species and a 1:1 mixture of both species. Campbell demonstrated that 

more soluble carbohydrate was present in peat planted with pine than when planted with 

spruce. Basal respiration, utilization of a glucose amendment and mineralization rates of 

an amino acid amendment were all greater under pine than under spruce. Soluble 

carbohydrate levels correlated well with tree N uptake and with mineralization rates of 

the amino acid amendment. It was proposed that pine may have influenced the rates of 

N release from peat by increasing the availability of carbon to microbial populations 

responsible for decomposition. The potential for labile C to be a driving mechanism for 

mineralization rates was in accordance with the study of microbial populations by 

Alexander (1986). In the microcosm study, pure pine had assimilated 39 percent more 

N from peat than pure spruce, however, mixed plots had only taken up the same 
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amounts of N as pure spruce. Campbell concluded that N uptake could easily have been 
retarded by the presence of spruce, rather than enhanced by the presence of pine. 

A fundamental assumption for the acceptance of greater mobilization of soil organic-N as 

the mechanism responsible for the 'mixture effect' is that spruce has free access to 

nitrogen which is available for uptake. McKay (1986) has demonstrated that spruce had 

a greater weight of root and more root tips than pine in the soil of mixed plantations. 
The rooting intensity of spruce would appear to give it a competitive advantage for the 
uptake of N over pine. However, the relative uptake efficiency of mycorrhizal roots 
belonging to each species remains to be elucidated. The mycorrhizal fungi which infect 

spruce roots in mixed stands may be different to symbionts present in pure stands. 
Miller et al. (1986) have demonstrated that a wider range of mycorrhizal fungi were 

present beneath spruce/pine compared with pure spruce at Culloden. Subsequent 

experimentation has been designed to clarify the role of mycorrhizal fungi in the nutrition 
of spruce in pure and mixed stands (Miller et al., 1986). 

A potential physical mechanism which may promote the mineralization of soil organic-N 

remains to be described. Decomposition of oligotrophic peats is limited by poor aeration, 

low pH and poor substrate quality of the peat for microorganisms. Aeration of peaty 

soils is influenced by the presence of trees which intercept rainfall and deplete soil 
moisture through transpiration. King et al. (1986) reported that pure stands of pine and 
spruce intercepted 28 percent of rainfall over a peaty soil and this evaporated without 

reaching the soil. Low soil matric potentials under the same stands of trees were 

attributed to the absorption of water by roots. The potential for drying of peat in the 

lower soil horizons may be expected to be greater for trees with deeper root systems. As 

the roots of some nurse species do tolerate anaerobism to a greater extent than Sitka 

spruce then the nurse species may play an important role in the reduction of waterlogging 

and the increase of aeration of soils under mixed stands. King et al. (1986) reported that 
peaty soils were better aerated and had lower summer water table levels beneath 

lodgepole pine compared with Sitka spruce. However, their study did not establish 

whether a greater depth of rooting by pine influenced the depletion of soil moisture. The 

hypothesis that some mixed stands promote N mineralization by drying of peat could be 

most readily tested in field experiments of 8 to 10 years of age. 
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Thesis objectives and research strategy 

The objectives of this study are concerned with addressing some of the questions which 

have arisen from the research work described in the introduction. Two central issues 

were were identified as the main topics for investigation and are presented here with the 

working hypotheses which were adopted. The study also addressed four other questions 

which were secondary to the central issues, but were considered to be important to the 

understanding of tree nitrogen dynamics on oligotrophic peats. 

The central issues: 

Do certain tree species access mineral-N from an oligotrophic peat substrate more 
readily than others? 

The working hypothesis assumed that species not displaying N deficiency 

symptoms on oligotrophic peats could take up greater amounts of mineral-N than 

species prone to N deficiency, such as the spruces. 

Do certain tree species influence the mineralization rates of peat organic-N to a 
greater extent than others? 

Two alternative hypotheses have been suggested; either some trees are capable of 
stimulating mineral N release from peat; or others actually retard the 
mineralization of N. 

The secondary issues: 

How do tree species differ in their nitrogen utilization strategies under conditions 
of high and low nitrogen availability? 

How does the growth form of fine roots differ between species of tree growing on 

oligotrophic peats with low nitrogen availability? 

What is the potential for anaerobic peat horizons to supply nutrients for uptake by 
trees? 

How does fine root production change in response to localized concentrations of 
inorganic-N in the forest floor? 

Experimental work was designed to investigate these specific questions and findings are 

reported in the following chapters of this thesis. Each chapter is primarily concerned 

with an individual experiment and is self-contained with introduction, methods, results 

and discussion. The central issues, 1 and 2 are examined in the second and third chapters 

of this thesis respectively. Secondary topics for investigation; 1, 2, 3 and 4 are reported 
in Chapters 2, 4, 5 and 6 respectively. A concluding chapter summarizes the findings 

from each investigation and discusses their joint implications for tree nitrogen dynamics. 
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CHAPTER 2 

Nitrogen uptake and utilization strategies of four tree species 

growing on oligotrophic peat 

INTRODUCTION 

Marginal land of low agricultural value has been the major resource available for 

afforestation in upland Britain. Over the past three decades research into silvicultural 

practice has led to successful establishment of trees on heathland soils and peats of very 

low nutritional status (Zehetmayer, 1954, 1960; Malcolm, 1975; McIntosh, 1981; Taylor 
& Tabbush, 1990). Peat)' podzols and unflushed peats are classified as the poorest 

substrates for tree growth, particularly where they overlie quartzitic lithologies (Taylor & 

Tabbush, 1990). Such soils are referred to as oligotrophic peats and require both 

cultivation and fertilization as site preparation for afforestation. McIntosh (1981) has 

prescribed fertilization regimes for planting Sitka spruce (Picea sitchensis (Bong.) Carr.) 
on oligotrophic peats. Spruce requires P or PK at planting with periodic applications of 

P(K) and N up to canopy closure on the poorest sites. Nitrogen is recommended to 

prevent growth 'check' of spruce which is normally associated with severe N deficiency 

symptoms between 8 and 12 years after planting (O'Carroll, 1978; McIntosh, 1983). 

High input fertilization regimes are justified by the better premiums anticipated for a final 

crop of spruce, compared with alternative species (Carey & Griffin, 1981). 

The pines, larches and occasionally birch are alternative, lower value crops to Sitka 

spruce. These species can be successfully grown on oligotrophic peats with no inputs of 

fertilizer-N. The contrasting requirement for fertilizer-N has led to characterization of 

spruce as a nutrient demanding species (Zehetmayer, 1954, 1960; Atterson, 1979; 

Carlyle & Malcolm, 1986; Miller & Miller, 1987). The pines, larches and birches have 

been described as stress-tolerant species associated with colonization of less fertile soils 

(Zehetmayer, 1954,1960; Bradshaw & Chadwick, 1980; Good & Williams, 1986). 

Categorization as either nutrient demanding or stress tolerant species accords well with 

the different growth responses shown by trees on oligotrophic peats. The growth habits 

of these different tree species may be compared with the three primary plant strategies 

proposed by Grime (1979). These strategies have been used to classify species which 

colonize sites with different nutritional status and describe competitive, stress tolerant 

and ruderal (C-S-R) species. Physiological attributes appertaining to different plant 

strategies have been reviewed in detail by Chapin (1980). The deciduous habit (c.f. 
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larch and birch) is less commonly associated with stress tolerant plants than the 

evergreen form (c.f. pine and spruce). Generally, stress tolerant trees are expected to 

demonstrate well developed mechanisms for nutrient uptake and nutrient conservation 

which contribute to high nutrient use efficiencies of tree biomass. 

Nutrient use efficiency (N.U.E.) has been assessed for forest trees by a variety of 

methods which have been accepted as providing an index of carbon assimilation per unit 

of nutrient capital. Chapin & Kedrowski (1983) demonstrated that N.U.E. of tree 

species colonizing sites with low nutrient availability exceeded those of species dominant 

on more fertile substrates. Vitousek (1982) has discussed the proposition that high 

N.U.E. is a characteristic of forest stands on the poorest soils. Subsequent 

investigations have shown that a degree of physiological plasticity can allow the same 

species to exhibit a range of N.U.E. across gradients of soil nutrient availability 

(Boerner, 1984; Birk & Vitousek, 1986). Adaptive strategies of certain stress tolerant 

deciduous species do enable successful colonization of Sites with low nutrient 

availability. Tyrrell & Boerner (1986) have reported mechanisms of nutrient 

conservation and high nutrient use efficiency for Tamarack (Larx laricina (Du Roi) K. 
Koch) growing on North American bogs. Tamarack is able to colonize bogs and 
muskegs as successfully as the evergreen black spruce (Picea mariana (Mill.) BSP). 

Agren (1983, 1985) hasproposed a theory to account for the growth response of trees to 

N; the 'nitrogen productivity concept. The theory assumes that tree growth rates are 

proportional to the total capital of biomass-N in trees, with N productivity 
(EN) as the 

proportionality factor. Ingestad (1979) demonstrated that PN  was not a constant for 

birch, but increased with increasing rates of N supply up to optimum internal-N 

concentrations for growth. Agren (1983) has proposed that PN  can be regarded as a 

constant when estimated over a range of site types for a given tree species. Different 

species of tree have been shown to display N productivities which can be related to 

shade tolerance (Agren, 1983) and the deciduous/coniferous habits of growth (Agren & 

Ingestad, 1987). Contrasting strategic patterns of biomass allocation and PN  have been 

examined under conditions of nitrogen stress by Ingestad & Kãhr (1985). Agren & 
Ingestad (1987) used similar experimental data to show how root:shoot ratios could be 

derived from PN  and the relationship between relative growth rates and internal N 

concentrations and it was further proposed that such an approach could be a useful 

means of grouping tree species according to ecological classification (c.f. Grime, 1979). 

17 



Lodgepole pine (Pinus contorra Dougi.) is perceived as a stress-tolerant colonizer with a 
wide geographic distribution across N.W. America. In Britain, lodgepole pine is 

commonly planted on oligotrophic peats with no fertilizer-N (Carey & Hendrick, 1986). 

Young stands of lodgepole have been reported to accumulate much larger nitrogen 

capitals than Sitka spruce when both were established on a deep peat (Carey et al., 
1984). When spruce is planted on oligotrophic peats in mixed stands of pine or larch, 

N deficiency and growth check of spruce is alleviated (Weatherell, 1957; O'Carroll, 
1978; Carlyle, 1984; Carey et al., 1986; Miller et al., 1986; Carey et al., 1988). Height 
increments of spruce in mixed stands were reported as equivalent to those pure stands 

receiving fertilizer -N (Miller & Miller, 1986). The growth responses made by spruce in 

mixtures have been attributed to improved N nutrition over unfertilized monocultures 
(Carlyle, 1984; Miller & Miller, 1986; Carey et al., 1986). Nitrogen uptake by mixed 
species stands is greater than the uptake reported for pure spruce (Miller et al., 1986). 
Although spruce has a high demand for inorganic-N, pure stands of spruce are unable to 

gain access to reserves of N which are available to pines and larches. When spruce is 

planted with a nurse species then it can access quantities of mineral-N which are not 

available to monocultures (Campbell, 1988; this thesis introduction). 

The present chapter will describe a large glasshouse experiment which was designed to 

achieve a series of objectives to be reported in this thesis. The principal objective of this 

investigation was to compare biomass production and N utilization strategies for spruce, 

pine, larch and birch. An oligotrophic peat was used as a substrate for the trees and 

fertilized with PK or NPK at similar rates to those used in afforestation. The 

performance of spruce planted in mixtures with nurse species was examined to see if the 

beneficial responses to admixture reported from the field could be repeated under 

glasshouse conditions. N utilization by all species will be discussed in relation to their 
perceived strategies for growth reported elsewhere. 
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METHODS 

Design of the glasshouse experiment 

A large glasshouse experiment was designed to accommodate a number of integrated 

studies which will be reported in the following three chapters of this thesis. The 

glasshouse was situated at the University of Edinburgh Department of Forestry and 

Natural Resources. No additional heating or lighting was used to alter growing 

conditions but the glasshouse roof contained ventilation which was thermostatically 

controlled. During the winter vents remained closed and during the summer they were 

automatically opened when ambient glasshouse temperatures increased to 18°C. Four 

different tree species were chosen to represent alternative options for afforestation of 

upland oligotrophic peats. The species included Sitka spruce (Picea sitchensis (Bong.) 
Carr.), lodgepole pine (Pinus conrorra Dougl.), Japanese larch (Larix leptolepis (Sieb 
and Zuc.)) and birch (Berula pendula Roth. and Betula pubescens Ehrh.). Trees were 
grown in plots containing either 36 individuals of a single species ('pure' plots) or 18 

pine, larch or birch with 18 spruce ('mixed' plots). Pure and mixed plots were fertilized 

with contrasting regimes of nitrogen (+ or -N) to create conditions of N stress or luxury 

N uptake for young trees. Trees were grown for two seasons (1985/86) to allow 

intimate contact between root systems and for severe nitrogen stress to develop in -N 
treatments 

Construction of glasshouse plots 

A framework of 78 plots was built to create one large experimental unit, comprising 3 

blocks of plots separated by walkways (Figure 1). Plot wails were made from partitions 
of bitumenised chipboard within a supporting structure of railway sleepers. Partitions 
created 0.75 x 0.75 m plots (0.56 m2) which were lined with heavy gauge black plastic 

sheeting. Sheets of plastic were folded and stapled to the boards, ensuring that seams 

overlapped sheets of adjacent plots. Each plot was watertight, with no drainage or forms 

of connection with neighbouring plots. Railway sleepers provided access between plots 

and were also covered with polythene sheeting. 

A peat of Sphagnum/Calluna origins was used as an experimental substrate. Physical 

and chemical properties of this peat are presented in Appendix 3c. An oligotrophic peat 

was chosen with low concentrations of extractable nutrients as the peat was intended to 

be representative of upland unflushed peats where spruce stands encounter nitrogen 

deficiency before canopy closure. A milled peat was supplied as 0.3 m3  bales which 
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were broken down and mixed in a 'Podmore' rotary compost mixer. An insecticide 

(Gamma BHC) was added to the peat as a precautionary measure against Vine weevil 
(Otiorhynchu.s niger) as the weevil had destroyed previous glasshouse experirnents.Plots 

were filled to a depth of 15 cm and approximately 500 g of fresh, homogenized peat was 

added as an inoculum. The inoculum was taken from an uncultivated raised bog and 

should have contained sufficient saprophytic microflora to colonize plots (Mason pers. 

corn.). All plots were saturated with mains water to raise moisture contents from 150 to 
300 percent of dry weight. Peat was left to re-wet for one week before planting took 
place. 

Seedling selection and planting 

Spruce, pine and larch 1+0 seedlings were supplied by a Forestry Commission nursery 

at Tulliallan, Fife. Plants had been grown in unsterile beds for one year and were lifted 

in March, 1985. Birch 1+0 seedlings were obtained from a private nursery and were of 

inferior quality. High mortality of birch required that nursery seedlings were 

supplemented by plants raised to an equivalent size in the glasshouse. Spruce, pine and 

larch had mycorrhizal root systems, birch were almost completely non-mycorrhizal. 

Seedlings were graded according to shoot height in order that experimental plants should 

begin with similar initial weights. Selected plants were washed under a fine tapwater 

spray to remove all nursery soil from roots and shoots. A sub-sample of 30 seedlings 

was taken for dry weight determination and subsequent nutrient analysis (Appendix 2a). 

1 2 3 4 5 6 

7 8 9 10 11 12 

13 14 15 16 17 18 

19 20 21 22 23 24 

25 26 27 28 29 30 

31 32 B 34 35 36 

Scale 

1 12.5 cm 

Figure 2. Location of plants in each glasshouse plot. Position of spruce 

and nurse species in mixed plots represented by italics / plain text. 
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The entire experiment was planted over the first week in April, 1985. Each plot 
contained 36 seedlings at 12.5 cm square spacing with mixed plots planted as a chequer 
board pattern to allow intimate root contact between species (Figure 2). A reserve of 
approximately 100 plants was heeled into a spare plot and used to replace any early 

mortality in the main experiment. Dead plants were recognised as needles were flushing 

and trees were replaced within one month following planting. 

Fertilizer composition and application 

Rates of fertilizer application were intended to reflect those recommended for 

afforestation of unflushed blanket peats (McIntosh, 1981). Addition rates also needed to 

provide an adequate supply of (N), P and K for 36 plants grown over 2 growing 

seasons (Benzian & Smith, 1973). Assuming a plot area of 0.56 m2, (N), P and .K were 
added at rates of 200, 60 and 130 kg ha-1  respectively. Application rates were slightly 

higher than those recommended for normal fertilization practice to provide for the 

anticipated demands of 36 plants. The composition and addition rates for fertilizer are 

presented in Table 1 with initial levels of extractable nutrients (Chapter 3). Peat nutrient 

concentrations were calculated assuming a mean plot dry weight of 7 kg (Appendix 3c). 
Separate stock solutions were made up for +N and -N treatments and the liquid fertilizer 

was added to plots as 300 ml aliquots from a measuring cylinder. Fertilizer compounds 

were chosen for their solubility and suitability as a source of nutrients. Ammonium 

nitrate has been shown to be an effective source of N for all species in this study 

(Chapter 3). Orthophosphate-P was added as potassium dihydrogen orthophosphate to 

avoid changes of peat pH and NH4-N mineralization rates which have been associated 

with calcium phosphates (Carey et al., 1981). 

Table 1. Nutrient addition rates to experimental plots, fertilizer 
composition and concentrations in the peat. 

Nitrogen Phosphorus Potassium 

kg ha-1  200 N 60 P 130 K 

element 
(g) 

11.2 N 3.36 P 4.24+3.04K 

compound NH4NO3  KH2PO4  KH2PO4  + KC1 

initial concentration 130 NH4-N trace trace 
(.Lg g-i) 

fertilizer 800 NH4-N + 480P 1040 K 
concentration (j.tg g 1) 800 NO3-N 
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Replication of treatments and harvest dates 

The original intention of the experimental design was to harvest 3 randomly selected 

plots from each treatment after 1 and 2 growing seasons. Birch plots were only to be 

harvested after 1 growing season to avoid anticipated above ground competition with 

other plots in the second year. The positions of all plots actually harvested are presented 
in Figure 1. A summary of the original replication and numbers of plots actually 
harvested is presented in Table 2. 

Departures from the original plan were mainly a consequence of constraints on time. 

Some plots were considered unsuitable for continued sampling due to high mortality 

rates. Larch plots suffered particularly bad attacks of Botrytis cinerea and Meria laricis at 
the end of the first season. 

Table 2. Treatment replication and numbers of replicates sampled at 
different harvesting dates. 

-nitrogen + nitrogen 

experimental harvest dates experimental harvest dates 
Species replicates 1985 1986 replicates 1985 1986 
spruce 9 3 3 6 2 3 
pine 7 2 4 5 2 2 
larch 6 2 3 6 2 2 
birch 3 1 2 3 1 1 
spruce pine 6 2 3 6 2 3 
spruce 	larch 6 2 3 6 2 2 
spruce 	birch 3 1 2 3 1 1 

Maintenance of the experimental plots 

During the course of the experiments plots were watered to keep peat moisture content 

within a range of 300 to 400 percent of dry weight (Appendix 3c). Experience proved 

that moisture content could be reasonably estimated by hand. Protection against Vine 

weevil was continued throughout the experiment by dusting perimeter walkways with 

insecticide. No live adults or larvae were found in the plots. Towards the end of each 

season senescent foliage, bud scales and shoots were recovered from plot surfaces using 

a modified vacuum cleaner. The collection represented a bulked component for litter 

from 36 plants. After air drying, the litter from mixed plots was separated by shaking 
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the bulked sample through 1.2 mm and 0.5 mm aperture sieves. Spruce needles would 
generally fall through the 1.2 mm sieve whereas pine, larch and birch litter would not. 

Particles of peat passed through the smallest diameter sieve and were discarded. All litter 

samples were then rinsed with a fine tapwater spray to remove remaining peat and any 

traces of fertilizer. Samples were oven dried and stored for dry weight determination. 

Birch seedlings required pruning in all treatments to avoid above ground competition 

both within and between plots. Plants were pruned back to 20 cm once in the case of -N 

plots and twice for +N plots. The pruned stem and leaves from each plant were collected 

in individual paper bags to be oven dried and stored for dry weight determination. All 

measurements of growth were recorded for individual plants, so prunings were coded 
according to the position of each plant (Figure 2). 

Growth measurements and harvesting procedure 

Total height of all plants was measured in November at the end of each growing season, 

excepting birch after one year. Height was recorded to the nearest 0.5 cm from the 

surface of the peat to the top of the shoot. Harvesting began at the end of November and 

continued into March for both year ends. Treatments were harvested alternately to 

reduce the effects of delayed plant removal on winter accumulation of biomass 

(Bradbury & Malcolm, 1978). Trees were excised level with the plot surface and root 

collar diameter was measured to the nearest 0.5 mm. Senescent foliage was brushed off 
shoots to be included as part of the litter component. Shoots were then cut into short 

lengths and stored in paper bags. All samples were oven dried at 85 °C to constant 

weight. The dry weight of birch and larch shoots could be determined directly whereas 

spruce and pine needles had to be separated from stems first. Needle removal was 

facilitated by placing shoots in sieves with glass marbles, these were then enclosed 

between a sieve cover and receiver. Sets of sieves were mechanically shaken and 

needles became detached from stems and were collected in each receiver. Dry weight 

determinations of needles and stem were made immediately after separation. 

After one growing season the peat from each plot was a consolidated block of 

interlocking root systems. Root collars were individually labelled with numbered 

drawing pins in order that data for individual plants could be amalgamated. Blocks of 

peat were then transferred to a large polythene sheet where loose peat was shaken off 

and root systems were unravelled from one another. Major roots (>2 mm diameter) 

could be cleanly removed as an entire root system. Many fine roots (2 mm > diameter) 
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were broken, leaving fragments in the peat. A sub-sampling technique was adopted to 

quantify fine root remaining the the peat block. All peat was removed from the 

polythene sheet and passed through a 2 cm riddle into a plastic dustbin, any large root 

fragments retained by the riddle were cut into lengths of 3 cm or less and returned to the 

bin. Bins were then weighed using a 30 kg spring balance to determine peat fresh 

weight. Peat was then tipped into a rotary compost mixer, homogenized and then 

emptied to allow removal of sub-samples. 6 x 20 g sub-samples were taken for moisture 

content determination, 4 x 20 g sub-samples for root removal and 4 x 3 g sub-samples 
for chemical analysis (Chapter 3). 

Root fragments were removed from peat sub-samples using fine forceps and an optic 

fibre light source. All fragments and main root systems were washed with a fine 
tapwater spray over 0.5 mm screens. Root fragments from mixed plots had to be 

separated by species as described in Chapter 4. Contributions of dead root were not 
recorded. 

Data presentation for all measurements of tree growth 

Individual plants were considered as a single replicate for all measurements of growth 

within any plot. Height and root collar diameters were expressed as means for all plots. 

Data were also combined from all plots to present a single mean for specific treatments. 

To derive means for plant thy weights the biomass of needles, stem, prunings and roots 

were combined for individual plants. To account for the contributions of the bulked 

components of litter and detached root fragments it was decided to allocate a proportion 

of the bulked weight to single plants. Litter and root fragments contributed a significant 

proportion to the dry matter of each plot. The size of both fractions depended on the 

treatment, harvest date and species of tree concerned. Comparisons between dry matter 

production between species and treatments would have underestimated the contribution 

of deciduous trees, in particular, had a fraction of bulked components not been allocated 
to plant dry weight. 

To apportion bulked components to individual plants a programme was created within 

the Minitab computer package. The calculations assumed that the ratio of shoot + root 

wt.: bulked component wt. for individual plants was equivalent to the same ratio for the 

sums of material in the whole plot. Birch prunings were included in the shoot weights 

of each plant. The form of expressions used to allocate the dry weights of litter and 
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detached roots were as shown below: 

Plant litter dw. = (shoot + root &w.) x Plot litter dw. 

36 shoot + root d.w. 

Plant root fragment d.w. = (shoot + root d.w.) x plot root fragments 

36 shoot + root dw. 

The validity of these assumptions was tested on two plots where the actual litter weights 

of individual plants were known. With great care, senescent larch needles had been 

collected from each plant during abscission. The technique was used to sample one +N 

and one -N plot at the end of the first growing season. The method for estimation of 

litter dry weights was also applied to the same plots. Regression analysis was then 

performed between the data for actual litter weights and those estimated (Appendix 2b). 

The comparison revealed that there was close correlation between data sets (r = 0.96 -N, 

r = 0.89 +N). Estimated litter weights were not corrected by applying the regression 

equations derived for larch. To further refine estimates for the allocation of litter would 

have required regression analyses for all species and treatments. Collection of the 

necessary data was not considered a practical option for the present study. A comparable 

test to examine correlation between real and estimated allocations of root fragments was 
not devised. 

A large number of dry weight components comprised the total plant dry weight. The 

data set was simplified to include only dry weights of roots, stem, needles and litter for 

individual plants. Biomass from pruned birch stem and leaves were included in the 

components of stem and litter respectively. Comparisons between the allocation of 

biomass to different plant parts required that dry weights be expressed as proportions of 

total weights. Each component of biomass was calculated as a percentage of total dry 
weight for all individual plants. 

Nutrient concentrations of dry weight components 

Concentrations of tissue N, P, K, Ca and Mg were determined for nursery plants and all 

the components of biomass harvested from experimental plots. Roots, shoots, needles 

and prunings were separately combined to give 6 bulked samples per species, per plot. 

Litter and root fragments were also divided into 6 sub-samples. All bulked samples and 

sub-samples were ground to pass through a 0.5 mm screen and then thoroughly mixed. 

One 0.1 g sub-sample of ground material was removed for determination of total nutrient 
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concentrations. 

All nutrient concentrations were derived using a modified micro-kjeldahl digest 
procedure (Allen et al., 1974). 0.1 g of ground material was accurately weighed into a 

pyrex digest tube to which was added 2 ml of H2SO4 and 1 ml of H202  (30 v/v). Tubes 

were placed in a heating block at 350 °C for 5 hours, until all organic material was 
digested and solutions had cleared. Samples were cooled and transferred to 50 ml 

volumetric flasks to be made up to 50 ml with distilled water. Reagent blanks and 

standard samples were treated in the same manner. Blanks and standards were run with 

each set of digest samples for calibration purposes. Total N and P in solutions was 

measured either by a continuous flow autoanalyzer or a flow injection autoanalyzer 

(Appendix 2c). Total K in solutions was determined by atomic emission spectroscopy 

and Ca/Mg by atomic absorption spectroscopy (Appendix 2c). 

Data presentation and statistical analysis 

The Minitab computer package was used for data handling and analysis. Statistical 

analysis of the data employed a one way analysis of variance for unplanned comparisons 

between treatment means (Sokal & Rohlf, 1981). More complex tests using nested two 

way analysis of variance were avoided as the level of computation required was beyond 

the scope of this thesis (Renshaw pers. corn.). The Minitab 'oneway' function was 

performed on sets of data to apply analysis of variance to treatment means. Mean square 

values were provided by the package and were used to perform Tukey-Kramer range 

tests between treatment means (Sokal & Rohif, 1981). Differences between means were 

tested for significance at the 5 percent probability level and are indicated in tables and 

figures. A Students t-test was applied where comparisons were required between pairs 

of means. The probability level associated with significant differences between means is 
indicated on tables where t-tests were performed. 

The glasshouse experiment was designed in a form which was intended to be analyzed by 

two way analysis of variance. The author's intention was for individual plants to 

represent 36 or 18 replicates within each of three plots harvested at the ends of two 

growing seasons. The experiment was not designed to consider individual plots as 

replicates and it is recognised that replication was insufficient to perform statistical 

analysis with plots as replicates. A consequence of tree mortality and the unequal number 

of plots harvested was to adopt one way analysis of variance between treatment means. 

Data were amalgamated from all plots from individual treatments to derive single means 

and standard deviations. Any influences of plot position on tree growth were accounted 

for by the randomization of individual plots within the combined data set for each 

treatment. Although trees within plots are not truly independent replicates this does not 

weaken the validity of comparisons between treatment means. Two independent 

statisticians have confirmed that this approach to the analysis was acceptable (Renshaw; 
Brewer pers. corn.). 
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RESULTS 

Total heights of spruce, pine and larch 

The height of birch was only recorded after two years as all plants were pruned back to 

20 cm during the first growing season. Results for all plots where height was measured 

are presented in Table 3 and include statistical comparisons between means with the 

same nitrogen treatment and harvest date. Comparisons are also made between pairs of 

means from the same treatment but with contrasting N regimes. 

After one year the general trends shown by each species were for tall larch, intermediate 

spruce and short pine. Pine had significantly shorter total heights than both other species 

at the end of year 1. By the end of the second season pine remained significantly shorter 

in +N treatments but had heights equivalent to spruce and larch in -N plots. The height 

of pine was not significantly influenced when it was planted in the same plots as spruce. 

Larch was markedly influenced by admixture with spruce; trees in -N plots were 

significantly shorter whereas those in +N plots were taller than pure larch treatments. 

Larch planted with spruce (+N) had attained the greatest mean height of all treatments in 
each season. 

Spruce demonst1ated a variety of height growth responses to admixture with other 

species of tree. A birch nurse significantly reduced mean height of spruce in -N plots at 

the end of both growing seasons. With added N the deleterious influence of birch on 

spruce height was removed. In plots with larch or pine as a nurse, spruce had shown a 
trend toward greater height growth over pure treatments. The trend was only statistically 
significant for -N plots after 1 year. 

All species made significant height growth responses to added nitrogen, irrespective of 

treatment or harvest date. The effect of N on the height growth of pine was less than its 

effect on larch or spruce. Pine shoot height increased by only 20 percent in response to 

N in year 1 and by only 30 percent in year 2. Larch in spruce mixtures made the most 

obvious height growth responses to N; with an increase of 100 or 180 percent over -N 
treatments in years 1 and 2 respectively. 

Height increments were measured in those plots harvested after two years. The results 

have not been presented as the same trends were evident for increments between the 

mean heights in each season (Table 3). All species of tree grew in height during the 



second growing season and this was most apparent for pine and birch. In -N treatments 

the mean height of pine and birch had increased by approximately 20 cm compared to 
less than 5 cm for spruce and larch. The mean heights of birch and pine, measured after 

two years, were respectively 2 and 3 times larger than heights at the end of the first 

season. In +N plots the mean heights of birch and pine in year 2 were approximately 3 

times the size of trees in the first year. Actual increments in pure birch treatments (58 
cm) were much larger than in any others (22-35 cm). 

Table 3. Mean total heights in cm for all species and treatments. Std. 

errors in italics (sIj), same letters indicate no significant differences 

(P:50.05) down columns, + vs - N comparisons use T test (*** P:!~0.001; 
** P!A.01). 

1st growing season 2nd growing season 
Treatment - N + N + vs -N - N + N + vs -N 

pure spruce 24.4 c 30.5 d 28.6 d 54.8 ed 033 055 053 1.6 
spruce with 26.9 b 30.9 d ** 30.6 d 65.4 bc pine 0.65 0.69 1.0 25 
spruce with 27.5 b 36.0 bc 32.6 bd 68.3 ab 
larch 0.71 0.13 1.0 2.5 

spruce with 20.0 d 32.6 ed 22.6 e 54.9 bed 
birch 055 1.10 0.7 2.4 
pure pine 10.9 e 12.8 e 30.8 d 39.9 e ** 

0.13 027 0.7 2.4 

pine with 11.1 e 12.0 e ** 31.4 cd 36.6 e ** 
spruce 020 023 1.0 1.0 
larch 30.9 a 37.4 b ** 35.4 bc 60.4 bed 1.03 1.15 1.6 3.5 
larch with 27.0 be 54.0 a 28.8 de 79.8 a spruce 1.06 2.48 1.2 4.7 
birch (20) (20) n. a. 38.4 ab 77.5 a 

22 35 
birch with (20) (20) n. a. 41.3 a 51.6 d spruce 1.5 1.3 

Root collar diameter 

Mean root collar diameters are presented for all species and treatments in Table 4. 

Statistical comparisons have followed the same approach as applied in Table 3. The 

main collective trend shown by individual species was for larger diameters of larch and 

birch compared to spruce and pine. After one season pure birch had a significantly 
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greater mean diameter than other species. The diameter of pure larch was significantly 

larger than spruce or pine at the end of the same period. In the second season the same 
significant differences were only repeated in pure -N plots. In +N treatments the only 

significant differences were where birch had larger diameters than spruce in pure plots. 

Pine had smaller diameters than spruce after 1 year but larger diameters after 2 seasons. 

Significant differences between pine and spruce were only present in -N plots at the end 
of the second season. 

Table 4. Mean root collar diameters (mm) for all species and treatments. 

Std. errors in italics (sI-j), same letters indicate no significant 

differences (P:A.05) down columns, N comparisons use T test (*** 

P:50.001; ** P:A.01 ). 

1st growing season 2nd growing season 
Treatment - N + N + vs -N - N +N + vs -N 

pure spruce 4.10 cd 5.74 d 5.17 e 8.40 cd 
0.06 0.11 0.08 020 

spruce with 4.57 c 5.54 de 5.71 cde 10.0 a 
pine 0.14 0.17 0.15 025 

spruce with 4.49 c 5.02 de 5.95 bcd 9.81 ab 
larch 0.15 0.14 0.15 035 

spruce with 2.86 e 4.90 de 4.49 f 8.83° abcd 
birch 0.12 0.19 0.12 0.41 

pure pine 3.80 d 5.17 de 5.66 cd 8.90 bc 
0.07 0.10 0.10 023 

pine with 4.28 cd 4.68 e 5.38 de 7.48 d spruce 0.10 0.11 0.15 023 
larch 5.57 b 7.13 c 6.84 a 8.54 bcd 

0.15 020 0.18 032 
larch with 5.82 b 8.44 ab 6.28 abc 9.75 ab 
spruce 0.19 0.37 0.17 052 

pure birch 7.72 a 8.71 a 6.67 ab 10.0 ab 
038 0.21 023 0.4 

birch with 6.08 b 7.51 abc 6.86 a 10.2 ab 
spruce 0.17 0.21 0.19 0.41 

Comparisons were made between the mean diameter of individual species in mixed plots 

and their counterparts in monoculture. Spruce planted with pine showed a significant 

increase in mean diameter over spruce in pure plots in +N treatments after 2 years. No 

other significant responses were shown by spruce mixed with pine, although a positive 

trend was apparent in -N plots. Mean diameter of pine was significantly reduced by 
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admixture with spruce in year 2 (+N) compared with pure pine plots, no other significant 
differences were indicated. Pine showed a trend for smaller diameters when planted 
with spruce in all but -N treatments after 1 year. 

Spruce diameter was greater in all plots with larch than in pure spruce plots, excepting 

+N treatments harvested after 1 year. Significant interactions with larch were only 

indicated in treatments harvested at the end of the second season. Larch had larger 

diameters with spruce compared with pure larch treatments in all but -N plots (year 2). 

Significant differences between larch in pure and mixed treatments were only apparent in 
+N plots after 1 season. 

At the end of both growing seasons the mean diameter of spruce was significantly lower 

when planted with birch in -N plots compared to pure spruce (-N). At the end of one 

year birch diameter was also smaller in spruce/birch plots (-N) compared with pure 

birch.The trend shown by birch diameters was reversed after 2 growing seasons; mean 

diameter was larger in spruce/birch plots compared with pure birch. In +N treatments 

neither the mean diameters of spruce nor birch were significantly altered by planting in 
mixed plots. 

All species had achieved larger diameters in plots with added nitrogen. Diameters of + 

and -N treatments were significantly different for all species excepting spruce planted 

with larch, pine with spruce and pure birch at the end of year 1. In the first season the 

greatest response to N was shown by spruce planted with birch which had 70 percent 

larger diameters when compared with -N plots. Least response was made by pine, with 

an increase of only 9 percent over -N plots. By the second season the diameter of spruce 

with birch +N was twice the size of spruce with birch -N. Mean diameters in pure larch 

plots showed the least response with increases of only 25 percent over -N treatments. 

Total dry weights of individual species in all treatments 

The results for the mean dry weights of plants from all treatments are presented in Table 
5. Statistical comparisons have used the same strategy as applied in Tables 3 and 4. 

Only one consistent collective trend was apparent across the range of species; birch dry 

weights were generally the largest and this was most evident after one growing season. 

Mean dry weights of all species were increased by addition of nitrogen and the 

differences between + and -N plots were significant for all treatments in year 2. Most 

marked responses to N were shown by spruce planted with birch, where mean dry 
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weight had increased to nearly 6 times that of -N plants. Pine in mixed plots with spruce 

showed least response to N with mean dry weights that were 10 and 130 percent larger 

in +N plots (years 1 and 2 respectively). The influence of nitrogen on dry weight was 

most apparent in the second season as N became limiting (Chapter 3). All species had 

increased in mean dry weight during the second growing season, excepting birch (-N) 

which had stopped growing after one year. Increments of dry weight in year 2 were 
most apparent in +N treatments. 

Table 5. Mean total plant dry weights in g for all species, treatments and 

growing seasons. Std. errors in italics (5N), same letters indicate no 

significant differences (P:!~0.05) down columns, + vs - N comparisons 
use T test (*** P:!~0.001; * P:!~-0.05). 

1st growing season 2nd growing season 
Treatment -N +N +vs -N -N +N +vs -N 

pure spruce 6.03 de 11.8 cd 9.51 b 38.5 be 
023 0.62 039 2.5 

spruce with 9.54 abc 14.1 abed * 12.9 ab 51.5 a pine 0.79 1.04 0.97 3.3 
spruce with 8.15 bed 10.5 cd n.s. 13.0 ab 49.9 ab 
larch 058 1.24 0.90 4.4 

spruce with 2.32 f 13.5 abed 5.52 c 31.3 bed 
birch 0.19 1.13 033 3.7 
pure pine 5.15 ef 9.98 cd 12.4 a 39.2 abc 

022 0.64 0.60 2.9 
pine with 6.76 cde 7.60 d n.s. 10.3 ab 23.8 d spruce 0.41 033 0.69 1.7 
larch 6.79 cde 13.5 bed * 11.2 ab 26.5 cd 0.61 1.31 0.92 33 
larch with 6.85 cde 15.8 abc * 11.2 ab 41.0 abc spruce 0.68 3.05 0.87 6.7 
pure birch 12.4 a 19.3 a * 12.6 ab 39.8 abed 

1.74 151 1.18 45 

birch with 11.9 ab 18.2 ab n.s. 15.0 a 51.5 ab 
spruce 2.09 1.16 1.12 6.1 

Comparisons between the mean dry weights of trees in monoculture and the same 

species in mixtures are made down each column of Table 5. In -N plots the dry weight 

of spruce was greater when planted in mixtures with pine and larch but lower in 

treatments with birch. This difference was significant when spruce was planted with 

birch at both harvest dates and when planted with pine after one year. The mean dry 
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weight of pine in mixture with spruce was lower than pure pine by the end of the second 

season. Pine actually showed a positive response to being in mixtures with spruce in 

year 1 but neither seasons trends were statistically significant. Larch dry weights were 

not influenced when it was planted with spruce in -N treatments. Surprisingly, birch in 

mixed plots had only shown a positive response to spruce compared with pure birch by 

the second season and this was not statistically significant 

In plots with added nitrogen, spruce also had larger mean dry weights when planted in 

mixed plots with pine and larch. The differences between pure spruce and spruce in 

mixtures were most apparent in the second season and differences were significant when 

spruce was planted with pine. Spruce dry weight indicated no significant response to 
admixture with birch, although trends were positive after one year and negative after 

two. The dry weight of pine was markedly reduced by admixture with spruce and was 

significantly different after 2 years. Mean dry weights of larch displayed a positive 

response to being planted with spruce and added N. However, the results for larch 

require careful interpretation as mortality had occurred in all larch plots (see following 

section). Mean dry weights of birch showed a positive response to admixture with 

spruce in year 2 which was not apparent in year 1. 

Mean dry weights of all plants in specific treatments 

Data sets for dry weight were combined for spruce and nurse species in each mixed 

treatment. A single value for mean dry weight was then determined for all treatments. 

The means were compared between mixed and pure plots to investigate any potential 

mutualistic responses which may have resulted from combining species. Results are 
presented in Figures 3 to 6 with statistical comparisons for each set of histograms. The 

consequences of larch mortality were considered to alter interpretation of some results. 

Where larch plants had died, a sink for plot resources was effectively removed, releasing 

a larger proportion of those resources to the trees remaining. A simplistic correction to 

mean dry weights applied the divisor n5  for fully stocked plots (n=36), rather than nr  for 

the actual number of remaining plants (the numerator being Y, dw. of all plants). 
Corrected means are presented below the actual means on the histograms but are not 
included in statistical analysis. 
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Figures 3 - 6. Mean total plant dry weight for each treatment and harvest date (both 

species combined in mixed plots). Same letters indicate no significant difference between 

means (P:50.05). Larch means corrected for mortality: - 
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After one growing season the mean dry weight of birch in monoculture was significantly 

greater than means of any other -N treatment (Figure 3). Birch and spruce in mixed 
plots had a mean dry weight which was only 60 percent of pure birch and was not 

significantly different from pure spruce. Mean dry weight of spruce and pine in mixed 
plots was significantly larger than their counterparts in monoculture. Weights of pure 
spruce were 75 percent of spruce/pine and pure pine was only 60 percent of trees in 

mixture. Treatments with larch appeared to have greater mean dry weights than pure 

spruce or pine but differences were not statistically significant and are reduced when 
corrected for mortality. 

By the end of two growing seasons any disparity between the mean dry weight of pure 

birch and other treatments was considerably reduced (Figure 4). Pine and spruce/larch 
treatments had mean weights which were equivalent to birch and all were significantly 

larger than spruce (-N). Mean weight of spruce/pine plots was no longer any different to 

their separate counterparts in monoculture. Mean dry weights of pure larch and 

larch/spruce were markedly reduced when corrected for mortality. The parity of 
corrected larch/spruce means with pure spruce suggested that the enhanced actual mean 

weights in mixtures were largely a response to mortality of larch. 

The mean dry weight of pure birch was significantly larger than all other +N treatments, 
excepting spruce/birch after the first season (Figure 5). The mean dry weight of 
spruce/birch was significantly larger than spruce/pine or pure pine. There were no 

trends to suggest any mutualistic responses by combinations of species in mixed plots 
with added nitrogen. 

After 2 growing seasons all +N treatments had similar dry weights excepting pure larch 
(Figure 6). Mean dry weight of pure larch was only 65 percent of the mean of other 
treatments and only 55 percent when the mean was corrected for mortality. The trend 

shown for a larger mean of larch/spruce plants was removed when the actual mean was 
corrected for mortality. 

Dry weight distribution between different plant parts 

The dry weight for each component of biomass was expressed as a percentage of total 

plant dry weight. Means of the dry weight proportions were calculated for each species 

in all treatments and were compared by analysis of variance (Table 6). The influence of 

admixture on the dry weight distribution in each tree species is examined in Table 6. To 
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simplify comparisons of dry weight allocation between species, N treatment and harvest 

date, the data from mixed and pure plots was pooled to derive a single mean for each 

species. Means are presented as a proportion of total weight for each plant part in Figure 
7. Statistical differences are indicated by letters within each biomass component, apart 

from litter, where weights were derived from bulked samples. The dry weight of birch 

prunings was included in stem or litter components for pruned stem and leaves 
respectively. 

The dry weight distribution of some tree species was altered by admixture with spruce in 

certain treatments (Table 6). After one year pine planted with spruce (-N) had greater 

proportions of needles and less root than trees in pure plots (lower root:shoot ratios). 

Pine with spruce in +N treatments showed a similar increase in the amounts of biomass 

allocated to needles after 2 growing seasons. Only one significant response was shown 

by larch to admixture with spruce; the proportion of stem dry weight was lower in -N 

plots with spruce after 2 growing seasons. Birch in +N plots demonstrated different 

responses to admixture with spruce after each season. In year 1 birch had lower 

proportions of stem in mixtures and in year 2 proportions of root dry weight were lower 
in mixed plots. 

The common response to added nitrogen shown by all species was a reduction in the 

proportion of root dry weight and an increase in the allocation to stem and needles (i.e. a 
reduction of root:shoot ratio, Figure 7). Reductions of root proportions were significant 
for all comparisons excepting larch harvested in year 1. Increased proportions of stem 

were significant for all species, apart from larch and pine in year 1. Larger proportions 

of needles were significant for pine after each harvest date and for spruce in year 2. 

Trends for needle retention by pine and spruce indicated that less litter was produced in 

plots with added nitrogen. Larch and birch litter was an index to the proportion of 

foliage dry weight produced by each species, but showed no consistent trends to infer 
any response to N. 

As the experiment progressed, and nitrogen deficiency increased, each species exhibited 

a changing pattern of biomass allocation. Spruce (-N) increased proportions of root and 

stem dry weight whilst reducing relative amounts of needles. Spruce (+N) displayed a 

similar strategy toward allocation to stem and needles but did not increase proportions of 
root ±y weight. 
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Table 6. Components of plant biomass expressed as a percentage of total 

plant dry weight. Means with std. errors (sI..f) in italics, same letters 

indicate no significant difference down columns at the P0.05 level. 

Year 1 -N. Year 1 +N 
stem root needles litter stem root needles liner 

pure spruce 24 c 36 d 40 c -- 34 cd 25 b 41 c -- 027 059 058 0.49 Ofui 053 
spruce with 24 c 35 d 41 be -- 30 e 29 a 41 	c -- pine 058 0.86 0.78 0.72 0.88 0.69 
snruce with 25 c 34 d 41 be -- 32 de 21 b 47 b 1rch 0.61 095 0.77 0.82 0.80 1.17 

-- 

spruce with 23 c 37 cd 40 be -- 34 cd 24 b 42 c -- birch 0.70 0.97 IIX) 0.81 0.63 0.71 
pure pine 11 d 45 a 44 b -- 11 	f 30 a 59 a -- 023 057 055 0.47 0.89 0.80 
pine with 12 d 

0.47 40  be 49 a -- 11 	f 29 a 60 a -- spruce 0.91 0.91 037 1.04 0.97 
pure larch 37 a 34 d - 29 48 .a 31 a -- 21 059 058 . 058 0.58 - 
larch with 37 a 33 d - 30 50 a 30 a -- 20 spruce 1.08 0.97 - 0.78 0.78 . - 
pure birch 32 b 49 a -- 19 43 b 32 a -- 25 0.90 1.46 . - 0.85 123 - 
birch with 
spruce 

34 ab 
4.13 

44 abc 
3.12 

- 2237 c 33 a -- 30 - 1.13 

Year 2-N Year 2-i-N 
stem root needles liner stem root needles liner 

pure spruce 27 c 37 b 26 b 10 40 b 22 e 34 a 4 035 030 038 - 0.45 037 039 -- 
spruce with 27 c 39 b 26 b 8 40 b 25 d 32 ab 3 pme 0.74 0.99 0.72 - 0.47 0.45 0.44 -- 
spruce with 
1rch 

28 c 37 b 28 ab 5 42 b 25 cd 31 ab 2 0.48 057 058 - 0.45 036 0.49 -- 
spruce with 27 c 38 b 31 a 5 39 b 25 cd 28 c 8 birch 0.69 0.72 0.83 - 0.93 0.91 0.95 -- 
pure pine 20 d 39 b 20 c 21 25 c 27 c 30 be 18 0.44 0.41 049 - 0.74 043 0.77 -- 
pine with 22 d 37 b 21 	c 20 24 c 26 cd 34 a 16 spruce 0.70 0.71 0.85 - 0.72 0.66 0.73 -- 
pure larch 40 a 33 c -- 27 47 a 21 ef -- 33 039 0.49 - 055 049 -- 
larch with 29 be 30 C - 41 47 a 18 f -- 35 spruce 0.80 0.72 - 0.83 0.49 -- 
pure birch 31 b 44 a -- 25 40 b 35 a -- 25 0.61 0.83 - 0.67 0.81 
birch with 28 bc 45 a -- 27 39 b 31 b -- 30 spruce 058 1.12 - 0.89 0.92 -- 
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Pine had significantly larger proportions of root in the second season, a similar 

proportion of stem and less needles due to litterfall. Larch (-N) showed no changes in 

biomass allocation with age. Larch (+N) developed a smaller ratio of roots to stem as 

litter accumulated with age. For birch the allocation of biomass to roots was reduced, 

proportions of stem increased and the proportion of litter components remained relatively 
constant. 

Comparisons between biomass allocation by different species were examined for each 

dry weight component between nitrogen treatments and harvest dates (Figure 7). Birch 
had the largest proportion of root in all but +N plots after the first season, where no 

differences were apparent between birch, larch or pine. Pine had larger proportions of 

root than spruce in year 1 but showed no differences by the end of the second season. 

Larch had the smallest proportion of roots in year 2, with similar patterns of allocation to 

spruce in year 1 (-N). Larch had relatively more root than spruce in +N plots (year 1). 

The ratios of stem weights to total dry weights followed the order 

larch>birch>spruce>>pine for all N treatments and harvest dates, excepting year 2 (+N) 

plots. In these plots spruce had the same proportion of stem as birch. Pine allocated 

more dry weight to needles than spruce in the first year but this was reversed in year 2 as 

pine lost more needles to litter. Trends shown for the proportions of litter produced by 

birch and larch were little different between species. 

Nutrient concentrations of different plant parts 

Nutrient concentrations were determined for sub-samples of all plant parts in each 

treatment and for both harvest dates. The results for nitrogen concentrations are reported 

in detail in this chapter. Concentrations of P, K, Ca and Mg are summarized in 

Appendices 2(d) to (g). Only general trends will be reported from the appendices where 

they are considered to be important to the discussion of results. 

All N concentrations are summarized as means in Table 7. Statistical comparisons are 

confined to tissue concentrations of the same dry weight components of all species from 

pure and mixed treatments. No comparisons are presented for different N treatments or 

harvest dates but general trends will be reported. N concentrations were higher in +N 

treatments, compared with -N, excepting the case of birch in year 2. The N levels in 

biomass declined from the first to the second harvest date as mineral-N reserves were 

depleted from peat (Chapter 3). 
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Table 7. Nitrogen concentrations of different plant parts (% of dry 

weight). Means with std. errors (sI..j) in italics, same letters indicate no 

significant difference down columns at the P:A.05 level. 

.Yearl -N Year l+N 
stem root needles litter stem root needles litter 

pure spruce 0.40d 0.82def 0.93c -- 1.02c 2.24c 2.40bc -- 1)14 .015 .039 .040 .059 .036 
spruce with 0.46 d 0.81 def 0.96 be -- 0.98 c 2.34 c 2.12 c -- pine 1)22 .019 .050 .039 .096 .070 
SDruCewith 
1rch 

0.5lcd 0.93cd 1.18b -- 1.06c 2.37c 1.82c -- .021 .011 .082 .039 .100 .053 
spruce with 0.38d 0.84def 1.10bc -- 0.75d 1.23e 1.74.c -- birch .015 .023 .050 .027 .091 .083 

pure pine 0.70 b 0.86 de 1.13 bc -- 1.57 b 2.55 be 1.83 c -- 1)37 .040 .052 .032 .091 .036 
pine with 0.67 be 0.75ef 1.00bc -- 1.60 b 2.84 ab 1.86c -- spruce 1)25 .028 .034 .063 .097 .083 

pure larch 1.22a 1.33a -- 0.86b 2.06a 2.81 ab 1.44b 1)92 .103 .028 .062 .052 .036 
larch with 1.14a 1.30 ab -- 0.87b 1.95a 3.17a -- 1.14c spruce £41 .033 .029 .057 .095 .019 

pure birch 0.75 b 0.63 f 1.62 a 0.76 b 1.01 c 1.70 d 3.75 a 1.74 a 1)24 .015 .055 .020 .023 .042 .047 .022 
birch with 
spruce 

0.74 b 
1)16 

112 be 
.637 .0 .0 

1 77 a 1 33 a 
.615 

1 34 b 
.674 

2 47 c 3.00 b 1.77 a 
.641 .297 .028 

Year 2-N Year 2+N 
stem root needles litter stem root needles litter 

pure spruce 0.29 c 0.55 b 0.67 ab 0.73 a 0.46 b 0.89 b 1.27 a 1.26 b 1)10 .019 .017 .024 .040 .097 .067 .066 
spruce with 0.26 c 0.51 be 0.65 ab 0.70 a 0.37 b 0.71 be 1.24 a 1.03 be pine .004 .012 .012 .012 .016 .032 .048 .041 
spruce with 0.24 c 0.54 b 0.60 b 0.67 ab 0.30 b 0.50 c 0.98 a 0.91 cd birch 1)11 .018 .013 .011 .023 .044 .055 .023 

pure pine 0.30 e 0.50 be 0.73 a 0.40 c 0.50 b 0.91 b 1.21 a 0.78 d .011 .018 .010 .031 .083 .056 .045 
pine with 0.25 e 0.46 c 0.72 a 0.36 c 0.52 b 0.94 b 1.22 a 0.94 cd spruce .007 .012 .041 .015 .029 .065 .045 .044 

pure larch 

pure birch 

birch with 
spruce 

0.53 a 0.64 a 
1)20 	.020  

0.46 b 0.56 b 
1)33 .027 

0.43 b 0.50 be 
1)21 .015 

-- 	0.79 a 	1.09 a 	1.42 a 
.050 	dli 	.109 

-- 	0.57 b 	0.39 b 0.37 c 
.008 	.097 	.014 

-- 	0.70 a 	0.50 b 0.46 c 
.027 	.033 	.015  

-- 	l.S7a 
.066 

-- 0.50e 
.006 

-- 	0.68 de 
.017 

HE 



Two levels of comparison can be made from Table 7; between species and within 

pure/mixed treatments of the same species. A common trend across tissue N 

concentrations was for the highest levels to be recorded in larch, excepting the 

comparison with birch litter in year 1 (+N). No collective trends are apparent across the 

dry weight components of spruce, pine or birch as individual species. Within stem 

tissue, spruce generally had the lowest N concentrations and within foliage birch 

prunings had highest levels of N. 

The influence of admixture on tissue N concentration was least apparent in pine and larch 

treatments (although the latter were only measured after year 1). Litter N concentrations 

of larch were significantly lower when taken from plots where it was planted with spruce 

(+N). Spruce had higher needle-N concentrations when planted with larch in year 1 

(-N). No interactions were indicated by pine or spruce when they were planted in shared 

plots. Changes in N concentrations were apparent when spruce and birch were planted 

together. In +N plots stem and root concentrations of spruce were lower when planted 

with birch at the end of the first season. The same trend continued into year 2 (+N) with 

significantly lower N levels in spruce root and litter when planted with birch. No 

changes of N concentrations were evident for spruce with birch in -N plots. Birch N 

levels generally showed a positive interaction to admixture with spruce. Significant 

differences were indicated for roots (year 1), stems (year 1 +N) and litter (years 1 and 2 
-N). 

Nitrogen uptake by all treatments 

The actual nitrogen capitals of individual plants could not be determined as tissue N 

concentrations were measured from 6 bulked samples of parts from 6 or 3 plants, 

depending on treatment. For discussion purposes the N capital of each component of 

biomass was estimated from the product of the mean N concentration and mean dry 

weight of each plant part. The sum of component N capitals was used to compare the 
total N present in trees of mean dry weight. N uptake by 'mean' trees was estimated as 

plant total N less the mean N capital measured in plants at the beginning of the 

experiment (Appendix 2 a). Total N uptake within each plot was represented as the 

sum of all plants harvested from the plot. Mean values for plot uptake are presented in 
Figures 8 to 11 for both N treatments and each harvest date. 

ON 



Figure 8. 

-N treatments, year I harvest 

2500 

2000 

	

00 	

1500 

	

- 	1000 z 
500 

Figure 9. 

-N treatments, year 2 harvest 

2500 

2000 

1500 
C) 

1000 z 
500 

0 

12000 

8000 

Z 	4000 
Figure 10. 

±N treatments, year 1 harvest 

0 

12000 

- 	8000 
E 

I 
Z 4000 

Figure 11. 

+N treatments, year 2 harvest 

0 
Mixed plots: 	

Plot 

LLLJ
spruce  [J nurse 

C) 	.5 E 	•. - 
C) 	

E 

Figures 8 - 11. Mean total N uptake from the sum of all biomass components 

harvested from glasshouse plOts ( both species combined in mixed plots ). 
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An important limitation to the interpretation of results for estimated uptake must be 

addressed to plots with no fertilizer-N. Comparisons between estimates of uptake 

following each growing season revealed that in some cases uptake was lower after two 
years than after one (Figures 8 and 9). Birch and spruce/pine treatments demonstrated a 

marked reduction in uptake over two seasons compared with uptake in year 1. Uptake 

of pure spruce and pine had increased whereas other treatments showed no changes. 

Two factors could have accounted for this apparent anomaly; the weight of peat in each 

plot and the limited reserves of peat inorganic-N available for uptake (Chapter 3). The 

relationship between the dry weight of peat in each plot and the total plot N uptake was 

investigated for all treatments harvested (Figure 12). The regression line does not 

demonstrate a clear trend for greater N uptake in plots with more peat, and the low 

correlation obtained was not statistically significant (r = 0.4). A more probable 

explanation was that initial peat available-N concentrations were variable between plots. 
The scatter of points in Figure 12 does not suggest that any clusters of specific 

treatments or even harvest dates could be related to the observed variation. However, 

the number of plots harvested did not provide sufficient replication for statistical 
comparisons between different treatments. 

2000 

I 
1500 

Y = 211x+97 R=0.41 

EP 

IPM 	EP 

13 

III 

5 	6 	7 	8 	9 
plot peat d.w. (kg) 

Figure 12. Regression of total N uptake against peat dry weight in plots 
for all plots harvested after each growing season. 

Total uptake estimated for different treatments in -N plots will not be compared as trends 

for a given treatment may well be an artefact of peat inorganic-N levels. The relative 

proportions of N assimilated by individual species in mixed plots is worthy of further 
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consideration. Spruce assimilated a larger proportion of total N from plots with larch 

and pine than had either nurse species. For both harvest dates, uptake by spruce 

amounted to approximately 60 percent of total plot N. Spruce planted with birch 

assimilated much lower proportions of total N; 16 and 26 percent after years 1 and 2 

respectively. Spruce with birch had less than half the uptake of N per plant compared to 
pure spruce plots. 

Plot volume did not exert a major influence on the uptake of N in +N treatments. Levels 

of inorganic-N present in peat prior to fertilization comprised less than 10 percent of the 

total mineral-N following fertilization. Differences in plot volume would therefore not 

influence to the quantity of N available for uptake significantly. Estimated uptake of N 

increased in all treatments between harvest dates (Figures 10 and 11). Treatments 
containing larch and birch indicated the most rapid assimilation of N in year 1. By the 

second harvest date all treatments had assimilated approximately the same amounts of N. 

Comparisons between pure and mixed treatments suggested that spruce exerted a 
competitive advantage over pine for nitrogen but was less successful in the presence of 

larch and birch. With pine the uptake of N by spruce equated to 64 percent of plot totals 

after each growing season. As individual plants, spruce assimilated an additional 17 

percent of N in year 1 and 25 percent after 2 years when compared to trees in pure plots. 

Uptake by pine was reduced to 78 and 64 percent of N estimated for individual plants in 

pure plots (years 1 and 2 respectively). After the first growing season spruce planted 

with larch and birch contributed approximately 33 percent to total plot uptake of N. Both 

nurse species assimilated more N as individual plants when in mixtures with spruce. 

Spruce plants in mixed plots had taken up N at rates equivalent to 78 percent of those 

estimated for pure plots. By the second season spruce with birch still contributed a 

similar proportion to plot N uptake (31 percent). Uptake by individual spruce, planted 

with birch, was only 60 percent of N levels assimilated by pure spruce at the end of the 
second growing season. 

Allocation of total N capitals to different plant parts 

Total nitrogen capitals of each component of biomass were estimated for individual 

species in all treatments. N capitals were expressed as a percentage of total plant N to 

compare patterns of allocation between each tree species. Results are presented as 
histograms in Figures 13 to 16. Data from mixed and pure plots were combined to 

simplify presentation. Statistical analysis was not considered appropriate as values were 

derived from means of mean N concentrations and mean dry weight proportions. 



Nitrogen distribution between birch plant parts is presented as two forms for discussion 

purposes. The first column represents N allocation measured directly from the 

components harvested. The second column excludes a proportion of the total N capital 

from prunings and allocates the remaining N capital to litter and stem components. Had 

the prunings not been removed during the first growing season then their biomass would 

have contributed to the stem and litter components when trees were harvested (as 
presented in Figure 7). A proportion of the N capital of prunings would have been 

retranslocated as new meristerns were initiated and as leaves senesced. N concentrations 

of prunings were much higher than those of stem and litter at the end of the first growing 

season (Table 7). Excision of prunings resulted in a proportion of total plant N being 

separated from the process of retranslocation and assimilation into biomass. To estimate 

this proportion of 'lost' N the N capitals of pruned stem and leaves were recalculated. 

Revised capitals were derived from the product of prunings dry weight with N 

concentrations of stem when harvested and of litter at the end of year 1. 'Lost' N was 

assumed to be the difference between true N capitals of prunings and those recalculated 

from stem and litter concentrations. Birch N distribution was expressed as a percentage 

of total plant N, less that quantity of 'lost' N. Recalculated capitals for pruned stem and 

leaves were allocated to stem and litter components (Figures 13 to 16). Transformed 
data for N distribution was intended to represent the potential allocation of N by birch 

had prunings not been removed. 

Spruce and pine had similar strategies for N distribution across the range of N treatments 

and harvest dates. In all comparisons spruce had allocated slightly higher N capitals to 

stem and lower capitals to litter. Pine had larger proportions of total N in roots than 

spruce in +N treatments. Pine and spruce exhibited similar N distributions for + and -N 

treatments after 1 year. After 2 growing seasons -N treatments devoted larger reserves 

N to root and less N to needles compared with +N treatments for both species. 

The deciduous species had quite different patterns of N allocation to spruce and pine. 

Although birch and larch allocated a similar proportion of N to roots, as spruce and pine, 

they had considerably larger shares of stem N capital. Not surprisingly, litter contained 

a larger proportion of total N for deciduous species. 
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Figures 13 -16. Mean proportions of total N capitals allocated to different components of 

tree biomass. Species means derived from pooled data from mixed and pure treatments. 
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The contribution of litter -N to plant totals increased with added N for deciduous species 

but was not affected for spruce or pine. Real birch N distributions showed that up to 

half total plant N had been recovered as prunings and litter (Figure 16). Percentages of 
'lost' N equated to between 9 and 19 percent of total N capitals (year 2-N and year 2+N 
respectively). 

Nitrogen use efficiency of total biomass 

Nitrogen use efficiency (N.U.E.) was expressed as plant dry weight per unit of N 

assimilated (g d.w./gN), or alternatively, the reciprocal of total dry matter N 

concentration. N.U.E. was derived from the sums of biomass and N capitals from all 

components of a given tree species. One value for N.U.E. was determined from each 

plot for each individual species. Means of N.U.E. are presented for all species and 
treatments in Figures 17 to 20. Birch treatments are presented with two different values 

for N.U.E. The lowest value was derived from the real data set which contained 

untransformed N capitals for prunings. The upper value was calculated after subtraction 

of the 'lost' N fraction from total N capitals and is intended to represent N.U.E. had 

prunings not been removed. Statistical analysis was not considered appropriate for the 

data set and consequently only trends will be reported from the results. 

The common trend demonstrated by all trees was for N.U.E. to increase as N became 

limiting. Plants from +N treatments always had lower N use efficiencies than their 

counterparts in -N plots. As the experiment progressed, and mineral-N levels in peat 

were depleted (Chapter 3), N.U.E. increased in all treatments. Where the uptake of N 

by one species was restricted by the presence of another in a mixed plot then an increase 

in N.U.E. may have been expected. The proposition was confirmed by the case of 

spruce in +N plots with birch, where spruce N.U.E. was equivalent to spruce in -N 

treatments after 2 years. Changes in N.U.E. by other representatives of mixed plots 
were less striking. 

Pine showed a marginal increase in N.U.E. over pure plots when planted with spruce 

(-N). No increases of N.U.E. were indicated by pine in +N mixtures despite a 
considerable influence of spruce on N uptake (Figures 10 and 11). Larch showed no 
trends to suggest any response of N.U.E. to admixture. Birch did appear to have slightly 

lower N use efficiencies when planted with spruce which would reflect its competitive 
advantage for N indicated by uptake. 
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General trends shown by individual species for N.U.E. became more apparent as N 

became limiting, particularly in +N treatments. Spruce and pine had similar N use 

efficiencies excepting where spruce was planted with birch. Larch generally had the 

lowest N.U.E. which reflected the high tissue N concentrations measured (Table 7). 

Birch N use efficiencies were considerably influenced by the premature harvesting of 

prunings with high N concentrations. In +N treatments (year 2) exclusion of the 

prunings-N component from N.U.E. calculations resulted in N use efficiences for the 

remaining biomass which were equivalent to those measured in -N treatments. 

To derive an approximation for N productivity (N Agren 1983, 1985) the growth rates 

of all species have to be accounted for. This can be achieved by a simple method 

whereby N productivity is expressed as g d.w./g N per year, i.e. N.U.E. in year 1 and 

N.U.E./2 in year 2. The interesting outcome from this transformation is that 

decreased in -N plots and increased in +N treatments (excepting larch) between harvest 

dates. Relative comparisons between treatments are the same as discussed for N.U.E. 

and as such the results do not warrant separate presentation. 

Figures 21 to 28 present regressions of plot N uptake and total plot N capitals against the 

sum of dry weight for each individual species in each glasshouse plot. The slope of each 
regression line equates to either N uptake efficiency or total N use efficiency. Close 
correlation was obtained between N uptake I dry weight and total N / dry weight for -N 
plots. Generally, all species of tree had similar internal N concentrations and N.U.E. In 

+N plots close correlation between uptake or total N and dry weight is only apparent in 

year 1 when N fertilizer had not been completely depleted. In year 2 differential rates of 

uptake meant that N was depleted earlier in certain treatments (eg.birch) causing internal 

N concentrations to decrease with the onset of N deficiency. Spruce planted with birch 

(+N) was excluded from the regression analysis as the high N.U.E. of spruce was 

atypical, compared with all other species and treatments (Figures 19 and 20). 

SJO 



500 

400 

01 

300 

2(X) 

100 

500 

400 

300 

210 

100 
z 

Y= 16116 r=0.90 

a 
y=108x+2 r=0.88 

I 

z b(X) 

I 500 

400 

300 

200 

100 

0 	 1 	 2 	 3 
Figure 23. Year 2-N 	N uptake (g) 

yr2O5x+44 r=0.93 

500 
	 y= 147x+50 rr0.91 	• 	1 

400 

300 

. 	200 

100 

0 

0 	 1 	 2 
Figure 24. Year 2-N 	total N () 

3 

600 

500 
01 

400 
Os 

it  300 

200 

100 

0 

yr 52x-9 ro0.96 

0 	3 	6 	9 	12 
Figure 26. Year2 +N 	total N (g) 

z 
2000 

+ 
1500 

Os 

1 1000  

500 

0 

2000 

Os 

1 1000 

-c 

0 

0 	 1 	 2 
Figure 2l. Year l.N 	NupLaeg 

3 1 	2 	3 
Figure Z2. Year l.N 	total N(g) 

4 

F00 

6(X) 

500 

400 

300 

V 2(X) 

100 

0 

0 	2 	4 	6 	8 	10 
Figure 25. Year 2 +N 	N uptake (g) 

0 	2 	4 	6 	8 	10 	12 	14 

	

Figure 27. Year 2 +N 	N uptake (g) 
0 	2 	4 	6 	8 	10 	12 	14 

	

Figure 28. Year 2 +N 	total N (g) 
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DISCUSSION 

General assumptions and thesis for discussion 

The following discussion will propose that the amount of inorganic-N taken up by trees 

was the major factor controlling observations of growth within glasshouse plots. Other 

plant nutrients were either added (P,K) or already present (Ca, Mg) in sufficient 

quantities to be surplus to uptake requirements in both nitrogen treatments. This 

assertion was supported by the tissue concentrations measured for P, K, Ca and Mg 

which were above levels associated with deficiency by other workers (Everard, 1973; 
Benzian & Smith, 1973; Ingestad, 1979). 

Competition for light was inevitable within intimately planted plots and became more 

noticeable in the second growing season, particularly in +N treatments. In pure plots of 

a given nitrogen treatment all trees experienced a similar degree of above ground 

competition. However, shoot growth rates relative to each species in mixed plots could 

have led to differential rates of light interception and carbon assimilation. In spruce/pine 

and spruce/larch treatments, shading was not considered to be any different to that 

experienced by individual trees in pure plots. Foliage produced by the rapid early 

growth rates of birch did threaten to cause above ground competition. Birch was pruned 

on two occasions to prevent excessive shading of neighbouring plots and of spruce in 

mixtures. It is proposed that below ground competition for N was more important than 

above ground competition for light in all plots. 

Having made the assumption that N was the principal factor limiting biomass 

production, the results will all be discussed in terms of N uptake and utilization. The 

perspective which has been adopted was intended to relate to the objectives stated in the 

introduction and which have been behind all planning and analyses. It is recognised that 

selected data could warrant alternative emphasis, however, the remit of this thesis will 

not be extended beyond that originally intended. 

The availability and uptake of nitrogen (-N treatments) 

A detailed description of the sources of inorganic-N available for uptake in glasshouse 

plots is given in Chapter 3. The peat contained low levels of mineral-N and did not 

accumulate extractable forms of N as a result of mineralization of peat organic-N whilst 

in the glasshouse. Planted peat did not show any influence of treatment on the amount 

of mineral-N released during laboratory incubations. All planted peats had lower rates of 
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mineral-N release during incubation's than unpianted peats. The recalcitrant nature of the 

peat, with respect to decomposition, meant that levels of N available for uptake depended 

largely on the quantity of peat used in plots and the initial concentration of inorganic-N 
contained in the peat. 

The dry weights of peat used to fill individual plots were different (Appendix 3c). The 

total plot uptake of N could have been expected to vary by up to 40 percent, had uptake 

been solely dependent on peat weight. However, variation in plot N uptake was not 

closely associated with variation of the peat dry weight in plots. Although there was a 
general trend for increased N uptake with larger peat weights, correlation between 
individual plot uptake and peat weight was low. If the bales of peat used to fill 

glasshouse plots had contained different initial concentrations of available-N this may 

explain the variation observed in plot N uptake. One bale contained sufficient peat to fill 

3 plots and although peat was homogenised in a compost mixer, it is possible that some 

plots were filled with peat entirely from one bale. Initial concentrations of extractable-N 

were derived from bulked sub-samples, taken as peat was being mixed, and this method 

of sampling would not have detected any variation between the available-N in bales. 

Uptake of N is expressed as a function of peat dry weight for discussion purposes in 

Chapter 3. The mean plot uptake/peat d.w. for all treatments and harvest dates (224 mg 
kg-1) can be compared directly with the mean concentration of acetic acid extractable -N 
in unpianted peat (130 jig g-1). All combinations of tree species were more efficient at 

removing inorganic-N from peat than an acetic acid extractant (Chapter 3). It is 

suggested that part of the total N uptake was derived from a proportion of the readily 

mineralizable forms of N in peat (Chapter 3). 

Mean plot uptake of N for different treatments did show large variation, even when 

expressed as a function of peat weight. Surprisingly, no consistent trends were shown 

by specific treatments at both harvest dates. There was no evidence to suggest that any 

one species, or combination of species, could access greater quantities of N from a 

specific volume of peat. Paradoxically, the glasshouse experiment failed to reproduce 

the observed differences in uptake reported from field investigations (Carlyle, 1984; 
Miller & Miller, 1986; Carey et al., 1986; Carey & Hendrick, 1986). In a microcosm 

experiment, Campbell (1988) grew Sitka spruce and lodgepole pine in fixed volumes of 

a more humified peat than used in the glasshouse. In a comparison of N uptake between 

species, pine assimilated 39 percent more N than spruce. Levels of microbial activity 
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were greater in pine plots but Campbell could not confirm that increased N uptake was a 

consequence of enhanced N mineralization under pine. In microcosms containing a 
50:50 mixture of spruce:pine total N uptake was the same as for pure spruce. Campbell 
concluded that N uptake could easily have been retarded by the presence of spruce, 
rather than enhanced by the presence of pine. 

The present study did confirm the poor substrate quality of oligotrophic peats as a source 

of available-N for trees. The work reported in Chapter 3 demonstrated that the poorly 

humified experimental peat was virtually inert with respect to the mineralization of 

organic-N. It is concluded that most non-leguminous species of tree planted under these 

experimental conditions would access and assimilate similar quantities of mineral-N from 
a given volume of peat. 

The availability and uptake of nitrogen (+N treatments) 
In +N treatments the predominant forms of nitrogen available for uptake were those 

supplied as fertilizer-N. As the contribution of mineral-N already present in peat was 

only a small proportion of total mineral-N, any influence of plot weight on N uptake has 

been discounted. Unlike -N plots, the trends shown for the uptake of N by different 

treatments follow a consistent pattern between growing seasons. Despite the limited plot 

replication, it is proposed that the assimilation of nitrogen occurred at a faster rate with 

birch and larch, than with spruce and pine. However, no differences-in the final quantity 

of N assimilated by each treatment could be shown at the end of the second season. 

Measurements of extractable-N (Chapter 3) reflected the inverse of N uptake by each 

treatment. Larch, birch and spruce/birch treatments had removed more than 85 percent 
of fertilizer-N by the end of the first growing season. By the end of the second season 
all treatments had removed more than 85 percent of fertilizer-N. Some tree species did 

demonstrate a preference for the uptake of the nitrate form of fertilizer-N and this is 
discussed further in Chapter 3. 

There are no comparable studies of young trees which have examined N uptake per se 
for the species planted in the glasshouse. It is widely accepted that certain tree species 

make more rapid growth responses to conditions of high soil nutrient availability (Good 
& Williams, 1986; Cannell et al., 1988). Linder and Rook (1984) have described the 

responses of trees which exhibit 'free growth' (e.g. birch) and those of species with 

preformed buds and determinate shoot growth (e.g. pine). Free growth strategies allow 

a more rapid response to increased nutrient supply and, by implication, species with free 
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growth could be expected to assimilate larger quantities of N into biomass. Ingestad & 

Kähr (1985) have reported that under conditions of 'free access' to nutrients, conifers 

accumulated nitrogen to luxury tissue concentrations with no corresponding increases in 

growth rates. The tendency for luxury uptake was not noted for birch and poplar grown 

under the same conditions of free access (Ingestad, 1979; Jia & Ingestad, 1984). 

Concentrations of N measured in glasshouse trees did not indicate that any species had 

indulged in luxury uptake. Tissue N concentrations were no greater than those expected 

for good quality 1+1 nursery plants (Benzian & Smith, 1973). 

Height, biomass and nutrient use efficiency 

The height attained by trees in different treatments can be explained by the shoot growth 

responses expected of plants with high or low nitrogen status. In the first season the 
height growth of pine was partially predetermined by buds formed prior to planting. 

Consequently there was very little difference between the mean heights of all treatments. 

A small increase in the mean height of +N treatments was actually due to larger apical 

buds, rather than longer shoots. Extension growth of spruce and larch was comprised 

of two flushes; main leader extension in April/May and secondary lammas growth later 

in the season. The height growth response to N by larch and spruce was largely due to 

their ability to produce lammas growth. Birch was capable of a series of flushes of 

shoot growth as leaf initiation, leaf expansion and shoot elongation occurred together 

(free growth). Birch would have been the tallest species in both N treatments had 
pruning not been necessary. 

During the first growing season, all primordia for the second seasons growth would 

have been initiated by spruce, pine and larch. Numbers of primordia would have been 

greatest in those trees with rapid apical growth and high N status. Nitrogen deficiency, 

encountered in -N plots after one year, reduced the rate of shoot extension. Shoot 

extension of spruce and larch was influenced more than for pine and birch. 

Unfortunately the mechanisms which control shoot growth are not fully understood 
(Linder & Rook, 1984). The initiation of leaf primordia may be related to current 
growth rates and N concentrations but subsequent development of primordia decreases 
below a critical N concentration (Fagerstrom & Lohm, 1977; Linder & Rook, 1984). 

In the present study the critical N concentration which was associated with a decline in 

spruce height increments was below levels measured with birch (+N) and above those 

measured in -N treatments. Pine and birch would appear to have much lower critical N 
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concentrations than spruce or larch. Wareing (1980) has proposed that for some species 

internal N concentrations are less important than endogenous growth regulators as 

mechanisms to control shoot growth. Hence Sitka spruce would tend to make less 

growth and form a resting bud under N deficient conditions whereas pines and birches 

would continue shoot growth with low N supply (Linder & Rook, 1984). It is 

interesting to speculate that observations regarding the 'nutrient demands' of certain 

species could be partially explained by the specific mechanisms controlling shoot growth 

under conditions of nitrogen deficiency. 

The rate at which biomass was produced in different treatments can be related to some of 

the physiological characteristics already discussed. The capacity for free growth has 

been cited as an advantage to some species in terms of rapid shoot and leaf area 

production. Cannell (1987) compared the physiological factors which influenced the 

seedling growth rates of Sitka spruce compared to other species. Generally, the 

photosynthetic rates of seedlings are lower in the Pinaceae than in the broadleaved 

Salicaceae or Betulaceae and this is attributed to lower specific leaf areas in the latter 

families. It is proposed that rapid leaf area production and high photosynthetic rates led 

to the early growth advantages shown by birch in the glasshouse. Observations from 

forest nurseries would support the contention that seedling growth rates (measured as 

total height) are greater for the larches and birches compared to pines and spruces 
(Aldhous, 1972). 

Total biomass production did accord well with the N productivity concept as defined by 

Agren (1983, 1985). The production of biomass was closely correlated with the total N 

capital in plants. As N uptake contributed the major part of tree N capitals, then biomass 

also reflected N availability and uptake. It is accepted that where some species (e.g. 

birch) had large initial N capitals then proportionally more biomass was produced than 

could be accounted for by uptake alone. Despite early growth advantages of birch, 

biomass at the end of two seasons was similar across all plots within a given N 

treatment. Only larch was unable to achieve the same degree of N use efficiency/N 

productivity as other species. It is considered that larch required greater internal N 

concentrations for biomass production in relation to other species. This proposition is 

supported by the relatively high foliar -N concentration associated with N deficiency in 

larch by other workers (Everard, 1973; Carlyle, 1984). 

The N.U.E./PN of birch was no greater than spruce or pine, contrary to the findings of 
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Ingestad & Kähr (1985). However the present study is not strictly comparable with that 

of Ingestad & Kähr, who grew seedlings at stable internal nutrient concentrations over a 

relatively short experimental period. The removal of prunings from birch in the 

glasshouse caused a premature loss of biomass-N capital as has already been discussed 

(see results). The effect of pruning was to reduce the potential N productivity by up to 
40 percent in some treatments. The deciduous habit of birch also represented a major 

factor limiting nitrogen conservation within trees. Litterfall after 1 year contained higher 

N concentrations than at the end of the second season when trees were more N deficient. 

Conversely spruce and pine retained all foliage after the first growing season and litter-N 

concentrations at the end of year 2 reflected conditions of maximum stress for N. 

Litter-N concentrations have been reported as being proportional to internal nutrient 

status (Miller, 1984) and to soil nutrient availability (Adams et at., 1980; Vitousek, 
1982, 1984). Although litter-N concentrations are primarily a function of foliar N 

concentrations they are also influenced by the proportion of N retranslocated prior to 

abscission. The recovery of N by resorption has beenshown to increase on sites with 

low nutrient availability (Tyrrell & Boerner, 1986). It is presumed that in the present 

study birch and larch only demonstrated maximum efficiency of N resorption in the 

second season when under severe N stress. 

The proportions of plant N capital allocated to litter served to illustrate the contrasting 

strategies for N conservation between evergreen and deciduous species. Spruce was the 

most efficient species in the glasshouse with regard to retention of needle biomass and N 

capital. Pine contributed greater proportions of needle biomass and N capital to litterfall 

in accordance with observations from field studies (Miller & Miller, 1987). Comparison 

of pine and spruce needle-N:litter-N concentrations would suggest that although pine 

litter contained the larger N capital, a greater proportion of N was retranslocated from 

pine litter prior to abscission. Spruce needle- N: litter- N concentrations showed very 

small differences, indicative of N immobilization into structural tissues (Miller, 1984). 

The retention of N within the green crown of young trees has an important bearing on 

the nutrient cycling of stands prior to canopy closure. Assuming, for discussion 

purposes, that for a given rate of growth all species of tree have similar current annual 

requirements for N uptake, then accumulation of N must occur at similar rates. 

Deciduous species return a proportion of their annual N uptake requirement to the soil as 

litterfall whereas spruce and pine only release older age classes of needles. Spruce has 

the longest period of needle retention (up to 7 years) and consequently develops greater 
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N capitals in green crowns compared to deciduotis species and pines. The recycling of 

N from litter layers begins much later in the rotation for spruce compared to other 

species. In this respect, Sitka spruce places a greater demand on the available-N of soils 

than do pines, larches and birches prior to canopy closure (Miller & Miller, 1987). 

Competition between tree species in mixed treatments 

Total biomass of mixed species plots in the glasshouse did not indicate that there were 

any mutualistic mechanisms to confer an advantage to both spruce and nurse over pure 

treatments. Mixed treatments had essentially the same total biomass and N uptake as 

pure treatments. Any response of an individual species to admixture was to the 
detriment of the other species with which the plot was shared. It is proposed that 

competition for the uptake of nitrogen was the main factor governing the relative growth 

of each species sharing a mixed plot. 

Birch demonstrated the most obvious competitive advantage over spruce in both nitrogen 

treatments, despite being pruned to prevent excessive shading. Measurements of rooting 

intensity (Chapter 4) showed that birch had fully exploited the peat volume in -N plots 

by the end of the first growing season. Birch had a fibrous, non mycorrhizal fine root 

system which outgrew the short, mycorrhizal roots of spruce (Chapter 4). N uptake and 

individual tree biomass were greater for birch when planted with spruce. Spruce N 

uptake was correspondingly lower with birch and biomass production was checked in 

-N plots. In +N mixtures, spruce was able to compensate for lower N uptake by 

markedly increasing N.U.E./PN  to levels comparable with -N plots. By so doing, spruce 

was able to maintain height and biomass production which were not much lower than for 
individual trees in pure plots. 

Spruce did compete successfully with pine and larch when grown in mixed plots (-N). 

N uptake and biomass production were greater for spruce and correspondingly lower for 

the two nurse species, compared to their counterparts in pure plots. Spruce did have the 

advantage of a greater rooting intensity than either nurse, although the margin between 

spruce and pine had closed by the end of the second season (Chapter 4). It is considered 

that slow initial growth by pine and significant mortality of larch conferred the main 

advantages for N uptake and biomass production by spruce. 

In +N treatments spruce was still able to compete successfully with pine but was 

outpaced by the rapid growth and N assimilation of larch. It is proposed that the generic 
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mechanisms controlling shoot growth responses to N can account for the outcome of 

competition in spruce/pine plots. The disadvantage of determinate shoot growth by pine 

has already been discussed in terms of slow growth responses to N. Larch, however, 

showed a similar shoot growth strategy to spruce so must have gained a competitive 

advantage for N uptake by other means. It is proposed that larch had a greater 

photosynthetic efficiency than spruce in +N treatments as has been reported by Fry & 

Phillips (1976,1977). 

The glasshouse mixtures emphasised the importance of choosing the correct species of 

tree as a nurse for spruce on oligotrophic peats. Birch has historically been regarded as a 

soil improver which can initiate a transition from mor to mull humus types (Gardiner, 

1968; Miles & Young, 1980). Despite these benefits birch has only been used as a nurse 
on a limited experimental basis (Weatherell, 1957). Birch has generally been 
disregarded as a nurse due to its competitive Vowth strategy, evident in glasshouse 

plots. However, birch does have a role as a nurse for Norway spruce on peatlands in 

Finland. On sites where spruce is susceptible to frost damage birch regeneration is 

retained as a protective nurse for approximately 20 years (Heikurainen, 1985). It is 

necessary to remove the birch from the stand at this age in order to obtain a final crop of 

spruce. Spruce volume production is greatly reduced if the nurse is not selectively 

removed (Heikurainen, 1985) due to the effects of shading by birch. 

Lodgepole pine and Japanese larch are recognised as suitable nurses for Sitka spruce in 

Britain. Early mixture trials did experience some difficulty in obtaining the correct 

balance between adequate nursing effects and shading of spruce by the nurse 

(Weatherell, 1957). Coastal provenances of lodgepole pine grew rapidly and often 

completely suppressed spruce and now Inland or Alaskan varieties, with lighter foliage 

and slower growth rates, are the preferred choice of nurse (Taylor, 1985; Carey etal., 
1988). Japanese larch does not normally cause problems of shading when used as a 

nurse, although it does have more rapid early growth rates than spruce. Dificulties 

caused by the shading by larch in early trials were associated with inadequate P 

fertilization which resulted in slow initial growth of spruce (Zehetmeyer, 1954). 



CHAPTER 3 

The influence of different tree species on the availability of 

mineral nitrogen in an oligotrophic peat substrate 

INTRODUCTION 

Recent studies of tree nitrogen dynamics on oligotrophic peats have shown that mixed 

stands of Sitka spruce with pines or larches can accumulate larger N capitals than stands 

of pure spruce (O'Carroll, 1978; Carlyle, 1984; Miller & Miller, 1986; Carey et al., 
1986). Evidence currently available suggests that observed differences in N assimilation 

are the result of uptake from the soil, rather than from atmospheric inputs which include 

N fixation (Carlyle, 1984; Miller & Miller, 1986). Comparisons between the N 

mineralization rates from peat under pure spruce and mixed stands have demonstrated 

that there are greater rates of mineral-N release beneath mixtures (Carlyle, 1984; 

Williams, 1986). Analysis of the potential N reserves available to young plantations 

indicates that the soil organic matter is the most likely source of any enhanced N 

mineralization. To attribute differences in N mineralization rates to the influence of a 

particular mixture of trees would assume that either some species can enhance the release 

of N or that N release is suppressed in the presence of others. 

The proposition that tree roots can inhibit decomposition of soil organic matter has been 

suggested to account for the results of trenching experiments (Romell, 1938; Gadgil & 

Gadgil, 1971, 1975; Babel, 1977). A more recent trenching experiment (Fisher & 

Gosz, 1986a) and investigations to monitor decomposition of 14C labelled organic matter 
in cropped or fallow soil (Shields & Paul, 1973; Jenkinson, 1977) have identified the 

depletion of soil moisture by plants as the main mechanism to retard decomposition 

rates. Comparisons between the nitrogen availability under pure spruce or mixed stands 

are derived from sites with peaty soils. Periods of anaerobism are more common than 

high soil moisture deficits in peats and it is unlikely that depletion of soil moisture would 

retard N mineralization under stands of spruce on these soils. 

The case for enhanced decomposition in the presence of plants is discussed by Clarholm, 

(1985a) who suggests that carbon released from plant roots can increase the availability 

of inorganic-N by stimulating microbial activity. A large body of evidence is available to 

show that carbon lost from plant roots can stimulate microbial activity (Newman, 1985). 
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There is much less evidence to indicate that improved availability of C can increase net 

mineralization of N from soils (Clarhoim, 1985b; Fisher & Gosz, 1986b; Harmer & 

Alexander, 1986). Robinson et al. (1989) have used a theoretical analysis to 

demonstrate that improved C supply could result in improved rates of N mineralization. 

Their study has emphasised the importance of substrate quality, exudate composition and 

the presence of bacterial predators in the rhizosphere. Protozoan grazing of bacteria is 

particularly important to nitrogen mobilization (Anderson etal., 1981; BâAth etal., 1981; 
Clarholm, 1985a). 

The possibility that certain species of tree could be more successful in stimulating 

inorganic-N release, through the mechanisms discussed, has been examined by 

Campbell (1988). In a microcosm experiment Campbell demonstrated that more soluble 

carbohydrate was present in peat planted with pine, compared with spruce. Basal 

respiration, utilization of a glucose amendment and mineralization rates of an amino acid 

amendment were all higher under pine than under spruce. Although increased uptake of 

N is reported for pine, Campbell was unable to attribute this to enhanced mineralization 

rates. Some of the experimental .work by Campbell was part of a joint project which is 

reported in this chapter. An integrated study has examined free glucose concentrations, 

respiratory activity, extractable-N and net N release rates from peat taken from 

glasshouse plots with no added nitrogen. Campbell has shown that the availability of 

free glucose was considerably greater in plots of birch, compared with other species, 

although this had only a small influence on microbial activity. Other results reported by 

Campbell are acknowledged in the discussion of this chapter. 

The principal objective of the present study was to investigate the influence of different 

tree species on the availability of mineral-N as measured by uptake (Chapter 2). Work 

described in this chapter will assess the potential for different species to influence net 

mineral-N release rates from peat. Secondary objectives were to measure concentrations 

of residual fertilizers to complement the work described in Chapter 2 on nutrient uptake 

by trees in glasshouse plots. 



METHODS 

Glasshouse plot selection and sampling programme 

The experimental plots comprised part of the large glasshouse experiment described in 

Chapter 2; full details of treatment types and plot construction are given in Chapter 2. 

Sample plots were selected before any trees were harvested at the end of the first 

growing season. The plots chosen were to sustain a sampling programme during the 

second growing season and were excluded from the harvesting plan for the first season. 

Two sample plots from each -N treatment were selected at random, apart from unpianted 

controls where no choice was available. The programme ran from March 1 to December 

16, 1986, with samples taken on seven occasions at intervals of approximately six 

weeks. The time required for sample preparation required that sampling and sorting be 

staged over a two week period and the 16 plots were divided into two series, each. 

containing one replicate from each treatment. Removal of samples took place on the 

same date for plots within a series and no longer than 1 week was allowed to elapse 

between sampling each group. After the second sampling date it had become apparent 

that larch in spruce/larch treatments was suffering a high mortality rate (Chapter 2). 

Sampling of spruce/larch plots was therefore discontinued and no results are presented 

for this treatment. 

Sampling technique 

All peat samples were removed using a cylindrical steel corer, 2.6 cm internal diameter 

and 20 cm in length. Within each plot, 49 possible locations for each core were identified 
between rows of trees (Figure 1). Each location was numbered and plotted to record all 

positions selected for sampling during the season. Core locations were derived from 

random number tables and were reselected if the position had been chosen on a previous 

sampling date or if two adjacent locations were chosen. Adjacent core locations were 

avoided to prevent the loss of a large proportion of roots belonging to one individual 

plant. The design of the corer was a product of many trials with a range of different 

alternatives. To achieve a satisfactory result the corer needed to cleanly sever all fine 

roots and remove a plug of peat to the plot lining. Peat and roots were pressed out of the 

corer into polythene bags using a wooden plunger. When cores had been removed the 

depth from the plot base to the peat surface was measured by placing a steel rule in each 

core hole. Measurements of core volume were used to calculate dry bulk density 
(Appendix 3c) and rooting intensity (Chapter 4). 
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Figure 1. Locations of sampling positions in glasshOuse plots. 

35 cores were removed from each plot which was equivalent to 70 percent of the 

possible core locations yet was only 4 percent of the plot volume. To moderate the 

impact of the high sampling intensity, all peat removed by coring was replaced from 

stores of peat collected after the first years harvest. Cores were replaced using peat 

taken from identical treatments and fertilizer regimes. 

Sample preparation 

The peat from each core formed the basis of a number of integrated experimental studies. 

All fine rooks were completely removed from the peat for determination of rooting 

intensity (Chapter 4). Fine root removal was also a requirement for measurement of free 

glucose concentrations in peat and for the release of CO2  from peat during incubations 

(Campbell, 1988). Each core was carefully dissected in enamel trays using fine forceps 

and illuminated by an optic fibre light source. All live roots were removed to be treated 

as described in Chapter 4. The process ensured that each core was completely 

homogenized with no large aggregates of peat remaining. Fresh weights were taken 

after de-rooting to compensate for moisture loss, before any peat sub-samples were 
removed. One 5 g sub-sample of peat was dried at 85 °C to constant weight to derive 
peat moisture content of the core. All subsequent chemical analysis used the equivalent 

fresh weight of 1.5 g dry weight from each core, calculated from the peat moisture 
content. 
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Dry bulk density was calculated for individual cores taken on the first 4 sampling dates. 

Data from all replicates and treatments were pooled to give a single mean value, results 

are presented in Appendix 3c. As a comparison bulk density was calculated for all 

harvested plots by the alternative method of dividing total plot weight by plot volume 
(Appendix 3c). 

Chemical analysis of peat 

Prior to any planting, samples were taken from bales of peat as they were homogenized 

in a compost mixer. 6 sub-samples were removed for determination of total nutrient 

concentrations and extractable nutrient levels. Total nutrient concentrations (percent dry 

weight) were measured using the micro-kjeldahl technique described in Chapter 2 for 

plant material. Analysis of N and P in digests used a flow injection autoanalyzer 

(Appendix 2c), K was by atomic emission, Ca and Mg were by atomic absorption. 

Results for all initial nutrient concentrations are presented in Appendix 3c. 

The procedure adopted for the analysis of extractable nutrients (NH4-N, NO3-N, P. K, 

Ca, Mg) has been described previously by Campbell (1988). The primary advantage of 

this technique, which uses 2 % v/v acetic acid as an extractant, was the opportunity to 

derive an index for exchangeable concentrations of the major nutrients and soluble 

carbon from the same solution. The following procedure was also used for analysis of 
peat samples in Chapters 5 and 6; 

the fresh weight (f.w.) equivalent of 1.5 g dry weight (d.w.) was weighed into a 250 
ml conical flask and 2 % v/v acetic acid was added to bring the volume of extractant up 

to 150 ml. The exact quantity of acid required (+1- 0.5 ml) was calculated from 150 - 
no. of ml water in the peat sub-sample. 

Samples were extracted overnight (16 h) in an orbital shaker, then filtered through 

Whatman No. 42 paper. The first 20 ml of filtrate was discarded, the remainder was 
stored in plastic vials at 2 °C prior to analysis. 

A 1.5 g sub-sample 'was taken from each of 4 cores per plot for determination of 

extractable-N during the second season. Only NH4-N was present in extracts and was 

measured colorimetrically by a continuous flow autoanalyzer (Appendix 2c). 



Two trials were carried out to test the efficacy of acetic acid as an extractant. The first 
was a comparison between acetic acid and more conventional extractants (Allen, 1974) 

for the determination of exchangeable NH4-N, P, K, Ca and Mg from a forest soil 

(Appendix 3a). The experimental treatments from which the soil was derived are 

described fully in Chapter 6. The yield from acetic acid extracts was greater than 1 N 

KC1 for NH4-N but slightly inferior to 0.1 N HCI for other nutrients. The second trial 

was a test to recover N, P and K added as fertilizer to a large volume of peat, the rate and 

form of amendments is also described in Chapter 6. The results in Appendix 3b indicate 

that recovery of fertilizer-N, P and K was 100,95 and 91 percent respectively. 

Incubation of peat sub-samples 

Following each sampling date sub-samples of peat were taken for laboratory incubations 

to determine nitrogen release rates. The f.w. equivalent of 1.5 g d.w. was weighed into 
250 ml Winchester flasks at the same time as sub-samples for extraction. Sub-samples 

(1.5 g d.w.) were amended with distilled water applied with a fine mist sprayer to create 

a standard moisture content of 84 percent of f.w. (le. f.w. raised to 9.38 g). The 

moisture content chosen for incubations was generally above levels in glasshouse plots 

(Appendix 3c). Bottles were transferred to a constant environment room at 20 °C and 

allowed to stand for 24 h to equilibrate before being capped with silicon rubber seals. 

Samples were incubated for 42 days and had caps removed periodically to vent the flasks 

of accumulated CO2. At the end of the incubation period each sub-sample was extracted 

with acetic acid as previously described. 

Peat pH and residual fertilizer levels 

Sub-samples of peat were taken from each glasshouse plot after harvesting and after they 

had been homogenized in a rotary compost mixer. The peat was treated, as described in 

this chapter, to measure moisture content and levels of acetic acid extractable N, P and 

K. The results from this investigation were intended to serve as a direct comparison 

with the amounts of nutrients taken up by plants. To achieve a standard form for 

presentation, the product of nutrient concentrations and the dry weight of peat in each 

plot were used to derive the residual amounts of fertilizer remaining in each plot. 

Fertilizer remaining in peat was then expressed as a percentage of the fertilizer originally 

added to each plot. Where ammonium-N was measured in +N plots the concentrations 



were composed of fertilizer-N and a quantity of N}14-N already present in the peat. 137 

jtg g 1  of extractable NH4-N was assumed to be present in the peat prior to fertilization 

(Appendix 3b) and this concentration was accounted for where proportions of 
fertilizer-N are reported (cf. Figures 4 and 5). The pH of peat was measured 

potentiometrically in distilled water with a f.w. to water ratio of 1:2.5. Readings were 

allowed to stabilize for 60 seconds and the mean of 6 readings was recorded. Results 

are presented in Appendix 3c. 

Data presentation and statistical analysis 

Concentrations of extractable-N are expressed as a function of peat dry weight (tg N per 

g d.w.) and monthly rates of N release are presented. A single mean was calculated 

from all the sub-samples of two replicate plots from each treatment at each sampling date 

(n = 8). A Students t-test was applied to pairs of means from replicate plots within each 

treatment and no significant differences were indicated. Unfortunately sub-samples 

taken from cores in March were bulked and no statistical comparisons could be made 

between means with this sampling data. Statistical comparisons between treatment 

means on other dates are made by least significant differences plotted on Figures 2 and 
3. Error bars were calculated using mean square values and a probability level of 0.05 

from the T-method described by Sokal and Rohlf, (1981). In Figure 4 comparisons 
between pairs of means use the Students t-test. Other statistical comparisons, where 

letters are used to indicate differences between means, have used a one-way analysis of 

variance test provided by the Minitab computer package. 
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RESULTS 

Extractable inorganic-N in -N treatments 

The only form of extractable nitrogen present in -N plots was ammonium. Nitrate was 

not measurable at any stage during this investigation. Concentrations of NH 	in 

planted peats had dropped below levels in unplanted plots by the start of the second 

growing season (Table 1 and Figure 2). No further reductions of N concentrations were 

apparent as the season progressed; levels of N in planted and unplanted treatments 

remained relatively constant and were significantly different. A trend toward increasing 

concentrations of NH4-N at June and August sampling dates was shown by planted 

treatments but not by control peats. In September, N levels had dropped in all but 

spruce and unplanted treatments, which both had higher concentrations than other plots. 

This was the only significant difference which was indicated between means of planted 

treatments. There were no general trends to suggest any differences between the 

concentrations of extractable-N in planted treatments. 

Table 1. Extractable NH4-N in glasshouse peat for the second growing 

season. Means of 4 samples from 2 replicate plots ( tgg 1  ) with standard 
deviations in italics. March values from sub-samples of bulked cores. 

Treatment March 21 May 1 June 17 Aug 1 Sept 10 Oct 20 Dec 9 

spruce 30 29 37 42 47 32 32 
11 9 20 14 12 27 

pine 21 19 26 31 17 27 14 
4 8 13 3 8 4 

larch 32 28 30 31 21 24 28 
5 9 9 11 9 6 

birch 9 15 43 31 24 31 20 
6 14 16 8 14 11 

spruce pine 20 21 34 35 20 39 30 
13 16 27 11 16 16 

spruce 	birch 28 19 32 23 22 20 18 
9 16 9 7 11 10 

control 130 156 129 125 140 122 128 
42 25 22 36 19 26 
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Net NH4-N release rates during laborabory incubations 

Net NH4  -Nrelease rates were significantly greater in unpianted peats from May onwards 

into the second growing season (Figure 3). Quantities of NH4-N released from planted 

peats showed a declining trend as the season progressed; December release rates were 

between 40 and 70 percent of rates in March (Table 2). Release rates from unpianted peat 

peaked in May and June then returned to rates recorded for March by the end of the year. 

Although seasonal trends were apparent, sample variability within treatments negates any 

significant statistical comparisons between treatment means. There are no trends or 

significant differences to suggest either positive or negative influences of individual 
planted treatments on nitrogen release rates from incubated peats. 

Table 2. Net  NH4 -N release rates during laboratory incubations of 

glasshouse peat. Means of 4 samples from 2 replicate plots 
(gg 1month 1) with standard deviations in italics. March values from 
sub-samples of bulked cores. 

Treatment March May June Aug Sept Oct Dec 

spruce 52 60 45 46 38 42 31 
9 10 18 8 16 14 

pine 51 37 37 34 31 26 31 
13 13 16 11 6 9 

larch 64 47 36 35 33 29 28 
14 9 15 16 9 8 

birch 52 50 59 44 41 40 38 
10 15 14 13 17 13 

spruce / pine 65 42 43 47 35 44 25 
12 23 18 13 22 12 

spruce / birch 55 44 43 44 34 32 25 
31 15 20 14 13 14 

control 81 108 114 91 95 85 79 
37 58 34 27 22 40 
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Figure 3. Net  nitrogen release rates during laboratory incubations 

of glasshouse peat from -N plots. Means of 4 samples from each 
of 2 replicate plots per treatment. 



Nitrogen available to trees for uptake in -N plots 

Table 3 contains the mean levels of NH4-N which could be extracted from the peats of 

all -N treatments following harvesting in each year. The concentrations measured were 

extremely low and at the limits of detection using the analytical techniques described. 

These levels of nitrogen should be compared with those measured in peat before planting 

(137 pgg 1, Appendix 3b) or with the mean concentration of extractable NH4-N present 

in unplanted peats (130 j.i.gg 1, Table 1; mean of all sampling dates). 

Table 3. Extractable NH4-N remaining in glasshouse -N plots at final 

harvest dates, means of all plots harvested ( gg 1  ). Total uptake of N 
by plants expressed as a function of peat weight in plots, means of all 
plots harvested ( pgg 1  ). 

Treatment 1986 harvest 1987 harvest 

(-N plots) residual NH4-N N uptake / plot dwt residual NH4-N N uptake / plot dwt 

spruce 10 203 13 214 
pine 11 208 12 265 
larch 16 236 22 190 
birch 1 282 18 206 
spruce / pine 8 256 11 232 
spruce / larch 11 256 8 - 
spruce 	birch 5 169 14 201 

mean of all 9 230 14 218 
treatments 

Trees would appear to have reduced extractable-N levels by between 83 and 99 percent, 

depending on treatment. Residual NH4-N levels were actually lower when measured 

after the first season, compared with the second. A futher anomaly was that the mean 

nitrogen uptake by plants was greater after one season than after two. It may be inferred 

from these results that all 'available' nitrogen had been taken up during the first growing 

season. When means of nitrogen uptake were expressed as a function of plot weight 

they were actually larger than levels of nitrogen which could be extracted from unplanted 

peat. Extractable NH4-N in glasshouse peats was evidently only a proportion of the total 

nitrogen which was available to plants. 



Extractable-N from +N treatments 

Nitrogen was added to +N plots as ammonium nitrate and both NH4-N and NO3-N were 

present in peat after one growing season (Table 4). After 2 growing seasons only 

NH4-N could be detected in peat extracts. When residual extractable-N is expressed as a 

percentage of fertilizer-N (11.2 g per plot), considerable depletion of nitrogen is apparent 

(Table 4). After one season, extractable-N levels had been reduced to between 50 and 1 

percent of the fertilizer added to plots. By the end of two seasons, only traces of 

extractable NH4-N remained and were equivalent to between 0.1 and 3 percent of 

original fertilizer levels. 

Table 4. Extractable-N remaining in glasshouse+N plots at final harvest, 

means of all plots harvested. Standard errors in italics (S/,j11), values 

expressed as total elemental N (g) remaining in plots. Same letters 
indicate no significant differences between treatment means, P0.05. 

treatment 1986 harvest 1987 harvest N expressed as N expressed as 
(+N plots) NH4-N NO3-N % fertilizer N NH 4-N % fertilizer N 

spruce 2.62 2.94 50 a 0.22 3 a 
0.013 0.015 0.3 0.046 0.7 

pine 3.09 1.96 45 b 0.14 1 b 
0.021 0.005 0.3 0.003 0.02 

larch 1.12 0.99 19 d 0.33 3 a  
0.009 0.015 0.1 0.030 02 

birch 0.07 0.02 1 f 0.01 0.1 b 
0.002 0.002 0.02 0.005 0.04 

spruce/pine 2.75 2.15 44 b 0.27 2 a b 
0.029 0.014 0.2 0.010 0.7 

spruce/larch 1.93 1.73 33 c 0.33 3 a b 
0.012 0.029 0.2 0.030 03 

spruce / birch 0.47 0.86 12 e 0.19 2 a b 
0.013 0.007 0.1 0.008 0.6 

Significant differences between the rates of depletion of N were shown between the 

individual treatments (Table 4). The proportions of nitrogen removed during the first 

season followed the order birch> spruce/birch > larch> spurceflarch > spruce/pine and 

pine> spruce. After two seasons the majority of N had been taken up by trees and 

treatment differences were indistinct. 

Nitrogen added as fertilizer may have displaced ions already present on exchange sites in 

the peat. It is recognised that a portion of N recovered by tree uptake and acetic acid 

extraction may have originated from ions already present in peat. Subsequent references to 

'residual fertilizer N' acknowlege this qualification but are justified by the quantity of N 

recovered which closely corresponded to the quantity of N added as fertilizer. 
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The measurement of residual fertilizer-N was intended to complement the description of 

nutrient uptake in Chapter 2. Extractable-N was expressed as a proportion of total 

available-N (fertilizer + initial NH4-N = 12.1 g per plot) and these results are presented in 

Figures 4 & 5. The proportion of extractable-N remaining is compared directly with the 

quantity of N taken up by trees in these figures and N uptake (from Chapter 2) is 

expressed as a proportion of available-N for this comparison. Recovery of available-N 

from the combination of peat extracts and plant uptake ranged from 82 to 111 percent 

after one growing season, with a mean for all treatments of 98 percent. At the end of the 

second season recovery was lower, between 83 and 96 percent with a mean for all 

treatments of 89 percent. 

Figures 4 and 5. Mean proportions of available nitrogen recovered from 
+N plots by tree uptake and acetic acid extracts after 1 year (Figure 4) 
and 2 years (Figure 5). 

Relative proportions of nitrate and ammonium remaining in peat were quite similar after 

the first year (Table 4). However, when the concentration chosen to represent NH4-N in 
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unpianted, unfertilized peat (130 pgg 1) is removed from the total levels of NH4-N 

extracted, these proportions are changed (Figure 6). Significant differences were 

indicated between the proportions of fertilizer NH4:NO3 remaining in all plots apart 

from peat planted with birch. Most treatments had relatively higher proportions of 

fertilizer NO3-N remaining in peat, excepting lodgepole pine and birch. 
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Figure 6. Mean proportions of 
	

NH4-N and NO3-N remaining in 

peat after one growing season, significant differences indicated at 
P:!~0.01 * and P:50.001 ** 

Extractable-P from all glasshouse treatments 

Concentrations of P extracted in acetic acid were measured in peats from all harvested 

treatments. The results are expressed as proportions of the amount of fertilizer originally 
added to each plot (3.36 g), Figures 7 to 10. Levels of P decreased over the two 

growing seasons in all but birch -N plots, where the largest quantity of P had been 

removed after the first season. After 2 seasons +N treatments had removed more P from 

peat than plots without N. However, at the end of the first growing season only pine, 

larch, birch and spruce/birch plots with N had removed more P than -N plots. 

Differences between the extent to which individual treatments had removed P became 

less apparent from the first to the second growing season. A general trend was for 

treatments containing birch or larch to remove more extractable-P from peat. All 

significant differences are indicated by letters in each of Figures 7 to 10. 
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Same letters indicate no significant difference between means P:A.05. 
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The figures containing the results for residual (extractable) fertilizer-P have included a 

comparison with the proportion of original fertilizer taken up by trees, calculated from 

the results of Chapter 2. Statistical analysis was not considered appropriate for this data 

set as uptake was derived from the product of mean P concentrations and mean weights 

of different components of dry matter. When the two sets of data were combined 
(Figures 7 to 10) the total recovery of P by uptake and extraction equated to between 74 

and 110 percent for different treatments and harvest dates. The mean proportion of P 

recovered from all treatments and harvest dates was 93 percent. Generally, trends 

shown for the depletion of P measured in soil extracts were reflected by the inverse of P 

uptake by trees. 

Extractable-K from all glasshouse treatments 
Figures 11 to 14 represent the results for the proportions of fertilizer-K remaining in 

glasshouse peats. Concentrations of extractable-K were transformed to be expressed as 

a proportion of the original fertilizer (7.28 g) which remained in each treatment. 

Depletion of extractable-K increased over the two growing seasons in all but -N plots of 

birch and spruce/birch. The proportions of K remaining in +N plots were lower than -N 

plots for all but spruce treatments at the end of the first growing season. By the end of 

two growing seasons all +N treatments had removed more K than -N treatments. 

Significant differences between treatment means are indicted in each figure, larch 

treatments had removed the largest proportion of fertilizer-K in all but +N plots grown 

for two seasons. Birch treatments had not depleted peat of K to the same degree as was 
evident for N or P. 

The figures containing results for residual (extractable) fertilizer-K include a comparison 

with the proportion of original fertilizer taken up by trees, as for phosphorus. Statistical 

analysis was not considered appropriate for this data set as uptake was derived from the 

product of mean K concentrations and mean weights of different components of dry 

matter. When the two sets of data were combined (Figures 11 to 14) the total recovery of 

K by uptake and extraction equated to between 88 and 120 percent for different 

treatments and harvest dates. The mean proportion of K recovered from all treatments 

and harvest dates was 107 percent. Trends for K uptake were reflected by the depletion 

of extractable-K but generally more extractable-K is recovered from peat than would 

have been expected, given the levels of uptake. 
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DISCUSSION 

Nitrogen available to trees in -N plots 

In glasshouse plots with no added nitrogen, the N available to trees was assumed to be 

equal, to the quantity of N assimilated over the two year period. As there was no 

significant increment between N uptake after one, compared with two growing seasons, 

no further mineral-N had become available to trees after the first year. However, 

throughout the second season, N release rates from planted peat continued to be 

measured during laboratory incubations. Mineral-N was released from incubated peats 
in the order of 40 jtgg month-1  but this clearly did not become available to trees in 

glasshouse plots. To assume a Q10  for microbial activity of 2 (Alexander, 1977) and a 

mean glasshouse temperature of 10 °C would reduce expected rates of N release by 50 

percent. Even applying this correction for temperature, the rate at which N was released 

from incubated samples would amount to twice the uptake-N measured in trees over the 
two year period. 

Unplanted peats presented a second anomaly regarding the rate at which N was released 

during laboratory incubations. During the second growing season mean net NH4-N 

release rates from unpianted peats were of the order of 90 4gg:1  month* However, 
levels of extractable-N had not increased since the peat had been used to fill control plots 

at the start of the experiment. Clearly mineral-N was accumulating in peat incubated in 

the laboratory but not in-Situ in the glasshouse. It is proposed that N released from 

incubated peats was an artefact of sample preparation, rather than a realistic index of net 
mineralization rates of organic matter. 

Campbell (1988) has investigated the possibility that N released from unplanted 

glasshouse peat was a product of disturbance during homogenization. A control plot 

was transferred from the glasshouse to a constant temperature environment (20 °C). 

Samples within the peat block were isolated and either disturbed by the mixing described 

in this chapter or left undisturbed. Campbell reported two significant results following 

incubation of samples; rates of CO2  release were higher in disturbed samples, and 

NH4-N release rates were only measured in peat which had undergone the mixing 

process. Campbell concluded that N release rates measured during incubations of 

glasshouse peat were a product of-experimental manipulation. Further conclusions, 

following a microcosm study by the same author, stated that N release rates from 



incubated peats did not reflect uptake rates by plants. 

The source of mineral-N released after sample homogenization and incubation deserves 

further consideration. Active pools of readily mineralized organic-N have been 

described by other workers (Van Cleve & White, 1980; Paul & Juma, 1981; Williams, 
1986; He et al., 1988). In this study there appears to be a source of easily mineralized 

organic-N which is converted to NH4-N during incubations. Unfortunately it cannot be 

assumed that mineralization was complete after the incubation period as this was not 

tested by extending incubation times. However, Williams (1986) reported completion of 

net mineralization after 30 days anaerobic incubation of a similar oligotrophic peat and 

Campbell (1988) reported that elevated CO2  release rates from disturbed glasshouse 

peats only lasted for 3 weeks. N release rates would indicate that the size of any readily 
mineralized fraction of organic-N in unpianted peats had not changed by the end of the 
experiment. 

In planted peats the readily mineralized fraction was depleted, either by plant uptake or 

immobilization into microbial biomass and/or humic compounds. Campbell (1988) 

reported no differences between CO2  release rates in planted and unplanted peats such as 

to suggest any differences in the size of microbial populations. A large margin did exist 

between levels of extractable-N in unpianted peats (130 pgg-') and N uptake (approx 
220 igg-'). The results tend to confirm the proposition that trees had assimilated part of 

the readily mineralized fraction of organic-N. Whether trees actively promoted the 

process of N mineralization (Cornish & Raison, 1977; Clarhoim, 1985a; Fisher & Gosz, 

1986b) or could assimilate some soluble fraction of organic-N through mycorrhizal 

associations (Alexander, 1983; Bowen 1984) is open to speculation. Campbell (1988) 

did find that in a microcosm study planted peats had considerably higher respiratory 

activity, levels of soluble carbohydrate and mineralization rates of added amino-N. 

Results from the same study did not indicate higher levels of peat-N mineralization in the 

presence of plants, rather, that some treatments with Sitka spruce had a suppressive 

effect on N release whereas lodgepole pine had no influence at all. 

No significant differences were found between rates of NT-14-N released or between the 

total uptake of N for the planted treatments. The proposition that certain species of tree 

might stimulate the release of more mineral-N from an oligotrophic peat than others 

remains unproven. The recalcitrant nature of the peat with respect to release of N and its 
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marked response to perturbation have been discussed.The fraction of readily available 

mineral-N in the peat was small, approximately 200 pgN gd.w:', over the whole 

experimental period. When this fraction is expressed as a function of plot area, the 

nitrogen available for uptake would be equivalent to 7.8 kg ha 1  . This quantity of N is 

much lower than the annual net mineralization rates which have been measured beneath 

forest stands on oligotrophic peats (WilhiamsetaL1979; Carlyle & Malcolm, 1986; 

Williams, 1986). The total nitrogen concentration of the glasshouse peat was also much 

lower than reported for peats by other workers (Williams et at., 1978; Pyatt et al., 1979; 

Carlyle, 1984; Williams, 1986) and would place it in the poorest category of substrates 

for tree growth (Pyatt et at., 1979). Clearly, the nature of oligotrophic peats of this kind 

is not condusive to the support of tree growth and nutrient uptake. The mechanisms 

which enable certain tree species to become established on such soils, without N 

fertilization, deserves further investigation. 

Depletion of fertilizer-N in peat 

Plots with added nitrogen were not subjected to the same intensive investigation into the 

availability of mineral-N as described for -N plots. Only residual fertilizer-N was 

measured and has been compared to the results for plant uptake from Chapter 2. After 

one season, uptake of fertilizer-N into plants matched the proportion remaining in peat 

quite closely. At the end of two seasons a significant proportion of N was not recovered 

in plants or acetic acid extracts. There are a number of possible explanations which may 

account for the fate of this fertilizer: 

losses of plant material, increasing with senescence; 

immobilization into microbial biomass and humic compounds; 

denitrification and volatilization; 

leaching through ruptures in the polythene lining. 

Potential losses of fertilizer-N are listed in order of likely importance, recovery rates are 

normally much lower for field experiments. For different pine species the recovery of N 

and P fertilizers has been reported to range between 5 and 25 percent (Ballard, 1984). 
Melin et at. (1983) used the isotope 15N as a label to ammonium nitrate which was 

added to 130 year old Scots pine. Recovery of 15N was approximately 80 percent with 

most of the N remaining in the soil, missing fertilizer had either been volatilized or 

leached from the profile. Marshall & McMullan, (1976) grew Douglas fir seedlings in a 

pot experiment with 15N labelled urea. After 8 months they reported 100 percent 
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recovery of N, with only 25 percent in seedlings and 75 percent remaining in the soil. 

The proportion of fertilizer-N which was not recovered here from glasshouse plots is not 

considered atypical for a study of this nature, although it is accepted that an unpianted 

plot (+N) would have improved interpretation. 

In most treatments NH4-N was depleted in preference to NO3-N during the first growing 

season. Both forms of inorganic-N are reduced to amino groups inside the plant before 

assimilation into proteins. The reduction process for nitrate requires more metabolic 

expenditure than for ammonium and it is not surprising if the latter is selected in 

preference. Greater mobility of NO3-N is assumed to be of limited importance in plots 

initially as concentrations of both forms of N were high. After two seasons only NT 4-N 

remained, probably due to a stronger attraction for exchange sites at lower 

concentrations. A number of studies have investigated growth responses of different 

tree species to each form of inorganic-N and to combinations of them both. Sitka spruce 

has shown better responses to NH4-N and NH4  with NO3-N (Leyton, 1952; Benzian, 

1965; Nelson & Selby, 1974) as had lodgepole pine (Krajina et al., 1973; Bigg & 

Daniel, 1978). Birch has a more catholic preference of nitrogen sources (Ingestad, 

1976; Good & Williams, 1986). 

The results from glasshouse treatments must be interpreted with some caution and not be 

extrapolated to circumstances in the field. The literature reveals an active debate over the 

importance of NH4-N versus NO3-N as sources of N for tree uptake in temperate 

ecosystems. Lack of evidence for nitrification has led to conclusions that NH4-N is the 

predominant form of N for uptake (Bormann & Likens, 1979; Cole, 1981; Reiners, 

1981; Carlyle, 1984) whereas others have shown high nitrification potential in some 

forest soils (Robertson & Vitousek, 1981; Nadeihoffer et al., 1984). In glasshouse 

plots it is proposed that high energetic costs for NO3-N assimilation retarded uptake in 

the first year. High mobility of NO3-N and reduced NH4-N availability reversed the 

preference for NH4-N as time progressed. 
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Recovery of fertilizer-P and K 

Concentrations of extractable-P and K were measured purely as an index of residual 

fertilizer levels. Earlier trials had established that acetic acid could recover 95 percent of 
added P and 91 percent of added K. The recovery rates for P measured as uptake and in 

soil extracts are quite high when some of the potential losses for fertilizer-N are 

considered. More P was recovered from plots with added N than from -N plots, which 

would suggest that as N was limiting, immobilization into microbial biomass was not a 

significant factor. Recovery rates for K were higher than levels of fertilizer originally 

added to plots. The only potential input for K was the mains water supply but it has 

been established that concentrations were only of the order of 0.4 ppm. Over 1 million 

litres would have been needed to be used to water each plot to account for the 

discrepancy measured in levels of K, clearly this was not possible. In the absence of 

better information it must be assumed that inflated recovery rates for K must be the 

product of an accumulation of experimental error. 



CHAPTER 4 

The production and morphology of fine roots of four tree 

species growing in oligotrophic peat with low N availability 

INTRODUCTION 

Upland forest soils which exhibit low mineral nutrient availability can severely restrict 

the uptake of essential elements by trees. On oligotrophic peats, where phosphorus and 

potassium fertilizers are prescribed (McIntosh, 1981), the availability of nitrogen 

becomes limiting. The imbalance created between the availability of mineral N, P and K 

can lead to symptoms of nitrogen deficiency which are manifest to differing degrees of 

severity, depending on the tree species concerned (Atterson, 1979; Miller & Miller, 

1987). As nutrient availability becomes limiting to tree growth a greater proportion of 

primary production is allocated to below ground biomass (Linder & Rook, 1984). 

Increases in the apportionment to fine roots under conditions of low nutrient availability 

have been indicated in studies of forest stands (Keyes & Grier, 1981; Vogt et al., 1983; 
McKay & Malcolm, 1988) and for tree seedlings (Phillipson & Coutts, 1977; Nambiar, 

1980; Ingestad & Kähr, 1985; this thesis Chapter 2). 

The principal mechanisms governing the supply of nutrients from soil solution to root 

surfaces are mass flow and diffusion along a concentration gradient, caused by depletion 

of ions at the root surface. As concentrations of elements in the soil solution are low, 

diffusion dominates the process of nutrient supply (Chapin, 1980), particularly for N, P 

and K (Nye, 1977). Active absorption by carrier systems through the root cortex 

becomes increasingly important to plants as the ratio of soil nutrient concentration to 

internal root concentration decreases. When grown under identical nutrient regimes, 

plants native to soils with low nutrient availability have lower absorption rates per unit 

root quantity (root absorption capacity) than species from more fertile habitats (Chapin, 

1980), Low root absorption capacities are sufficient to utilize those nutrients reaching a 

root surface when diffusion is limiting nutrient supply. 

Absorption by tree roots is greatest at unsuberized root apices (Bowen, 1973) and where 

mycorrhizal associations are present (Harley & Smith, 1983; Rygiewicz & Bledsoe, 
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1984; Alexander & Fairley, 1986). The architecture and form of tree roots change under 

nutrient stress to increase the area of root with maximum absorption capacity; numbers 

of root tips per unit root weight are higher (Nambiar, 1980; Fairley & Alexander', 1983; 
Ahlström et al., 1988; McKay & Malcolm, 1988) and mycorrhizal infection is greater 
(Persson, 1980; Alexander & Fairley, 1983; Ahlström et al., 1988). The form of tree 

roots can differ markedly between species (Laing, 1932; Bowen, 1984), between 

families of the same species (Nambiar & Cotterill, 1982) or due to the mycorrhizal 

symbionts responsible for infection (Harley & Smith, 1983). 

Recent work on mixed stands of Sitka spruce and Scots pine (McKay & Malcolm, 1988) 

and on seedlings with admixed split root systems (McKay, 1988) has shown that the 

presence of pine exerts an influence on the form and quantity of spruce roots. When 

grown with pine, spruce roots had lower tip to weight and length to weight ratios, than 

when grown alone. The changes in spruce root form follow a pattern symptomatic of 

roots exposed to improved nutrient supply. Nitrogen release rates from soils beneath 

mixed stands were greater than pure spruce (Williams, 1986) and could explain changes 

in spruce root morphology. As nutrient supply was controlled during the split root 

experiment (McKay, 1988), alternative mechanisms which may have been responsible 

for a change of root form include the influence of auxins exuded by pine mycorrhizas or 

direct infection by the symbiont associated with pine. Auxins play a central role in root 

initiation (Batten & Goodwin, 1978) and might transfer between roots in close 

proximity. Read & Finlay (1985) demonstrated that spruce and pine could share the 

same mycorrhizal fungi which may permit the transfer of nutrients by hyphal 
connections. 

The glasshouse study provided an ideal opportunity to examine root development under 

conditions of nitrogen stress in plots of individual and mixed species. Related studies of 

nutrient uptake (Chapter 2) and substrate nutrient availability (Chapter 3) were carried 

out on the same plots and will be referred to in the discussion of results. 



METHODS 

Experimental design 

During the second season of the glasshouse experiment trees in -N treatments developed 

increasing symptoms of nitrogen deficiency (Chapters 2&3). The present study has 

examined the production of fine root biomass and the numbers of root tips within 

selected -N treatments, during the second growing season. Root architecture was 

compared between species and within the same species grown in either 'mixed' or, 'pure' 

plots. A more detailed appraisal of root morphology was performed on the final 

sampling date, when a measurement of root length was included. Root length and 

numbers of root tips were not determined for birch. Birch root systems lacked 

significant mycorrhizal infection, resulting in a graminoid root form, quite unlike the 

mycorrhizal roots of spruce, pine or larch. Mixed plots of spruce and larch were not 

sampled due to the high mortality of larch in the second growing season (Chapter 2). 

Sampling procedure 

Root samples were obtained from cores collected as part of a joint study which examined 

extractable nutrients and carbohydrates, respiratory activity and nitrogen release from 

incubated peat samples. The respirometric and extractable carbohydrate results were 

described by Campbell (1988). Results for' extractable nutrients and nitrogen release 

from incubations are presented in the previous chapter. A detailed account of sample plot 

selection, coring technique and root removal from cores is also described in Chapter 3. 

Roots were sampled from 5 cores taken from each of two plots per treatment: After 

separation from the peat, roots were washed over a 0.5 mm aperture sieve with a fine tap 

water spray to remove remaining peat particles. Root fragments were taken from the 

sieve and placed in plastic vials containing 25 ml of water to be frozen at -20 °C prior to 

further examination. 

Examination and classification of fine roots 

Complete root samples from each core were defrosted and placed in a glass petri dish 

filled with water. Samples were examined at 2x magnification under a binocular 

microscope. Roots from mixed plots were sorted into respective species using 

characteristic morphological features such as colour, size, branching angle and presence 

of bifurcation. Roots from pure plots were available to assist identification. Numbers of 



intact live root tips were recorded on a hand tally for each core by species. Vitality of 

root tips was assessed using morphological criteria adopted by other workers, such as 

colour, integrity of root cortex and turgidity (Ferrier & Alexander, 1985). Finally roots 

were divided into large (>2 mm) and fine (2mm>) diameter fractions and placed on 

watch glasses. Roots were then dried at 85 °C for 24 hours before dry weight 
determination for each diameter class. 

Root length measurement 

Roots taken from cores in December were sub-sampled prior to determination of root 

length, numbers of live tips and dry weight. Sub-samples increased the numbers of 

values for each measurement within the 5 cores sampled per plot, although only one 

value for rooting intensity could be used from an individual core. The technique chosen 

for length measurement was derived from a line intersect method described by Tennant 

(1975). A 0.5 cm grid was placed under a petri dish and viewed through a binocular 

microscope at 2x magnification. Root fragments were arranged in the petri dish to fill 

the field of view using fine forceps. Where roots overlaid grid lines, these intersections 

were recorded using a hand tally, live root tips being counted at the same time for each 

sub-sample. The procedure was repeated until each sub-sample was completed and 

roots were transferred to watch glasses for dry weight determination. Root length was 

calculated using the equation below; 

sub-sample length (cm) = .11. x 0.5 x (Z grid intersections) 
14 	 (after Tennant, 1975) 

The method was tested by cutting known lengths of 0.3 mm diameter nylon line into 

randomly sized segments which were measured as for root sections. The test results are 

presented in Appendix 4a to support the validity of this technique. 

Data presentation and statistical analysis 

Measurements of root tip numbers and root dry weight were expressed as rooting 

intensity. The volume of peat for each sample was calculated from the cros sectional area 

of the corer (5.5 cm2) and the depth of the core. To simplify presentation, a single mean 

is derived from all the samples of the two replicate plots from each treatment. A 

Students t-test was applied to pairs of means from replicate plots within each treatment 

and no significant differences were indicated. Rooting intensity in mixed plots is 



presented either by individual species or as a combined value for both species to allow 

direct comparison with pure plots. Results for root dry weight are presented for each 

diameter class and for total root weight. Differences in rooting intensity between initial 

and final sampling dates (t-test of March/December means) are indicated in Tables 1,3 

and 4. Figures present the results throughout the growing season for roots less than 2 

mm diameter. Least significant differences were calculated using mean square values 

from a one-way analysis of variance performed on the Minitab statistical computer 

package. Error bars indicating least significant differences are shown, calculated at a 

probability level of 0.05 using the T-method described by Sokal & Rohif (1981). 

Results from December samples are presented as histograms, indicating significantly 

different groups of means. Means calculated from unequal sub-sample sizes were 

compared using Minitab analysis of variance. The Tukey-Kramer method was applied to 

determine significant differences between groups of means at the 5 percent probability 

level (Sokal & Rohif, 1981). 



RESULTS 

Root dry weight 

The amount of root dry weight in each diameter class increased during the second 

growing season. The quantities of root produced differed markedly between species and 

between treatments and this was reflected by the level of significance attributed to the 

difference between March and December means (Tables 1 & 3). Pine, spruce and 

spruce/pine plots showed the largest increases in total root dry weight with 0. 11, 0.09 

and 0.07 mg cm-3 month-1 respectively; concentrations of root were equivalent to 330, 

255 and 205 percent of March levels at the end of the season (Table 3). Larch, birch and 

spruce/birch plots only produced 0.03, 0.06 and 0.05 mg cm-3 month-1, with December 

concentrations equivalent to 128, 184 and 186 percent of March levels (Table 3). 

Birch and pine plots contained the greatest proportions of large diameter root by the end 

of the season (Table 2). The distribution of large diameter root was more variable than 

root 2mm>, and consequently the volume of peat sampled was insufficient to provide the 

precision required to make statistically significant comparisons between treatments. 

Table 1. Density of fine root biomass (2mm>) during the second growing 

season. Means of 10 cores (mgcm 3) with standard deviations in italics. 
Asterisks indicate significant differences between March and December 
means ( *p:!~o.os, **P:A.01, ***J<Øfl ). 

Treatment March 21 May 1 June 17 Aug 1 Sept 10 Oct 20 Dec 9 

spruce 0.47 
0.16 

0.47 
0.17 

0.53 
0.24 

0.87 
039 

0.95 
038 

1.05 
025 

1.10 ** 
Oil 

pine 0.37 
028 

0.36 
0.23 

0.63 
038 

0.66 
Oil 

0.75 
039 

0.83 
0.27 

0.98 
030 

larch 0.35 0.57 0.77 0.83 0.82 0.70 0.61 	* 
0.23 029 035 0.44 0.42 0.29 0.19 

birch 0.45 
0.11 

0.50 
0.22 

0.69 0.71 0.63 0.72 0.66 *** 
029 0.19 0.17 0.23 0.12 

suce with n.s. 

sine with
ruce 00-3~ 9I3 91 

** 

spruce/pine 0.56 0.68 0.59 0.84 0.78 0.96 1.05 *** 
totals 021 0.26 0.18 036 034 022 033 
or 	with 

99 
birch wi

* 

jeth 9i. 9i.5i 9i. 	n.s. 

spruce/birch 0.49 0.52 0.70 0.61 0.69 0.66 0.73 	n.s. 
totals 025 0.18 036 026 0.21 031 030 

Me 



Table 2. Biomass of large roots (>2mm) during the second growing 
season. Means of 10 cores (mgcm 3) and standard deviations in italics. 

Treatment March 21 May 1 June 17 Aug 1 Sept 10 Oct 20 Dec 9 

spruce -- -- 
-- 0.02 0.04 0.20 0.09 

0.07 0.08 0.24 0.11 
pine (0 (3 

larch 0.07 
0.15 

0.06 0.05 0.06 0.18 0.21 0.09 0.14 0.16 020 020 0.44 0.12 
birch 0.19 -- 0.27 0.20 0.18 0.16 0.51 

- - 
- 022 024 1.0 

spruce with 
 

pine with 
F1 

-- -- -- -- 

spruce/pine -- 0.10 -- 0.13 0.02 0.10 0.08 
totals -. -- 0.12 

prce with -- -- -- -- -- -- 

birch with 
spruce 

-- -- -- 

spruce/birch -- -- 
-- 0.05 0.30 0.37 0.14 

totals 0.11 038 038 021 

Table 3. Density of total root biomass during the second growing season. 
Means of 10 cores (mgcm 3) with standard deviations in italics. 
Asterisks indicate significant differences between March and December 
means (*p::~0.05,**p<0.01,***p<0 001 ). 

Treatment March 21 May 1 June 17 Aug 1 Sept 10 Oct 20 Dec 9 

spruce 0.47 
0.16 

0.47 
0.17 

0.53 
024 

0.89 
038 

0.98 
0.40 

1.25 
0.42 

1.20 
053 

pine 0.40 
030 

0.54 
0.46 

0.76 
056 

0.68 
0.53 

1.03 
0.75 

0.97 
0.29 

1.31 
052 

larch 0.42 0.63 0.82 0.89 1.00 0.91 0.70 * 
034 039 039 0.44 037 0.63 023 

birch 0.63 
0.41 

0.50 
0.22 

0.96 
1.03 

0.92 
0.58 

0.82 
0.23 

0.88 
0.43 

1.16 
1.00 

n.s. 

sruce with 
99 n.s. 

pine with
pruce 

** 

spruce/pine 0.56 0.79 0.59 0.97 0.81 1.06 1.13 *** 

totals 021 036 0.18 054 034 038 037 
ggruce with 939 $33 00.1 k * 

birch with 
spruce WN W19 WN 9i. 9j. n.s. 

spruce/birch 0.49 0.52 0.70 0.66 1.00 1.03 0.91 * 

totals 025 0.18 036 0.25 0.50 0.49 0.40 



There were no significant differences between the fine root concentrations in different 

treatments over the first six sampling dates (Figure 1). However production over the last 

four months of the season appeared to separate two distinct groups of three plots (Figure 
1). The rooting intensity of spruce, pine and spruce/pine plots continued to increase at a 

rate of approximately 0.08 mg cm-3  month-1, whereas root concentrations in larch, birch 

and spruce/birch plots were static. An increasing proportion of dead root was observed 

in larch plots which may have accounted for the decline in production, as quantities of 

dead root were not measured. A small proportion (10 %>) of dead root was observed in 

birch plots, spruce and pine roots showed no signs of mortality. 

1.2 

1.0 

0.8 

0.6 

r 
0.4 

0.2 

1.s.d 
PS 0.05 

-Q- spruce 

-.0- pine 

—I-. larch 

-••- birch 

spruce & pine 

0.0 	 —P— spruce & birch 
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month 

Figure 1. Concentrations of fine root biomass (2mm>). Mean standing 

crops for each treatment throughout the second growing season. 

A comparison of fine root biomass between the component species of mixed plots is 
presented in Figure 2. The general trends shown by pine and spruce roots were for each 

species to contribute a constant proportion to plot total standing crops and to grow at 

similar production rates. Spruce with birch, however, contributed an increasing 

proportion of plot fine root rising frOm 30 to 50 percent of the standing crop. Birch fine 

root provided no net production to the plot total, whereas spruce root increased at a rate 
of 0.03 mg cm-3  month. 
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Figure 2. Concentrations of fine root biomass (2mm>). Mean standing 

crops for individual species in mixed plots. 

The performance of roots of an individual species in mixed plots is compared to rooting 

intensity achieved by the same species in pure plots in Table 5. If the mean rooting 
intensity of an individual species in mixed plots was equivalent to 50 percent of mean 

concentration in pure plots, this would imply no competitive interaction as a result of 

admixture. In spruce/pine plots spruce benefited from a positive interaction with pine at 

the start of the season, which was no longer apparent by the final harvest. Pine root 

weight, as a percentage of pure plot means, fluctuated throughout the season and no 

consistent interaction was indicated. Trends taken over the whole season showed a 

positive interaction of spruce root with pine as spruce standing crops were equivalent to 

62 percent of pure plot totals, with no effect on the rooting intensity of pine (Table 5). 
Birch exerted a negative influence on spruce rooting intensity, concentrations of spruce 

root weight were 28 percent of pure plots overall. Birch fine root showed a positive 

interaction with spruce at the beginning of the season which declined towards the final 

harvest. Total quantities of birch root weight were maintained at the expense of spruce 

root over the full season (66 versus 28 percent of pure plot totals respectively). 

Root tip density 

The concentration of fine root tips showed statistically significant increases for all 

species, excepting larch, during the second growing season (Table 4). The results 
presented in Figure 3 show that spruce and spruce/pine plots contained the greatest 



numbers of tips throughout the season. Root tip production was similar for spruce, pine 

and spruce/pine plots at 1. 1, 0.9 and 1.0 tips cm-1 month-1 respectively. Larch root tip 
concentrations remained static with only 0.1 tips cm-1 month-1 production. By December 

pine had produded approximately 7 times the number of root tips present at the start of 

the growing season. Spruce tips had increased by between 2 and 4 fold in pure and 

mixed plots during the second growing season. 

Table 4. Density of fine root tips (2mm>) during the second growing 

season. Means of 10 cores (tips cm-3) with standard deviations in italics. 
Asterisks indicate significant differences between March and December 
means ( *p:A.os, **p:A.01, ***p:!~0.001 ). 

Treatment March 21 May 1 June 17 Aug 1 Sept 10 Oct 20 Dec 9 

spruce 4.3 
1.6 

3.4 
1.1 

4.9 
2.8 

9.6 
6.8 

12.6 
5.6 

16.1 
5.4 

13.8 
7.6 

** 

pine 1.3 
Ii 

1.1 
0.8 

2.3 
1.7 

3.3 
2.7 

5.8 
3.9 

6.7 
3.2 

9.2 
52 

larch 1.8 
lB 

2.4 
1.6 

3.1 
1.9 

2.8 
1.8 

4.0 
2.0 

3.0 
13 

2.8 
1.4 

n.s. 

ruce with 
If.9 949 743 ** 

spruce/pine 
totals 

3.8 
1.6 

3.3 
0.9 

4.6 
2.1 

7.2 
2.9 

9.9 
4j 

12.8 
6.0 

12.1 
5.1 

** 

,pruhce with ** 

Root tip production began in May for all species, spruce root tip production appeared to 

stop in November in all but spruce/birch plots (Figures 3 & 4). Pine root tip production 

continued at a steady rate throughout the season. The contribution to root tips in mixed 
plots is presented as Figure 4. Spruce contributed the largest proportion of fine root tips 

in spruce/pine plots and competitive interactions appeared to be similar to those 

influencing the intensity of root weight (Table 5). 

Root tip numbers for mixed plots were expressed as a percentage of rooting intensity in 
pure plots in Table 5 and this suggested that a positive interaction affected both species 

in spruce/pine plots. Birch exerted a negative influence on the number of spruce root 

tips (Table 5). 
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Figure 3. Concentrations of fine root tips (2mm>). Mean standing crops 

of each treatment throughout the second growing season. 
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Figure 4. Concentrations of fine root tips (2mm>). Mean standing crops 

for individual species in mixed plots in the second growing season. 
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Table 5. Rooting intensity for individual species in mixed plots 
expressed as a percentage of rooting intensity in pure plots. 

Treatment 	March May June Aug Sept Oct Dec Overall 

Dry weight (2mm>) 
ruce with 	75 	70 	72 	60 	60 	51 	51 	63 

pine with 57 100 35 49 28 52 50 53 Spruce 

price with 
mrcn 31 21 43 22 24 24 33 28 

birch with 75 84 67 61 73 57 55 67 spruce 

Dry weight (total root) 
spruce with 	 75 	70 	72 	58 	60 	50 	50 	62 ulne 

pine with 53 83 29 68 20 44 41 48 Spruce 

spruce with 
birch 31 21 43 21 23 20 34 28 

birch with 53 84 48 51 93 89 43 66 spruce 

Root tips (2mm>) 
gruce with 	 74 	65 	69 	56 	64 	56 	56 	63 

pine with 	 46 	109 	52 	58 	33 	57 	48 	58 Spruce 

cpn,ice with 	 30 	27 	41 	24 	25 	16 	34 	28 birci 

Specific root tip numbers 

Specific root tip numbers (SRT) are defined as the number of fine root tips per unit root 

dry weight and were calculated for each individual core. Data from two replicate plots 

were expressed as single monthly means and is presented as Figure 5. 

Spruce and pine had significant changes in SRT over the season whereas larch SRI 

remained constant. Increases in SRI began in May and continued until November for 

spruce and pine. The maximum SRI value achieved by spruce was 17 tips per mg root, 

pine had up to 9 tips per mg and larch only 5. Admixture resulted in no significant 
changes in SRT for spruce or pine. 
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Figure 5. Mean specific root tip numbers (2mm>) for different species in 

each treatment during the second growing season. 

Root length in December 

Concentrations of root length for spruce, pine, larch and spruce/pine plots in December 

are presented in Figure 6. The spruce component of spruce/birch plots is shown on the 

same histogram, but was not included in the analysis of variance between plots. 

Concentrations of root length followed the order spruce>spruce/pine>.pine>larch, 

although only spruce and larch plots showed significant differences. The same form of 

expression that was applied to root weight and tip concentrations in Table 5 can be 

applied to root length. Spruce/pine mixtures contained spruce root length equivalent to 

54 percent of pure plots and 49 percent for pine. Spruce with birch contributed to only 

36 percent of pure plot totals. The results suggest that competitive interactions within 

mixed plots influenced the dry weight, number of tips and length of fine roots to a 

similar extent. 

Root architecture 

The form of fine roots sampled at the end of the second season is examined in Figures 7 
& 8. Specific root length (SRL) is defined as the length of fine root per unit dry weight 

(2 rnm>)(Figure 7). Spruce root has a significantly greater SRL (5 cm mg-1) than pine 
(3 cm mg-1) or larch (2.5 cm mg-1). SRL was not influenced by any interaction in mixed 
plots. 
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Figures 6 - 8 ; Root form from December core samples. Same letters 

indicate no significant differences between means @ P:0.05. 
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The number of root tips per unit length was similar for pine and spruce but significantly 

lower for larch (Figure 8). Planting trees in mixed plots had no effect on the number of 

root tips for a given root length of pine or spruce. Specific root tip numbers for 

December, presented in Figure 5, complete the description of fine root form. 

To summarize, spruce had more active root tips and a greater root length for a given dry 

weight of root, compared with pine or larch. Pine had more active root tips, but a 

similar root length for a given weight of root when compared with larch. Admixture had 

no effect on root form of spruce or pine. 

Comparison of root dry weight determined by coring and excavation 

Total root dry weight for each sample plot was determined by excavation of the complete 

plot at the end of the growing season (Chapter 2). The dry weight from the two sample 

plots was pooled to give a mean value for individual treatments. Mean values from 

excavation and December cores were expressed as concentrations to allow direct 

comparison with results obtained from field studies (Figure 9). Results for total root dry 

weight obtained by coring were between 37 and 64 percent of excavated root dry weight. 

The sequence of treatments placed in order of increasing quantities of root dry weight 

differed for excavation; pine>birch>spruce/pine> spruce>larch and spruce/birch; and for 

coring estimates; pine>spruce>spruce/pine and birch> spruce/birch>larch. 

El excavation 

0 cores 
2 	EL 26 	a:a 
DID 

.0 

Figure 9. A comparison between concentrations of total root biomass 

determined by complete excavation and December core samples. 



DISCUSSION 

'Sampling procedure 

The choice of sampling strategy had to strike a balance between practical constraints on 

the techniques used and the level of precision required. The intensity of sampling 

proved to be the maximum which could be achieved with the time available for sorting. 

The position of each core was chosen to minimise the amount of damage to tree root 

systems, whilst being representative of the plot as a whole. The sampling intensity did 

provide adequate estimates for standing crops of fine roots, with coefficients of variation 

of less than 100 percent which is acceptable for the results of root studies. Results for 

standing crops of root >2 mm diameter were associated with larger coefficients of 

variation (>100 %), indicating the need for a more intensive sampling strategy. The 

sampling positions chosen for coring led to an underestimate of total rooting intensity, 

compared with complete excavation. Large roots around the root collar were not 

sampled by the corer and could have accounted for the discrepancy between cores and 

excavation. Studies of field sites have encountered similar difficulties where systematic 

rather than random sampling strategies were chosen. Reynolds (1970), Roberts (1976) 

and Ford & Deans (1977) all found concentrations of fine roots to decrease with 

increasing distance from stems. Systematic sampling procedures are normally justified 

by the need to reduce within-site variation (Deans, 1981; McKay & Malcolm, 1988). 

The criteria chosen for measurement of root weight, tips and length precluded any 

estimation of the contribution of dead root. With hindsight this appears to be a 

disadvantage, particularly regarding larch and birch 'plots where observations indicated 

an increasing proportion of dead root. Considering the sampling intensity, which 

accounted for about 4 percent of plot volume, coring should have resulted in significant 

root mortality within all treatments. The lack of any observations of dead root in spruce 

and pine plots is supported by the persistence of excised roots reported by Ferrier and 

Alexander (1985). Their study indicated that spruce mycorrhizas remained metabolically 

active for up to 9 months, probably as a result of carbohydrate reserves in the root. In 

glasshouse plots microbial activity was low (Campbell, 1988) and may have accounted 

for slow rates of decomposition of excised roots. The observations contradict normal 

expectations of root longevity (Lyr & Hoffman, 1967; Marshall & Waring, 1985) and 

suggest that roots initiated in March remained active until December. Environmental 

stresses associated with root mortality, such as large soil moisture deficits (Deans, 

1981; Coutts, 1982) and sub-zero temperatures (Tyron & Chapin, 1983), were not 
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experienced in the glasshouse. 

Rooting intensity 

In the following discussion a comparison is drawn between the proliferation of fine roots 

in glasshouse plots and in a number of field studies, where soil horizons are expected to 

be fully exploited by fine root populations. Concentrations of fine roots, rather than 

standing crops over a given area, are chosen for comparison. Investigations reporting 

only standing crops of roots present values from complete profiles, without considering 

the rooting intensity within specific horizons (Ford & Deans, 1977). 

After two growing seasons, the rooting intensity in glasshouse plots was within the 

range of values reported for stands of Sitka spruce in Britain. The concentrations of 

roots up to 5 cm diameter in the humus of a 35 year old stand were reported as 0.97 mg 
cm-3  by Fairley & Alexander (1983), which was actually lower than some glasshouse 

treatments. Deans (1981) found concentrations above thosein the glasshouse, ranging 

from 1.6 to 6.9 mg cm-3  for roots <2 mm in a 14 year old plantation. McKay & 

Malcolm (1988) investigated the top 5 cm of soil beneath similar aged stands and 

reported mean monthly rooting intensities (<2 mm) of 2.2 mg CM-3  for Sitka spruce and 
1.1 mg cm-3  in Sitka/Scots pine mixtures. Mixed spruce/pine plots from the present 

study did not exhibit lower rooting intensities than pure spruce, both treatments shared a 

similar total rooting intensity to those reported for mixed Sitka/Scots pine stands by 

McKay and Malcolm. Both studies found a higher proportion of spruce root in mixed 

plots, with 65 and 53 percent of total standing crops in the field and glasshouse 

respectively. 

McKay & Malcolm (1988) reported concentrations of active root tips of 18.6 cm 3  in 

pure spruce stands, greater than in any glasshouse treatment. Mixed stands had 

concentrations of 4.8 and 3.1 tips cm-3  for spruce and pine respectively, comparable 

with glasshouse plot totals and with similar root proportions of each species to the 

spruce/pine treatments. Fairley & Alexander ,  (1983) found lower numbers of active root 

tips which fluctuated between 0.7 and 1.5 per cm-3  over two years. Only Deans (1981) 

has reported concentrations of fine root length for Sitka spruce, which ranged between 

4.8 and 19.1 cm-3  in different soil horizons, lower than those measured in spruce 

glasshouse plots. 
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Seasonal fluctuations in the form and standing crops of fine roots 

Many field studies have examined seasonal patterns of root growth (Fogel, 1985) and it 

is important to identify the major differences between these and the present study. 

Glasshouse plants were younger than examples from field studies; the plot volume was 

not fully exploited by roots; root mortality was unlikely to be caused by environmental 

stress and nitrogen deficiency was increasing. Generally, root initiation and 

development is dependent on soil temperature (LyT & Hoffman, 1967; Hermann, 1977) 

with variation in root periodicity occurring both within and between tree species 

(Bowen, 1984). In the glasshouse, initiation of root production began earlier for birch 

and larch than for spruce and pine and differences between deciduous and evergreen 

species may be explained by examining the phases of root development proposed by 

Ford & Deans (1977). The season commences with high carbohydrate concentrations in 

roots which decline during a phase when shoot elongation and root production begins. 

Deciduous species in this study flushed approximately three weeks earlier than pine and 

spruce and this mobilization of shoot carbohydrate reserves may have been coupled with 

early root development. 

Coutts & Phillipson (1987) described different root growth response curves for Sitka 

spruce and lodgepole pine seedlings over a range of soil temperatures. Maximum 

growth rates occurred between 20 and 25 °C for spruce and between 25 and 30 °C for 

pine. In the present study, pine and spruce demonstrated similar rates of root production 

and periodicity with maximum summer temperatures of about 25 °C. Coutts and 

Phillipson (1987) also reported increases in root diameter and a reduction in specific root 

length (SRL) at higher soil temperatures. Glasshouse roots developed more tips per unit 

root weight (SRT) during summer months which may imply a reduction in diameter and 

increase in SRL. Clearly the influence of temperature on root form cannot be considered 

in isolation during a growing season. 

The progression of root production by pine and spruce was quite different from the 

deciduous species during the latter half of the second growing season. The form of larch 

fine roots remained constant throughout the season whereas spruce and pine produced 

more root apices and became longer and thinner, as indicated by changes in SRT. At the 

end of the season spruce and pine roots were about 3 and 2 times longer than larch. The 

graminoid form of birch roots was not comparable with the mycorrhizal short roots of 

the conifers. Such root systems allow rapid exploitation of the soil volume at the 

expense of longevity demonstrated by mycorrhizal roots (Bowen, 1973). 



The form of pine and spruce roots, observed during the second growing season, was not 

changed by admixture. Competitive interactions were apparent after one growing season, 

with birch exerting a negative and pine a positive interaction with the biomass and 

nutrient uptake of spruce (Chapter 2). By the second season, no differences in the 

availability of nitrogen could be shown between the peats from different treatments 

(Chapter 3). Although competition for nitrogen may have exerted an influence on root 

form during the first growing season, depletion of available forms of N had reached the 

same extent in all treatments by the second year. Roots of all species therefore 

experienced severe nitrogen deficiency and this would have been the dominating 

influence on the growth forms adopted. Contradictory evidence reported by McKay & 

Malcolm (1988) and McKay (1988) for the influence of Scots pine on Sitka spruce root 

form may be explained by greater availability of mineral nitrogen to spruce roots in 

mixtures. Such a mechanism cannot be adduced in the present study. Other potential 

influences on root form in mixed plots, such as transfer of auxins or connections by 

shared mycorrhizal symbionts, would appear to be of secondary importance to the 

nitrogen deficiency experienced by trees in this study. 
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CHAPTER 5 

Anaerobic peat as a substrate for nitrogen uptake: A 

comparison between Sitka spruce and lodgepole pine 

INTRODUCTION 

The root systems of Sitka spruce (Picea sitchensis (Bong.) Carr) and lodgepole pine 
(Pinus contorta DougL) have been extensively researched in the United Kingdom. Such 

interest reflects both the commercial importance and the contrasting tolerance to edaphic 

conditions shown by each species. Windthrow is a major problem to upland 

afforestation and studies investigating the development of structural root systems have 

shown lodgepole pine to be deeper rooting on heathiand soils (Yeatman, 1955), peaty 
gleys (Everard et al., 1970) and deep peats (Booth & Mayhead, 1972). In the absence 

of mechanical impedence, restrictions on rooting depth are caused by anaerobic 

conditions present as a result of permanent or periodic waterlogging (Day, 1963; Fraser 

& Gardiner, 1967; Boggie, 1972; Armstrong et al., 1976; Pyatt & Smith, 1983). Both 

spruce and pine are potentially deep rooting species on well drained and aerated soils 
(Yeatman, 1955; Fraser & Gardiner, 1967) 

It is recognised that the degree of susceptibility to root mortality during periods of soil 

waterlogging varies between different tree species (Gill, 1970; Armstrong, 1979). 

Lodgepole pine is a relatively flood tolerant species whereas Sitka spruce is susceptible 

to flooding (Armstrong & Read, 1972; Boggie, 1974), particularly as water tables rise 

towards the end of the growing season (Boggie & Miller, 1976). Unlike the spruce, 

lodgepole pine exhibits physical and physiological attributes enabling better root survival 

during periods of poor soil aeration. Oxygen diffusion to the roots is improved by 

aerenchyma formation in the root pericycle and by enlarged root lenticels (Coutts & 

Phillipson, 1978b; Phillipson & Coutts, 1978, 1980). Lodgepole is less susceptible to 

phytotoxic reduced ions present in anaerobic soils (Sanderson & Armstrong, 1980 a,b) 

and does not accumulate toxic products of anaerobic metabolism to the same degree as 

Sitka spruce (Crawford & Bains, 1977). 

The mineral nutrition of trees may be influenced by the direct or indirect consequences of 
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deeper rooting, however these are difficult to assess quantitatively. Lodgepole pine 

causes drying and shrinkage of blanket peats to a greater extent than any other species 
so far tested (Pyatt et at., 1987). Pseudofibrous and amorphous peats form cracks as a 

result of irreversible drying under lodgepole pine and these improve peat drainage and 

aeration. Water uptake may directly promote the drying effect at lower peat depths• 

although differences in canopy interception are thought to be responsible for the more 

distinct reduction in water tables under lodgepole pine than Sitka spruce (King et al., 
1986). Changes in peat physical properties and the uptake of nutrients by stands of pine 

have been shown to alter the chemical properties of peat (Binns, 1968; Williams, 1978, 

1979). Williams (1978) found a reduction in the exchangeable cations Ca 2+,  Mg 2+  and 
K + with an increase in levels of H + and Na + under trees, nitrogen mineralization rates 

appeared to be greater, whereas CO2  evolution rates were lower from planted peats 

(Williams, 1979). Ploughing practice on deep peats has attempted to create large ridges 

of peat above the water table (Neustein, 1976) as lower water tables and improved 

aeration are known to benefit tree growth and nutrient uptake (Brown et at., 1966; 
Boggie & Miller, 1976). 

Direct implications of deep rooting on nutrient uptake by trees depend on the availability 

of nutrients in lower soil horizons. Nitrogen mineralization is generally assumed to 

decrease with peat depth as waterlogging increases and microbial activity is reduced 

(Carlyle & Malcolm, 1986). Significant amounts of nitrogen may be released during 
anaerobic incubations of peat (Williams et at., 1974, 1979; Ross & Malcolm, 1988). 
Although the net effect of waterlogging is a slower rate of organic matter decomposition, 

nitrogen utilization by microorganisms is also reduced resulting in a rapid initial 

accumulation of ammonium (Ponnamperuma, 1972). At the limit of rooting depths 

conditions of aerobism I anaerobism occur and such fluctuations have been shown to 
actually increase rates of organic matter decomposition (Reddy & Patrick, 1976) and the 

amount of mineral nitrogen released from incubated heathland soils (Ross & Malcolm, 

1988). The ability of roots to grow and remain active under such conditions may be 

important for nutrient uptake, particularly in younger stands before significant drying 

and improved aeration of soil takes place. No quantitative estimates of the contribution 

from anaerobic horizons to tree nutrient uptake are available. 

Lodgepole pine prOmotes drying and shrinkage of peaty soils to a greater extent than 

Sitka spruce. Pine is associated with deeper rooting and greater canopy interception, 
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compared with spruce, and it is considered that these mechanisms may be responsible 

for better soil aeration under stands of pine. Miller et al. (1986) have reported that soil 

aeration was improved beneath mixed stands of Scots pine/Sitka spruce compared with 

pure stands of spruce. Under the spruce/pine mixtures net nitrogen mineralization rates 

were greater than under pure spruce and native peat horizons actually released more N 

than surface layers (Williams, 1986). However, the potential for peat horizons below 10 
cm to contribute mineral nitrogen to tree N uptake has not been investigated. 

The purpose of this investigation was to compare the root development and biomass 

production of lodgepole pine and Sitka spruce seedlings growing in cylinders of peat, 

the lower sections of which were subject to permanent waterlogging. The experiment 

was designed to assess whether the anaerobic portion of the columns of peat contributed 

significantly to the nitrogen uptake of the pine or spruce. 
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METHODS 

Experimental design 

The design was conceived in order to allow lodgepole pine and Sitka spruce seedlings to 

grow in cylinders of peat which had one half of their volume permanently waterlogged. 

Each replicate comprised either a pine or spruce 1+0 seedling planted in a clear PVC 

tube filled with peat. Replicates were immersed in tanks of water, up to half their tube 

length, and plants were allowed to grow for 18 months under glasshouse conditions. 

Treatments included either unrestricted or restricted tubes, the latter having a mesh root 

barrier at the midpoint of the cylinder. Plants in unrestricted tubes had access to the 

whole cylinder of peat, whereas restricted plant roots were confined to the top aerated 

portions. Any differences in the uptake of nutrients between plants in unrestricted or 

restricted treatments would indicate a contribution of the waterlogged peat to the supply 

of nutrients. 

Materials 

Two 50 gallon water tanks were modified with a raised base and dexion support frame to 

provide spacing for 36 replicate tubes per tank (Figure 1). A black PVC cover was used 

to prevent light from reaching the cylinder walls, whilst allowing the plant and 2 cm of 

tube to protrude above the cover. Water level was maintained between 22 and 24 cm 

from each cylinder base by filling to drainage holes in the tank sides. The modified tank 

base was adjusted to the same plane as the water surface so that the bottom of each tube 

could then be used as a baseline for all measurements. The peat surface in each tube was 

not chosen as a baseline for depth measurements as watering resulted in uneven settling 

of the peat between replicates. 

Replicate tubes were cut to 1 x 48 or 2 x 24 cm lengths from clear PVC tubing (60 mm 

internal diameter, 1.5 mm wall thickness). 24 cm sections were joined using a 3 cm 
collar, (65 mm internal diameter, 2mm wall thickness), allowing a nylon mesh root 

barrier to be inserted between upper and lower cylinders (mesh 70 x 70 mm, 250 micron 

aperture). All cylinders were given supporting bases and rigidity of joints was improved 

using PVC tape (Figure 2). 
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4— black polythene cover 

.... dexion support frame 

4— tubes with pine or spruce 

4— base and blocks for level 
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-- water level 
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Figure 1. Exploded diagram showing experimental design. 
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- upper 24 cm portion 

- sealing tape 

- mesh root barrier 

- junction collar 

- lower 24 cm portion 

4 	base collar 

base plate 

Figure 2. Design of junction sections for restricted tubes. 

Cylinders were filled with approximately 170 g dry wt. of a milled Sphagnum / Calluna 
peat to a bulk density of 0.6 g cm-3. The peat has been described in Chapter 3, having 

similar P, K fertilizer addition rates as glasshouse plots (Chapter 2) in order to create 

conditions of nitrogen stress. Estimates of available nutrients were made using the 

extraction procedure for 2% acetic acid (Chapter 3), and results are presented in Table 1. 

Plants were obtained from local nurseries as 1+0 seedlings and graded by fresh weight 

to give similar initial sizes at planting (Table 1). Roots were pruned in order that all 

seedlings could be planted to the same initial depth of 10 cm from the peat surface. 

Unfortunately due to shortages of plants, the initial dry weights and nutrient 

concentrations of trees were not determined. Consequently nutrient uptake could not be 
calculated, only total plant nutrient capital for each replicate. 
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Table 1. Pre-planting peat weight per tube, plant fresh weight, 

extractable nutrients (2% acetic acid). Means with std. errors in italics. 

Treatment pine spruce 
unrestricted restricted unrestricted restricted 

peat dry weight 166 180 167 172 
g) 2.97 2.18 3.17 1.69 

plant fresh weight 5.47 4.75 5.14 5.60 ? g) 0.27 0.18 023 0.27 
NH4  - N 36.4 36.4 35.4 34.8 
(.tgg--) 

P 446 437 450 454 
(tgg 1 ) 
K 833 863 836 853 
(rig g-1 ) 

Technique for root length estimates 

Root length, observed through the tube walls, was estimated for each species in the 

unrestricted treatments. The method was derived from Tennant (1975) using the 

principle of root intersects with lines of a known grid size. An acetate overlay with a 2 

cm grid scribed onto its surface was wrapped around each cylinder wall and joined using 

Sellotape (Figure 3). The acetate was moved down each tube at 4 cm intervals from the 

top, measured as 48 cm from the tube base. For each depth interval root intersections 

with the grid were observed using a binocular microscope, 2x magnification, through the 

clear PVC wall. 

1 

C] 

2 

Figure 3. Design of acetate sheet showing scribe marks ( 11-113) providing 

a 2 cm grid for root length estimates. 

Root length was estimated using the equation; 

L1 = U x 0.02 x (I intersects 3-13 + intersects LL1±.L2)1 
14 	 2 	Where Li  is the estimated 

root length for a given depth interval, total root length per tube is therefore I L. 
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The validity of this technique was tested using a cylindrical paper insert in an empty tube 

with six 4 cm depth intervals and the acetate overlay. Randomly placed lines of known 

total lengths from 4 to 16 m were marked on the inserts and total length estimates were 

determined. Estimates proved accurate to within 7 percent (Appendix 5 ). 

Technique for estimating the degrees of aeration at different peat depths 

To assess the degree of aeration at different depths in the peat, 3 unrestricted tubes were 

left unpianted in each tank. A polarograph described by Lees (1969) was used to 

measure oxygen flux at different depths, however this method proved unreliable and the  
technique described by Camell and Anderson (1986) using rusting steel rods as an index 

of anaerobism was adopted. Steel rods, 60 cm length x 1 cm diameter, were rubbed 

down, wiped with dilute HC1 and rinsed with distilled water. Rods were then inserted 

down to the base of each unpianted cylinder and left for two months prior to removal and 

examination in Aug/Sept 1987. 

Harvesting, growth measurements and nutrient analysis 

Plants were harvested in December 1987, 18 months after planting. Each seedling was 

excised at the peat surface prior to making measurements of total height and root collar 

diameter. Shoots were separated into needles and stem, and roots were carefully 

removed from the peat core. Roots were extracted using fine forceps and illuminated by 

an optic fibre light source. Roots were then divided into fine (2 mm>) and main (>2 

mm) fractions, no attempt was made to estimate the proportion of roots present at 
different depths within the core. All parts were rinsed with a fine water spray to remove 

contaminating particles of peat and dried at 85 °C for 24 hours before dry weight 

determination. Different component parts were then bulked for each replicate and 

ground through a 0.5 mm screen. Nutrient analysis for total plant N, P, K, Ca, Mg 
concentrations were then carried Out as described in Chapter 2. 

Statistical analysis 

Means with standard deviations or standard errors are presented, comparisons between 

treatment means use a test for one way analysis of variance available on the Minitab 

statistical package (Chapter 2). 'Where least significant differences have been presented 

they were calculated by the T-method (Sokal & Rohif, 198 1) from the mean square value 

given by a Minitab analysis of variance test. All tests for significance were carried out at 
the 5 percent probability level. 
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RESULTS 

Extent of anaerobism in peat 

The tank water levels were allowed to fluctuate between 22 and 24 cm from the base of 

each replicate cylinder during the course of the experiment. The steel rods showed 3 

distinct zones of oxidation; a complete brown rust covering above the peat surface; 

mottled' brown rusting of varying intensity adhering to surrounding peat; a matt grey 

surface with no oxidation below the water level. The transition from a mottled rnst tc 

matt grey surface was abrupt, although the thickness of brown rust declined towards that 

point. The boundary between mottled and grey zones was taken as the extent of 

anaerobism, recorded as height above the cylinder base (Table 2). 

Table 2. Oxidation of steel rods, estimation of height of anaerobic 
conditions from base of individual tubes. 

Tank 1 
	

Tank 2 

Tube number 1 2 3 1 2 3 

Height (cm) 25.5 30.5 26.0 30.0 29.0 28.0 

All individual rods showed evidence of anaerobism above the height at which the water 

level was maintained, the mean height was about 28 cm above the base for each tank. 

The results suggest that an anaerobic capillary fringe extended at least 4 cm above the 

water level into the peat columns. Despite the root restriction at 24 cm, roots in both 

restricted and unrestricted treatments would have experienced some degree of anoxia. 

Root length estimates at different peat depths 

Root length was not estimated for restricted treatments, although it was observed that 

roots of both species reached the mesh root barrier and did not grow beyond. The results 

in Table 3 show root lengths measured beneath the tube walls for 4 cm sections of tube 

at intervals from the tube base. In unrestricted tubes the mean maximum rooting depth 
for pine was 5 cm lower than spruce (Table 3), about 8 cm below the maintained water 

level. The total length of pine root was 48 percent larger than spruce and consequently 

pine had more root at each depth interval than spruce, excepting the top 4 cm. 



Table 3. Root length estimates for different tube depths; total root length 

per tube; maximum extent of rooting. Means of 11 samples, std. dev. in 

italics, same letters indicate no significant difference @ P:!~ 0.05. 

Height from tube Pine root length Spruce root length 
base (cm) (m) (m) 

48 - 44 0.05 	e 0.06 e 
0.04 0.06 

44-40 1.42 	de 1.14 de 
0.74 057 

40-36 3.85 	b  3.26 Cd 
1.20 0.86 

36 - 32 5.04 	a b 4.74 a b 
1.24 1.97 

32 - 28 6.20 	a 4.26 b c 
1:82 226 

28-24 4.36 	b  1.86 d 
154 129 

24-20 1.85 	d 0.24 de 
0.97 0.18 

20-16 0.47 	de 0.01 e 
0.58 0.02 

16-12 0.05 	e -- 

0.14 

Total root length 23.1 	a 15.6 b (m) 5.05 4.72 

Maximum extent of rooting 15.5 	a 20.6 b 
(cm from tube base) 2.03 225 

The proportion of fine roots (<2mm) at each depth interval is presented in Figure 4, in 
order to compare the root distribution between species. The majority of spruce roots 

were confined to the top 24 cm portion of peat whereas pine had a significantly greater 

proportion of roots below a height of 28 cm from the tube base. Pine had a further 10 

percent of its total root length growing in anaerobic peat 4 cm lower than roots in 
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restricted treatments. Spruce roots did not grow into anaerobic peat to the same extent as 

pine, with only 2 percent of spruce root at depths lower than restricted treatments. 

0 	5 	10 	15 	20 	25 	30 

% root length 

Figure 4. Percentage distribution of root length at different depth 

intervals, a comparison of pine and spruce in unrestricted treatments. 

Plant growth measurements 

All indices of growth were significantly greater for pine than spruce in a comparison of 

the combined means of restricted and unrestricted treatments (Table 4); height by 31 

percent; root collar by 19 percent and dry weight by 88 percent. Root shoot ratios 

showed spruce to have a greater proportion of below ground biomass, about 50 percent 
of total. No significant differences were shown between restricted and unrestricted 

treatments for any growth measurements, apart from pine fine root weight which was 23 

percent lower in restricted treatments. Although not statistically different, the results did 

show a trend for biomass to increase in unrestricted treatments, total dry weights being 9 

and 17 percent greater for pine and spruce respectively. 
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Table 4. Measurements of plant growth at final harvest; means with std. 

errors in italics, same letters indicate no significant difference @P:!~ 0.05. 

pine spruce 

unrestricted restricted unrestricted restricted 

height 26.0 a 27.9 a 20.6 b 20.7 b 
(cm) 0.93 1.06 0.69 0.75 

root collar 6.4 a 6.1 a 5.3 b 5.2 b 
(mm) 0.084 0.15 0.19 0.15 

fine root wt. 3.01 a 2.32 b 1.91 b  1.47 c 
(g) 0.20 0.16 0.15 0.09 

main root wt. 1.91 a 2.04 a 1.35 b 1.10 b 
( g ) 0.12 0.19 0.08 0.11 

stem wt. 2.71 a 2.53 a 1.32 b 1.26 b 
(g) 013 0.19 0.08 0.08 

needle wt. 3.67 a 3.37 a 1.62 b 1.47 b 
( g ) 0.18 0.20 0.11 0.14 

total wt. 11.2 a 10.3 a 6.16 b 5.29 b 
(g) 0.44 0.62 032 035 

root :shoot 0.755 a 0.734a 1.118 b 0.962 b 
ratio 0.030 0.034 0.047 0.059 

Correlations between estimated root lengths and actual root weight 

The total estimated root lengths in each unrestricted tube were compared with the fine 

and total root weight of individual replicates. The conditions experienced by roots at the 

peat / cylinder wall interface would have been different to those in the peat core so it is 

important to know how closely total length estimates were related to the weight of the 

complete root system. The results indicated that, although significant linear relationships 

only existed for pine roots, the regression equations for spruce roots were very similar 

and combining the data sets for both species improved the strength of correlation 

between length estimates and root weight (Table 5). The results support the contention 

that root length estimates provided a valid index of the distribution of root biomass by 

depth within the tubes. 
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Table 5. Regression equations for total root length estimates vs fine root 
wt. and total root wt., * denotes significance @ P:!~ 0.05. 

Length est. (Y) vs fine root weight (X) 
n 	a b r 

pine 11 	8.3 5.0 0.61* 

spruce 11 	7.9 4.0 0.40 

pine &spruce 22 	5.0 5.9 0.73* 

Total root weight (X) 
n 	a b r 

pine 12 	4.9 3.8 0.65* 

spruce 12 	4.9 3.3 0.44 

pine &-spruce 24 	2.8 4.3 0.76* 

Total nutrient concentrations in plants 

Total nutrient concentrations showed no within species differences between restricted 

and unrestricted treatments (Table 6). Between species, concentrations of N, K and Ca 

were higher for spruce, P was lower and Mg showed no differences. 

Table 6. Total nutrient concentrations for trees (% dry weight); means of 

12 samples with std. dev. in italics, same letters indicate no significant 
differences @ P:!~ 0.05. 

pine spruce 

unrestricted restricted unrestricted restricted 

Nitrogen 0.424 b 0.441 b 0.488 a 0.515 a 
0.032 0.032 0.032 0.058 

Phosphorus 0.170 a 0.169 a 0.149 b 0.160 b 
0.026 0.030 0.012 0.034 

Potassium 0.733 b c 0.634 c 0.782 a b 0.884 a 
0.067 0.061 0.062 0.016 

Calcium 0.323 b c 0.229 c 0.378 a b 0.394 a 
0.054 0.035 0.079 0.069 

Magnesium 0.126 a 0.132 a 0.142 a 0.148 a 
0.019 0.014 0.036 0.014 
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Total nutrient capitals in trees 

Total capitals of all nutrients were greater for pine than spruce (Table 7). Larger biomass 

rather than higher nutrient concentrations accounted for these differences (see Tables 4 

and 6). No significant treatment differences in total N,P,Ca and Mg can be shown, 

although a trend for greater totals in unrestricted tubes is consistent for both species. 

Pine had larger capitals of potassium in unrestricted treatments. 

Table 7. Total nutrient capitals of trees; means of 12 samples with 

standard deviations in italics, same letters indicate no significant 

difference @ P:!~ 0.05. 

pine spruce 

unrestricted restricted unrestricted restricted 

Nitrogen 47.2 a 44.8 a 29.9 b 26.8 	b 
(mg) 5.46 826 4.58 4.65 

Phosphorus 19.0 a 17.0 a 9.16 b 8.37 	b 
(mg) 3.88 3.65 1.83 2.19 

Potassium 81.5 a 64.9 b 48.1 c 47.4 	c (mg) 11.0 15.0 9.42 16.2 

Calcium 36.1 a 30.5 a b 23.7 b c 21.2 	c 
(mg) 7.92 6.41 8.06 7.48 

Magnesium 13.9 a 13.3 a 8.84 b 7.76 	b 
(mg) 1.76 2.49 3.04 1.73 
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DISCUSSION 

Extent of anaerobism and influence on rooting 

The steel rods demonstrated a similar pattern of oxidation to rods used in soils with 

periodic waterlogging by Carnell & Anderson (1986). After only a matter of hours, 

continuously deoxygenated conditions lead to the development of a man grey surface, as 

a result of the anodic loss of iron. Brown rusting develops more slowly and unevenly 

due to microsite variation in redox potential within soils. In this study the extent and 

thickness of rust deposits increased towards the peat surface, suggesting a gradient in 

oxygen availability. The smell of hydrogen sulphide was only detected in completely 

waterlogged sections which indicated the strongest reducing conditions (Ponnamperuma, 

1972). A similar discrepancy between the height of the maintained water level and the 

mart grey / brown rust boundary was also found by Camell & Anderson (1986), while 

Boggie & Miller (1976) found sulphide staining on silver plates to be above water table 

levels measured in a deep, peat. A combination of waterlogging from an extended 

capillary fringe and high'microbial oxygen demand are likely explanations for the 

observed differences. 

The influence of waterlogged soils on the development of roots by Sitka spruce and 

lodgepole pine has been described previously by Coutts & Phillipson (1978a,b). The 

present study supports the findings where spruce can only make slight growth into 

anaerobic soils whereas pine can penetrate to at least 10 cm depth. Coutts & Phihipson 

(1978a) found roots of both species to be susceptible to flooding when actively growing, 

resulting in complete mortality of spruce and 40 percent mortality of pine root tips. The 

small fluctuations in glasshouse water tank levels appeared to kill some spruce tips, 

leading to lateral root initiation behind the apex. However, despite high summer 

glasshouse temperatures, pine roots continued to grow without significant mortality. 

Coutts & Phihipson (1978b) demonstrated that lodgepole pine roots were more resistant 

to flooding when conditioned' by a period of growth into anaerobic soil. Pine roots in 

unrestricted treatments were continually exposed to anaerobism which may have allowed 

acclimatisation, with the development of physical and metabolic pathways to avoid 

anoxia (Coutts & Phillipson, 1987). Histological sections were not examined, although 

enlarged lentiêels were present on woody roots of both species, evidence of localised 

hypertrophy in response to anoxia (Coutts, 1982). 

Mycorrhizal roots were dominant in the aerated portions of tubes but roots were not 

infected in anaerobic peat. Read & Armstrong (1972) found mycorrhizal infection of 

114 



lodgepole pine roots growing on deoxygenated agar, where intercellular oxygen 

transport in roots appeared to promote rhizosphere oxidation. Coutts & Phillipson 

(1978b) found myconhizas only in aerated peat, which has been a common observation 

in many field studies (Boggie, 1972; McKay, 1986). Mycorrhizal symbionts are 

generally intolerant of low oxygen supply (Harvey et al., 1976; Harley & Smith, 1983). 

Most roots penetrating lower peat layers were of primary structure with few lateral 

apices, and these roots have been described as 'sinkers in field studies (Fraser & 

Gardiner, 1967). Under field conditions these roots are of an ephemeral nature, 

particularly for spruces, extending as water tables recede only to die back when water 

levels rise. If peat with fluctuating conditions of aeration / anaerobism is an important 

source of mineral nutrients, plant uptake is likely to be limited by the absence of 

mycorrhizas and fine lateral roots. Uptake would also be impaired by the influence of 

anoxia and the presence of phytotoxins detrimental to the metabolic processes associated 

with ion absorption (Sanderson & Armstrong, 1980a). 

Plant biomass and nutrient capital 

It is proposed that only the supply of nitrogen was limiting in this experiment as other 

nutrients were either added as fertilizer (P,K) or already present in peat in quantities 

which would not limit uptake (Ca,Mg). Whole plant concentrations of P,K,Ca, and Mg 

did not suggest deficiency of any individual element, whereas N concentrations were 

well below levels associated with deficiency symptoms (Benzian & Smith, 1973). 

Pine had larger biomass and nutrient capital than spruce, irrespective of treatment. In the 

glasshouse experiment reported in this thesis, the production of dry matter by pine and 

spruce has been shown to be dependent on the availability and uptake of nitrogen 

(Chapter 2). In the present study, pine contained 58 and 67 percent more N than spruce 

in unrestricted and restricted treatments respectively. The differences in tree biomass 

reflected the total N capitals contained by each species. The amount of biomass produced 

per unit of total N capital (nitrogen use efficiency, or concentration- 1) was also greater 

for pine. Nitrogen use efficiency was of the same order as measured for pine and spruce 

in glasshouse plots with no added N after 2 years (Chapter 2). 

Unfortunately N uptake is not calculable from the results without knowing the initial N 

capitals of the seedlings. It therefore cannot be assumed that pine accessed a larger 

reserve of mineral nitrogen from the peat substrate. Results from the glasshouse 

experiment, using the same oligotrophic peat substrate, showed no evidence for 

differential N uptake from a given volume of aerobic peat by pine or spruce. The peat 
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chosen for both studies was a recalcitrant substrate with respect to mineralization of 

organic-N. It has been concluded (Chapter 3) that a finite source of readily available peat 

inorganic-N was taken up by trees and no more N became available once this fraction 

was depleted. 

The trend for larger mean dry weights and nutrient capitals to occur in unrestricted 

treatments was true for both species. Unfortunately the proportion of mineral-N supplied 

from aerobic and anaerobic fractions of peat cannot be estimated without a value for total 

N uptake. However, it may be implied that anaerobic peat did contribute to nitrogen 

uptake from the small differences in N capitals between treatments. An apparent anomaly 

was that although spruce did not exploit the greater rooting depth afforded by 

unrestricted treatments trees did show trends for larger nutrient capitals in these 
treatments. 

It must be concluded that although pine roots did show a greater tolerance to conditions 

of anaerobism in peat, there was no evidence to suggest that this characteristic led to an 

advantage for nutrient uptake over spruce. Access to anaerobic peat did not appear to 

provide any significant benefits to trees in this study, although it would be unwise to 

extend such conclusions to field situations. The limitations imposed by the experimental 

design were considered to influence the outcome of this study to an important extent. 

Peat was resistant to decomposition and a large capillary fringe was associated with the 

small diameter tubes, allowing an upward diffusion of solutes. The technique for 

restricting rooting depth by mesh barriers could be applied to field experiments to assess 

the contribution of different soil horizons to nutrient uptake by trees. It is considered 

that such an approach would provide a valuable insight into the nutrition of lodgepole 

pine and Sitka spruce on oligotrophic peats. 
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CHAPTER 6 

Fine root production in response to localized concentrations of 

fertilizer-N under stands of lodgepole pine 

and Sitka spruce on a deep peat 

INTRODUCTION 

The importance of understanding the roles fine roots play in forest ecosystem processes 

is widely recognised (Fogel, 1983, 1985; Persson, 1983; Bowen, 1984). Estimates for 

the proportion of net primary production occurring below ground range from 40 to 73 

percent in boreal forests (Fogel, 1985). The contribution of fine roots to total production 

changes according to stand age (Grier et at., 1981; Vogt er at., 1983), species 
composition (Harris et at., 1977; McClaugherty & Aber, 1982), and environmental 
factors (Persson, 1980; Keyes & Grier, 1981; Vogt et at., 1983; Sanantonio & 
Hermann, 1985). An understanding of the processes influencing below ground 

production is of fundamental importance to silvicultural practice, particularly in relation 

to the consequences of manipulating edaphic variables. Cultivation, drainage and 

fertilization are widely practiced in the United Kingdom yet few studies have examined 

the response of fine roots to such changes in the soil environment. 

The response of fine root production to soil nutrient availability has been examined for 

stands with different fertilizer regimes and contrasting site production potential. 

Increases in site production potential have been shown to reduce the allocation of stand 

primary production to fine roots (Keyes & Grier, 1981; Vogt et al., 1983; McKay & 
Malcolm, 1988). Fertilization experiments have demonstrated that amendments can 

either increase root production (Farrell & Leaf, 1974; Safford, 1974; Persson, 1980) or 

reduce root production (Fairley & Alexander, 1983; Ahlström et al.,1988). Generally 
fertilization is assumed to reduce the proportion of carbon allocated to fine roots (Linder 

& Rook, 1984) and result in lower root: shoot ratios (Benzian, 1965; Nambiar, 1980; 
Ericsson, 1981). 

Research has indicated that nutrient availability has a direct influence on the distribution 

of root growth within soil horizons of individual stands (Ford & Deans, 1977; Kimmins 

& Hawkes, 1978; Strong & La Roi, 1985). However such investigations are 
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confounded by the importance of other soil factors, such as temperature, moisture 

content and bulk density, which can also account for variation in root distribution (Lyr 

& Hoffman, 1967; Sutton, 1969; Reynolds, 1970; Deans, 1981). Controlled 

environment experiments have demonstrated that Sitka spruce, with its root system 

divided between pots containing different fertilizer regimes, shows a root growth 

response to nitrogen and phosphorus but not potassium (Phillipson & Coutts, 1977). 

Drew (1975), working on barley, demonstrated a localised stimulation of lateral root 

initiation and subsequent lateral extension in response to N and P but not K. McDonald 

(1987), with a similar experimental design to Phillipson & Coutts (1977), found that 

sections of root systems supplied with P fertilizer were less active in their absorption of 

P in a 32P root bioassay than unfertilized portions of the root system. 

The present study has examined the influence of a point source of nitrogen supply on the 

production of fine roots under 15 year old stands of lodgepole pine and Sitka spruce. A 

further comparison has investigated the consequences of different sources of fertilizer P 

on soil nutrient availability and fine root production in the same stands. Root ingrowth 

cores (Ericsson & Persson, 1980; Persson 1980; Fabiao et al., 1985; Ahlström et at., 

1988) were used to determine fine root production. 
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METHODS 

Experimental design 

The experiment was conducted in two plots of lodgepole pine and Sitka spruce planted 

on a deep peat, both having received repeated P and K but no N fertilization. The plots 

were part of a Forestry Commission nutrient deficiency demonstration, full site details 

and fertilization history are given in Appendix 6a. Replicate plots for each species had 
been given identical rates of PK addition but as different forms of fertilizer. P was 
added either as ground rock phosphate (GRP) or a potassic superphosphate (KSP) 

resulting in four contrasting treatments; pine GRP, spruce GRP, pine KSP and spruce 

KSP. These stands were chosen as they were under nitrogen stress and tree roots might 

have been expected to respond more readily to N amendments. To investigate whether a 

root growth response could be stimulated by a localized source of N supply, root 

ingrowth bags were filled with peat which had been fertilized either with or without 

added nitrogen. Cores were placed in the forest floor of each stand in August 1986 and 

removed 22 months later to assess root ingrowth. A comparison of annual production 

between + and - N treatments was used to assess any evidence for a stimulation of root 
growth by fertilizer nitrogen. 

Materials 

Ingrowth bags were sewn from 22 x 20 cm sections of nylon mesh, aperture 0.2 cm. 

Sections were folded along the 22 cni length and stitched across the side and base 
leaving a 0.5 cm overlap. When filled with peat the material formed a cylindrical bag of 
6.5 cm diameter and 16 cm length. Orange or white mesh was used for + or - N 

treatments respectively. A horticultural peat, of Sphagnum / Calluna origins, with low 
levels of available N, P and K was used as a substrate for the cores, the peat has been 

described previously in Chapter 3. The peat was riddled through a 0.5 cm screen and 
sub-samples were taken for moisture content determination. Fertilizer amendments were 

added in solution as the peat was rewetted from 170 to 300 percent moisture content of 

oven dry weight. To achieve homogenisation a known weight of peat was turned over 

in a 'Podmore' rotary compost mixer and the required volume of nutrient solution was 

added slowly as the peat was mixed. As the mixer was emptied eight sub-samples were 

taken for moisture content and extractable nutrient determination. Two fertilizer regimes 

were used (Table 1), levels of P and K were equivalent to the periodic applications to the 

whole plots (Appendix 6a), whereas N levels were approximately half normal field 

application rates (McIntosh, 1981). The rate at which N was supplied was intended to 

reflect annual uptake requirements of young stands (Miller, 1984). The addition rates 
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were also close to annual net mineralisation rates reported from soils under productive 

stands of Sitka spruce (Williams, 1983). Rates of nutrient supply are expressed as a 

function of plot area assuming a mean ingrowth core dry weight of 45 g and surface area 
of 33 cm2  (Table 1). Peat used in the ingrowth cores contained an existing level of 

extractable NH4-N of 130 j.tg g (Chapter 3). Levels of nitrogen were supplemented 

with ammonium chloride, P and K were added as a combination of potassium 

dihydrogen orthophosphate and potassium chloride. Analysis of 2% acetic acid extracts 

from peat sub-samples showed recovery of N, P and K to correspond closely with 

fertilizer addition rates (Appendix 3b). 

Table 1. Initial nutrient status of peat ingrowth cores. 

Treatment 	N 	P 	K 	N 	P 	K 

(.tg g 1  o.d.wt) 	 (kg ha-1 ) 

N 0 	130 	616 	1230 	18 	84 	168 
N 500 	500 	616 	1230 	68 	84 	168 

Placement of ingrowth cores 

To determine locations for ingrowth cores each plot was surveyed, recording the 

position and root collar diameter of all trees (Appendix 6b). Spacing was inconsistent, 

resulting from replanting in 1973, and it was decided to create 50 sampling points at 
1.75 m intervals within each plot. Cores were placed within a 0.25 m radius of each 

sampling point in the 'flat' portion of the planting unit, between the furrow and the ridge 

(Carlyle & Malcolm, 1986). The 'flat' area has been shown to be the region of greatest 

N mineralization at similar sites (Carlyle & Malcolm, 1986). 20 cores of each N 

treatment were randomly allocated between the 50 possible sampling points, with only 

one core per treatment at each position. A cylindrical steel corer, diameter 6.7 cm, was 

used to remove cores of the original peat to a depth of 12 cm. Loose litter was discarded 

and cores were stored in polythene bags at 2 °C prior to preparation for physical and 

chemical analysis. Any protruding roots were cut away from the sides of the resulting 

holes before installation of the ingrowth bags. To fill bags a 20 cm diameter polythene 

funnel was joined to a 6.5 cm diameter PVC tube, 15 cm long. Each bag was then 

pulled over the tube, like a stocking, and inserted with the tube into the corer hole. 

Fertilized peat could then be dropped through the funnel into the bag and tamped down 

with a wooden plunger. As the bag became filled the funnel tube could be gradually 

removed whilst the peat was held in place by the plunger. When firmed down level with 
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the original peat surface the exposed bag edges were folded over the top to completely 

enclose the core. The bags eventually became covered with falling litter. 

Physical and chemical analysis of the forest floor peat 

Thirty cores were taken from the random sampling points to compare bulk soil 

conditions between plots. The fresh weight of each core was determined before being 

homogenised by passing the entire core through a food mincer. The resulting extruded 

peat was sub-sampled for moisture content and dry weight determination by drying at 85 

°C for 24 hours to constant weight. Five homogenised cores were combined and mixed 

to give six bulked samples, which were sub-sampled for nutrient analysis. A detailed 

description of the procedures used for the extraction of available nutrients, pH 

determination and release of N from incubated samples is given in Chapter 3. Some of 

the results have been previously reported in Chapter 3 as part of a comparison between 

different soil extractants (Appendix 3a). Details of the analytical techniques used to 

measure NH4-N, P, K, Ca, and Mg concentrations from extractants are also given in 

Chapter 3. 

Removal of ingrowth cores and root separation 

Cores were collected in June 1988, 22 months after they were installed. Removal was 

facilitated by a 10 cm diameter steel corer which cut a surrounding margin of the original 

peat away with the ingrowth core. The margin of peat was carefully cut away leaving 

any ingrowing roots flush with the bag surface. Ingrowth cores were sealed in polythene 

bags and stored at -20 °C prior to root separation. Cores were defrosted at room 

temperature and cleaned of any peat, litter or root fragments adhering to the outside of 

the bags. The cores were then sectioned into top and bottom halves (approximately 6 cm 

length) using a scalpel to cut through mesh and any connecting roots. Top and bottom 

sections were separately washed through a stack of sieves (1 cm, 1 mm and 0.5 mm 
aperture) to remove peat from roots. All root fragments were taken from each sieve 

using fine forceps, although few fragments passed through the 1 mm screen. Root 

samples were cleaned under water and sorted into large (>2 mm) and small (2 mm>) 

diameter classes; no roots exceeding 5 mm diameter were found. Roots were dried at 85 

°C for 24 hours before dry weight determinations of different categories from each core. 

Constraints on time limited the numbers of cores dissected for root removal to 15 cores 

from each nitrogen treatment, 30 cores per plot. 
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Production estimates and statistical analysis 

The dry weight of root in each core represented the assumed production over a 22 month 

period. Taking the ingrowth core area to be 33 cm2, values for production can be 

expressed as kgha 1yr 1 for different root fractions within the cores. Weights of 

individual root fractions were aggregated to give totals for each core and for different 

depth intervals within each core. Many cores had no roots or very few roots within a 

particular category, leading to negatively skewed frequency distributions of root weight. 

Transformation of all weight data to 1og10(x-4-1) was undertaken, resulting in data 

approximating to a normal distribution. Log10 mean weights and standard deviations are 

presented with back transformed geometric means. Comparisons of log10 means within 

plots and between plots uses a single classification analysis of variance test (the 

T-method, Sokal & Rohlf, 1981). Mean squares for comparisons were calculated using 

the Minitab computer package (Chapter 2). Least significant differences were calculated 

using the mean squares and critical values at the P:!~0.05 level (Sokal & Rohif, 1981). 
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RESULTS 

Physical and chemical analysis of the forest floor peat 

The top 12 cm of peat was significantly drier under plots of lodgepole pine, and showed 

a trend towards greater bulk density than under Sitka spruce (Table 2). No differences 

in moisture content or bulk density were apparent between GRP and KSP plots of the 

same species. Soil pH did show significant differences between the fertilization 

treatments, GRP peats were approximately 0.8 pH units higher than KSP plots, with no 
differences between species (Table 2). 

Table 2. Physical properties of peat to 12 cm depth. Means of 6 bulked 

samples, standard deviations in italics, same subscript letters indicate no 
significant difference @ P:0.05. 

Core weight Moisture cont. Bulk density Soil pH 
Plot ( g ) (% dry wt.) (g cm-3 ) 

Pine GRP 42.9 a 443 b 0.108 a 4.17 a 
5.1 77 0.013 0.14 

Pine KSP 43.7 a 420 b 0.110 a 3.34 b 
6.4 58 0.016 '0.03 

Spruce GRP 39.3 ab 575 a 0.099 ab 4.18 a 
5.8 86 0.015 0.186 

Spruce KSP 36.8 b 559 a 0.093 b 3.38 b 
6.3 62 0.016 0.04 

Concentrations of extractable nutrients in the native peat provided further evidence for 

differences in soil chemistry between GRP and KSP plots (Table 3). Levels of 

extractable P, K, Ca and Mg were consistently higher in GRP plots with no significant 

differences beneath tree species within the same treatment. Extractable NH4-N was 

lower in the spruce KSP plot compared to all other treatments, which were not 

significantly different. NH4-N release rates from aerobic laboratory incubations did not 

indicate any differences between plots, the large standard deviations from each of the 

means should be noted as most other indices of nutrient availability did not show the 

same degree of variation (Table 3). 
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Table 3. Soil nutrient concentrations extracted with 2% acetic acid and 

NH 4-N release from 30 day aerobic incubations @ 20 (IC. Std. devs. in 

italics, same subscript letters indicate no significant difference @P:0.05. 

NH4  -N P K Ca Mg NH4  -N release 

Plot (jigg) (jigg') (j.igg) (jigg 1) 41gg 1) (Igg 1month 1) 

Pine 31 a 2250 a 517 a 8380 a 1290 a 56 a 
GRP 12 533 374 691 262 49 

Pine 19 ab 131 	b 179 b 2550 b 167 b 54 a 
KSP 4.4 18 18 138 26 20 

Spruce 21 ab 2010 a 530 a 8060 a 1530 a 59 a 
GRP 11 995 49 2510 510 42 

Spruce 13 b 149 b 292 ab 1050 b 142b 62 a 
KSP 12 27 31 126 20 23 

The mean core dry weights and an assumed corer area of 33 cm2  were used to express 
values for extractable nutrients as a function of plot area. Table 4 compares the recovery 

of elemental fertilizer in acetic acid extracts with the total amounts of fertilizer added over 

the past 20 years (Appendix 6a). Although 2% acetic acid cannot be assumed to remove 

the total exchangeable fraction of nutrients (see Appendix 2a), the residual amounts of 

PK fertilizer are greater in GRP than KSP plots which had the same original application 
rates. 

Table 4. Recovery of fertilizer in 2% acetic acid from the top 12 cm of 
peat, as a percentage of the total quantity added (1967-1985). 

Plot P K Ca 	Mg 

Pine GRP 44 5 40 	 19 
Pine KSP 2.5 1.8 27 	 - 
Spruce GRP 36 4.7 35 	 21 
Spruce KSP 2.5 2.5 12 	 - 

Response of root production to nitrogen amendment 

Total annual root production to 12 cm depth was compared for both ingrowth nitrogen 

treatments within each plot and between different plots (Table 5). No significant 

differences were shown between nitrogen treatments within the same plot, with only 

spruce plots showing any trend toward greater production in +N ingrowth cores. 
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Results for different root diameter classes and core depth intervals are not presented in 

the comparison between N treatments as no significant differences were found within 

plots, and values followed the same trends as for total production. 

Table 5. Mean total root weight production to 12 cm (kg ha-1  yr), 

log10(x+1) transformed data and back transformed geometric means. 

Same letters indicate no significant differences @ P:50.05. 

Nitrogen log10  root production Geometric mean 
Plot treatment mean std. dev. (kg ha 	yf1) 

Pine GRP No  .2.891 0.273 778 	at) 
N5  2.895 0.243 786 a b 

Pine KSP No  2.788 0.334 613 	a 
N5  2.651 0.204 447 	a b 

Spruce GRP No  2.912 0.254 816 	a 
N5  3.009 0.3.13 1021 a 

Spruce KSP No  2.519 0.702 331 	b 
N5  2.627 0.445 423 a b 

Root production by different categories of fine root 

As no differences were found between the N treatments within plots,+ and -N data sets 

were combined to give 30 values for root production in each plot. Comparisons made 

between plot means, within each category of root, showed spruce KSP to have a 

consistently lower annual production (Table 6). The large variability within data sets is 

common to other ingrowth studies where trends rather than significant differences 

between means have been emphasised (Ahlström et al., 1988). In this study a consistent 

trend was for root production to be lower in the KSP plots compared with GRP plots of 

both species. 

125 



Table 6. Mean root weight production for different diameter classes and 

at different depths, 1og10(x+1) transformed data and back transformed 

geometric means. Same letters indicate no significant difference P:5 0.05. 

Fraction of Plot log10  root production Geometric mean 
root biomass mean std. dev. (kg ha 	yr) 

2mm> Pine GRP 2.124 0.794 133 a 
Pine KSP 1.798 0.798 63 a 
Spruce GRP 2.291 0.662 196 a 
Spruce KSP 1.646 1.159 44 b 

> 2mm Pine GRP 2.744 0.229 554 a 
Pine KSP 2.609 0.278 406 a 
Spruce GRP 2.789 0.260 614 a 
Spruce KSP 2.417 0.541 262 b 

0 -  6 cm Pine GRP 2.692 0.283 492 a b 
total root Pine KSP 2.522 0.321 333 b 

Spruce GRP 2.815 0.302 653 a 
Spruce KSP 2.450 0.595 282 b 

6-12cm Pine GRP 2.258 0.616 181 a 
total root Pine KSP 2.188 0.383 154 a 

Spruce GRP 2.289 0.427 194 a 
Spruce KSP 1.724 0.790 53 b 

0 - 12 cm Pine GRP 2.893 0.254 782 a 
total root Pine KSP 2.719 0.281 524 a 

Spruce GRP 2.960 0.285 913 a 
Spruce KSP 2.573 0.580 374 b 
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Error bars indicate 1.s.d. 
P0.05 
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The allocation of root production between the four categories of root depth / diameter is 
shown in Figure 1. Values were calculated from untransformed weights within each 

core and expressed as means of percentages of the total root weight. No significant 

differences were found between the plot means of each root category, indicated by Ls.d. 

bars. Only a comparison between pine and spruce plots from KSP treatments showed 

differences in total root production at each depth interval (Table 6). However Figure 1 
indicates that there was also a trend toward greater proportions of fine root production at 
6-12 cm depth for both pine plots. 

Pine GRP Pine KSP Spruce GRP Spruce KSP 

Plot 

Figure 1. Distribution of root weight in different diameter classes and at 

different peat depths. Means of dry wt. as a percentage of total core root 
dry wt. 
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DISCUSSION 

Location of samples and sampling procedure 

The resources available to a study of this nature impose restrictions on the size of 

sampling programme that can be undertaken and such limitations can influence the 

interpretation of results. In this study only the 'flat' region of the planting unit was 

sampled, about one third of the plot area. Ford & Deans (1977) have described 

differences in soil conditions between each portion of the planting unit which may 

influence the spatial distribution of fine roots throughout the forest floor. Studies of 

young stands have found that the highest concentration of fine roots is in the ridge and 

lowest concentrations are in the furrow (Ford & Deans, 1977; Farrell & Mullen, 1979). 

Production estimates from the 'flat' are likely to give an intermediate value between the 

furrow and ridge up to canopy closure. 

Soil samples were removed on a single date in August and were not entirely 

representative of conditions experienced by growing roots throughout the study period. 

Levels of soil moisture, exchangeable cations and nitrogen mineralization rates all 

fluctuate during the growing season (Van den Dreissche, 1977; Nadeihoffer et al., 1984; 

Carlyle & Malcolm, 1986). Soil pH and the high concentrations of cations present in the 

form of insoluble fertilizers are unlikely to change during the growing season. The 

topographic features of the cultivated profile will also influence physical and chemical 

conditions in peaty soils. McDonald (1988), working on similar plots of pine and spruce 

at the same raised bog, found moisture contents to decrease in the order of furrow>flat 

>ridge with bulk density decreasing in the reverse order. P, K and Ca concentrations 

from 0.1 N HC1 extracts of peat showed differences between the furrow, ridge and flat 

but no consistent form of stratification could be established (McDonald, 1987). Carlyle 

& Malcolm (1986) found annual NH4-N mineralization rates to be higher in the flat than 

the ridge or furrow in both field and laboratory incubations. 

Homogenizing and bulking of soil cores is necessary to reduce the degree of variation in 

chemical properties of forest floors (Troedsson & Tamm, 1969; Blyth & Macleod, 1978; 

Quesnel & Lavkulich, 1980). Such disturbance can have a pronounced effect on 

microbial activity responsible for carbon and nitrogen mineralization (Nordmeyer & 

Richter, 1985; Raison et al., 1987; Campbell, 1988), but it is not thought that sample 

preparation altered the levels of extractable cations in this study as they were derived 

primarily from residual fertilizer. It was observed that the particle sizes of residual 
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ground rock phosphate was very small and it is unlikely that homogenization reduced 

these further. 

Physical and chemical characteristics of forest floor peat 

Lower soil moisture contents and higher bulk densities which were measured under pine 

plots support the contention for a greater drying effect by lodgepole pine compared with 

Sitka spruce on peaty soils (Pyatt et al., 1987). In a comparison of lodgepole pine and 

Sitka spruce stands of similar age to those in this study, King et at. (1986) reported 

lower August water tables and soil matric potentials under pine. Implications for 

accelerated drying of peats by pine on the development of roots and nutrient uptake by 

trees has been discussed previously (Chapter 5). 

The choice of experimental plots was influenced by their similar fertilizer history, with 

identical rates of P and K application. The differences in soil chemistry were not 

anticipated, GRP plots effectively having higher pH values and levels of extractable 

cations. The variation was due to the composition of fertilizers used (Appendix 6a), 

KSP plots received a potassic superphosphate comprising triple superphosphate / 

potassium chloride rather than the ground rock phosphate (GRP) I potassium sulphate in 

GRP treatments. The superphosphate contained 94 percent water soluble P whereas 

GRP is insoluble in water, requiring low pH and high soil affinity for Ca and P to 

promote dissolution (Khasaweneh & Doll, 1978; Nye & Kirk, 1987). The solubility of 

superphosphate can account for the lower proportions of P and Ca fertilizer retained in 

KSP plots (as measured by acetic acid extracts). Potassic superphosphates are more 

commonly used in forest nurseries where they require reapplication after every season 

(Aldhous,1972). Quantities of nutrients (kg ha-1) in trees at age 15 would be in the 
order of 30 F, 120 K and 100 Ca (Miller & Miller, 1986). Stand uptake would, 

therefore, only account for 5 and 9 percent of P and K added to each treatment in both 

plots and 4 or 9 percent of Ca added to GRP and KSP plots respectively. 

Cuttle & Malcolm (1983) investigated the retention of GRP and potassium chloride on an 

unplanted area of the same raised bog as used in this study. Addition rates (kg ha-1) of 

50 F, 100 K and 130 Ca were used and quantities of leachate monitored over 3 years. K 

was lost most rapidly, leaching 26 percent, whereas 93 percent of P and all Ca added 

was retained in the top 30 cm of peat. These results would suggest that in the present 

study a large proportion of the added K had been lost through leachates while only a 

small proportion of P and Ca were lost. Precise estimates of fertilizer retention would 

require samples to be taken to a greater depth and across the entire planting unit with 
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analysis of total nutrient concentrations of fertilized and unfertilized peat. 

Elevation of soil pH as a result of GRP fertilization has been previously reported 

(Khasaweneh & Doll, 1978; Carey etal., 1981; Malcolm & Cuttle, 1983). Increases in 

soil pH and high levels of exchangeable P and Ca reduce dissolution rates of GRP 

(Khasaweneh & Doll, 1978; Nye & Kirk, 1987) and this may account for fine granules 

of GRP observed during extraction of peat and the similarity between the Ca : P ratio in 

fertilizer (4.0) and in peat extracts (3.7 and 4.0 for pine and spruce GRP plots 

respectively). Malcolm et al., (1977) found that nitrogen mineralization rates and 

nitrification were enhanced when GRP was added to planted peat. Carey etal. (198 1) 

supported these findings with laboratory incubations showing that GRP stimulated 

NH4-N mineralization rates more than orthophosphate P and lime. In this study NH4-N 

release from laboratory incubations was not influenced by fertilizer treatment and nitrate 

was not detected in any of the extracts. 

Root production in ingrowth cores 

The rationale behind testing for a response of root production to ingrowth cores with or 

without N assumed the mobility of NH4-N fertilizer in the soil solution and a 

concentration gradient between the core and the surrounding forest floor. NH4-N was 

added as NH4C1, which has a high solubility product, to levels that were much greater 

than the extractable-N or NH4-N released during incubations of native peat. Roots 

surrounding each core would have experienced an increase in NH4-N concentrations as a 

result of the diffusion gradient between the core and peat. Coutts & Phillipson (1977) 

demonstrated a localized stimulation of Sitka spruce root growth when N supply was 

increased. Production of barley root was also increased in response to N supply; due to 

promotion of initiation and extension of lateral roots (Drew, 1975). Other work has 

demonstrated gross increases in production of the roots of seedlings (Benzian, 1965; 

Nambiar, 1980) and young stands (Persson, 1980) in response to N fertilization. Root 

production was not influenced by N treatment in this study, root initiation, elongation 

and configuration were not measured. 

The absence of any stimulation of root production in response to the N supply could be 

the result of a number of contributing factors. Cores were installed in early August 

when roots are thought to be actively growing (Ford & Deans, 1977; Fairley & 

Alexander, 1983; McKay 1986). Carbohydrate reserves are low at this time of year and 
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lateral root initation has ended (Ford & Deans, 1977). Most roots surrounding the bags 

were cut by the corer and initiation of lateral apices would have probably been less 

important to root ingrowth than extension of existing intact apices. The following 

spring, when initiation of apices is at a maximum (Ford & Deans, 1977), fertilizer N 

concentrations would have been much lower due to uptake and leaching. Continuation 

of the experiment for 22 months may have further reduced the importance of the 

differential N supply on root development with respect to other soil variables. The 

design of the experiment could have been improved by installing cores in spring and 

applying small, sequential N amendments to cores over the study period. 

An influence of the form of phosphatic fertilizer on root production was apparent, GRP 

plots having larger ingrowth root production than KSP plots. Although levels of residual 

P, K and Ca were lower in KSP plots, no foliar symptoms of deficiency were observed, 

nor would they be expected given such high fertilizer addition rates. It is assumed that 

there were no real differences in above ground production between fertilizer treatments in 

this study (see Appendix 6b). Dickson (197 1) found superphosphate and GRP to be 

equally effective in terms of spruce height growth and foliar P concentrations eight years 

after application at planting on a deep peat. Dighton & Harrison (1983), however, found 

that 18 year old stands of lodgepole pine showed greater symptoms of P stress, as 
indicated by a 32P root bioassay, when initial fertilization was superphosphate rather 

than GRP. Phosphatic fertilizer is known to stimulate root production whereas K does 

not (Drew, 1975; Phillipson & Coutts, 1977; Nambiar, 1980). Soil pH also has a 

marked effect on root production (Leyton, 1952; Bartsch, 1987); the 'optimum' pH 

value for overall growth of spruce and pine nursery stock is 4.5 (Benzian, 1965). The 
increased root production in- N plots could be attributed to higher soil P concentrations, 

higher soil pH or a combination of the two factors. 

Production estimates from ingrowth cores are of the same order as reported from other 

studies of fine root production on peaty soils in Britain. McKay (1986) gave a lower 

production estimate of 730 kgha 1yr' to 10 cm for mixed stands of Sitka spruce and 

Scots pine, Fairley & Alexander (1983) calculated 686 and 879 kgha 1yr' to 10 cm for 
N fertilized and unfertilized stands of Sitka spruce respectively. Ingrowth studies in 20 

year old (Persson, 1980) and 130 year old (Ahlström et al., 1988) Scots pine stands 

have reported larger production estimates than this study (approx. 1500 kg ha'yr1). 

The proportion of fine root necromass was low in both ingrowth studies (5% > Persson, 

1980; 10% > Ahlström, 1988) which was attributed to the short duration of the 

experiment. Root mortality was not assessed in this study, although it was observed that 

few cores contained any dead root and this would have contributed to only a small 
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proportion of the total dry weight. 

The proportion of total root biomass in different diameter classes and at different peat 

depths was generally similar between species and between treatments. Pine only 

showed a larger intensity of fine root at 6-12 cm depth in a comparison between KSP 

treatments, with a marginally greater proportion of total root below 6 cm. The results 

provide limited support for better tolerance of pine roots to anaerobic substrates, 

compared to spruce which is known to be susceptible to anoxia (Armstrong & Read, 

1972; Boggie, 1974; Coutts & Phihipson, 1987; Chapter 5 this thesis). As mortality was 

not detected it must be assumed that the degree of anoxia at 6-12 cm depth in the flat was 

not critical to spruce root survival during the study period. 
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CHAPTER 7 

General discussion and conclusions 

The results from each experimental study have been discussed in detail within the 

relevant sections of this thesis. The main points which have arisen from each chapter are 

brought together here to form the following general discussion. This chapter will 

consider whether the experimental work has followed the lines of enquiry proposed in 

the thesis introduction. The conclusions which have been drawn from this research 

relate directly to the specific questions which were set out in Chapter 1. 

Tree nitrogen uptake from peat 

The species of tree planted in glasshouse plots had no bearing on the final quantity of 

mineral-N taken up from peat. Variation in plot-N uptake was apparent, but this did not 

relate to the species planted in each plot. Small differences in the peat weight of plots 

and initial N concentrations of peat may have accounted for the variation in plot-N 

uptake. Future experimentation with trees planted in peat should take account of how N 

uptake can be influenced by 'the quantity and composition of substrate used. Such 

considerations are less important if levels of available-N are small in relation to rates of 
fertilizer-N applied. 

In glasshouse plots with added-N the rates of N uptake differed between species but the 
absolute quantity of N assimilated over two seasons was the same. Nitrogen uptake 

rates were greater for birch and larch when compared with spruce and pine after one 

growing season. Rates of N uptake paralleled tree growth rates in the first growing 

season but final quantities of N uptake were determined by the rates of fertilizer applied. 

All tree species had assimilated all of the fertilizer-N applied to plots by the end of the 

experimental period. 

The availability of N for uptake 

The peat used in this study contained a small amount of labile mineral -N which was 

available for uptake by trees. There was no significant mineralization of peat organic-N 

to add to labile pools of N in unplanted peats in the glasshouse. Inorganic-N was 
released during laboratory incubations of peat but this was considered to be an artefact 

of sample perturbation, rather than a index of real in-situ mineralization rates. There 

were no differences between the amounts of mineral-N released from laboratory 
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incubations of peat taken from plots of the different tree species. N release rates were 
lower from planted peats (40 .tg g-1  month-1) compared with unplanted peats (90 jtg g 
month) during the second growing season. 

All tree species were efficient at removing inorganic-N from peat and available forms of 

N provided a mean of 220 p.gN g 1 d.w. for tree uptake over two growing seasons. 

Initial 16 hour extractions with 2 % acetic acid, however, only recovered a mean 

concentration of 130 jigN g'd.w. from unpianted peat. When the same peat was 

homogenized and incubated for 6 weeks a further 135 p.gN gd.w. was released, giving 
a total of 265 J.igN g in acetic acid extracts. It is suggested that trees accessed a source 
of mineral-N which was not initially extractable with acetic acid. Approximately 40 

percent of tree N uptake was derived from an easily mineralized source of N which was 

only extracted after homogenization and incubation of the peat. 

The findings from this study must questiOn the suitability of laboratory incubation 

techniques for estimating in-situ mineralization rates of N from peat. N release rates did 

not reflect tree-N uptake rates, rather that sample disturbance released a quantity of N 

which had been previously immobilized. These conclusions are in accordance with a 

critical appraisal of peat incubation techniques reported by Campbell (1988). 

Implications for N uptake from oligotrophic peats 

The substrate chosen for the glasshouse study was representative of the poorest 
Sphagnum peats likely to be encountered during afforestation. The amount of N which 

was available to trees from this peat was approximately 8 kg N ha when expressed as a 

function of plot area. Clearly, this level of N supply could not sustain the rates of tree 

growth and nitrogen uptake which have been measured on some oligotrophic peats, even 

if roots occupied peat up to 40 cm depth. The glasshouse peat was produced for 

horticultural purposes and may have been cut from part of the oldest strata of a raised 

bog. Most available sources of N are contained in surface peat and the original 

vegetation of such sites. Once these reserves of N are depleted, then tree roots must 

exploit greater volumes of peat to obtain gradually declining concentrations of N. Tree 

roots which can tolerate conditions of periodic waterlogging should be better able to 

access the reserves of N in lower peat horizons. In surface layers, tree roots must be 

efficient at the uptake of available-N with a large surface area for absorption and/or 

effective mycorrhizal associations. 
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N utilization strategies for spruce, pine, larch and birch 

The deciduous species demonstrated more rapid rates of growth and assimilation of N 

than spruce or pine when the supply of nitrogen was not limiting. It is suggested that 

indeterminate shoot growth habits and greater photosynthetic efficiencies conferred a 

significant advantage to the deciduous species. The partially determinate shoot growth 

habits of spruce and particularly pine were considered to be limiting to rates of biomass 

production by these species. As the availability of nitrogen in glasshouse plots was 

depleted, the shoot extension made by all species declined. Reductions in shoot growth 

rates were more apparent for spruce and larch when compared with pine and birch. It is 

therefore suggested that shoot growth of pine and birch can continue under conditions of 

lower nitrogen availability than for spruce or larch. 

Most of the tree species demonstrated similar efficiencies of nitrogen utilization for 

biomass production, despite their different growth habits. Only larch was unable to 

achieve high nitrogen use efficiency and it is proposed that this species has a requirement 

for high internal N concentrations, compared with other trees. Nitrogen use efficiency 

was greater for trees growing under N stress than with free access to available nitrogen. 

All species displayed higher root: shoot ratios when stressed for nitrogen, with birch 

allocating the largest proportion of total biomass to roots. Deciduous species produced 

the greatest amounts of leaf litter which would have returned high proportions of total N 

capital to peat as litterfall. In fertilized plots, larch and spruce both assimilated the 

ammonium form of N in preference to nitrate. Pine and birch showed no distinct 

preference for either form of N. 

Competitive interactions between trees in mixed-species plots influenced the growth rates 

of both member species. Tree growth rates determined the amounts of N assimilated and 

this influenced the supply of N remaining for other trees in the same plots. Trees with 

rapid early growth rates had a competitive advantage over slower growing species for the 

uptake of N. In this respect, birch was a more effective competitor than spruce for peat 

inorganic-N under all conditions of nitrogen availability. Larch was better able to 

compete with spruce for high peat N concentrations but the situation was reversed when 

N became limiting. Pine was inferior to spruce at competing for N uptake at both 

extremes of nitrogen availability. These results were considered to accord well with 

observations of the different growth habits of trees planted under field conditions. Birch 

would not be chosen as a nurse for spruce because of the very same competitive habit 

which was demonstrated in the glasshouse. Larch and pine are the most common nurse 

species used on oligotrophic peats. 
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Fine root dynamics in peat with low N availability 

At the end of two growing seasons, trees planted in glasshouse plots had produced a 

similar intensity of rooting to young forest stands. The deciduous species began root 

production early in the season but final standing crops of fine root biomass were about 

half those of pine and spruce. It is suggested that initiation of root development was 

coupled with shoot growth, both of which occurred earlier for deciduous species. Early 

root and shoot growth may confer an advantage to N uptake at the beginning of the 

season for deciduous species. A decline in deciduous fine root production was evident 

when compared with roots of spruce and pine towards the end of the growing season. 

Observations indicated that shorter root longevity may have had an important bearing on 

deciduous root production. 

Fine root form differed considerably for the tree species grown in the glasshouse. Birch 

roots were non-mycorrhizal and resembled a graminoid root form which rapidly 

exploited the peat substrate. Other species had mycorrhizal root systems and of these, 

spruce and pine had a larger surface for absorption for a given dry weight of root than 

larch. Larch roots were least efficient at occupying the complete peat volume. Despite 

differences in form and standing crops of fine roots, N uptake was no different between 

species. It must be concluded that in the confined glasshouse substrate volume no 

particular combination of roots and their mycorrhizas were more efficient in accessing 

soil nitrogen. The non-mycorrhizal roots of birch were associated with more rapid 

proliferation in peat and greater uptake rates of N but did not access a greater total N 
supply. 

Admixture of spruce with pine did not alter the fine root form of either species as 

suggested by previous investigations. Close examination of root morphology did not 

suggest any differences between mycorrhizal symbionts associated with trees in pure and 

mixed plots. Root form had changed considerably since trees were taken from the 

nursery but it was not established whether there had been a succession of mycorrhizal 

infection. An inoculum had been provided to introduce potential infection sources for 

the young trees. If there is an interaction to change the form of spruce and pine roots 

when grown together, it could be dependent on nutrient availability or mycorrhizal 

interactions. In the field, infection may depend on mycorrhizal symbionts which are 

specific to older age classes of trees and similar associations may not have been available 

to trees in the glasshouse. As N deficiency was common to all glasshouse plots there 

would be little potential for a response of root morphology to contrasting nitrogen supply 

in pure/mixed plots. It is considered that N deficiency exerted an overriding influence on 

the production and form of fine roots in all treatments without fertilizer -N. 
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Anaerobic peat as a substrate for N uptake 

The roots of lodgepole pine and Sitka spruce demonstrated contrasting tolerances to 

anaerobic conditions when grown in the glasshouse. Pine rooted 5 cm deeper into 

anaerobic peat when compared with spruce and had the greatest proportion of total root 

biomass growing in anaerobic sections of peat. The glasshouse study corroborated the 

evidence already available from previous work which had shown lodgepole pine roots to 

be better adapted to growth in anaerobic substrates. 

Both species of tree appeared to produce slightly larger biomass and take up more 

mineral-N when their roots had access to anaerobic peat. However, there were two 

factors which prevented acceptance of trends to support the contribution of anaerobic 

horizons to nitrogen uptake; there were no statistically significant differences between 

treatmerin and spruce had shown a response to anaerobic peat despite a lack of roots 

growing into this substrate. It cannot be concluded that this study showed any real 

advantage to trees with roots growing in anaerobic horizons of peat. It is considered that 

there remains a potential for trees to access reserves of mineral-N by rooting into 

anaerobic peat horizons in the field. Techniques developed in the present study may be a 

useful means of exploring rooting depth and nutrient uptake for trees growing under 

field conditions. More research is recommended to quantify the importance of different 

peat horizons to nitrogen uptake by various tree species. 

Fine root response to localized concentrations of inorganic -N 

The field experiment demonstrated that root ingrowth cores were an effective means of 

estimating fine root production in older stands of trees. Production estimates were 

similar to those previously reported for forest stands growing on peaty soils, with values 

between 370 and 900 kg dry weight of root ha-1  yr. The study did not provide any 

evidence to suggest that fine root production was influenced in cores which were 

fertilized with N. It is considered that high solubility of fertilizer-N and relatively low 

application rates may have resulted in nitrogen being leached from cores before any root 

growth response could be initiated. It is therefore recommended that future 

experimentation with root ingrowth cores should make periodic applications of fetilizer 

-N to cores throughout the growing season. Ingrowth cores can provide a useful 

technique for monitoring root growth responses to manipulation of the soil environment. 

Differences in root production between the experimental stands were not anticipated but 

did provide an interesting comparison of the influence of different forms of phosphatic 

fertilizer. Fertilization with rock phosphate-P was associated with elevated soil pH and 
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higher residual concentrations of extractable-P and Ca compared with superphosphate-P 

treatments. Root production by both species was greater in plots with rock phosphate, 

although no differences were apparent between the basal areas of both treatments. 

Recommendations for further research 

The investigations reported in this thesis have not identified any single mechanism which 

could explain how more nitrogen becomes available beneath mixtures. Despite a lack of 

supportive evidence from the glasshouse study, nursing mixtures do access greater 

reserves of mineral-N from peat than pure stands of spruce. It is possible that 

advantages of nitrogen uptake are associated with mechanisms which only develop under 

stands from 7 years of age onwards. The general discussion has alluded to two potential 

- mechanisms which may become important as stand age increases; successional 

development of more effective mycorrhizal associations and deeper rooting of the nurse 

species to promote drying and allow nitrogen uptake from a greater volume of soil. 

From this thesis, recommendations are for further investigations into the nitrogen cycles 

of mixed stands. Future work should be directed toward sites when the mixture effect is 

first becoming established and where pure plots of spruce and pine are available for 

comparisons. Specific lines of enquiry should consider the implications of any 

mycorrhizal associations present in these stands with respect to tree N uptake. It is also 

important to quantify any potential benefits which might be gained by deeper rooting of 

the nurse species. 

The use of nursing mixtures as silvicultural systems on oligotrophic peats is now well 

established. There is ample empirical and experimental evidence to justify their continued 

use as an alternative means of growing Sitka spruce without inputs of fertilizer-N. A 

cautionary note must be to ensure that mixed stands are monitored and fertilized with P 

and K as necessary. The consequences of neglecting such treatments are to lengthen 

rotation age, or worse, to lose spruce from suppression by the nurse species. Field 

experiments have been established to examine the potential benefits from mixed stands 

on second rotation Sites. It is important that the results from these trials are well 

publicised to assist forest managers with their choice of successor crop. It must be 

hoped that the advantages which have already been gained from mixed plantings can be 

repeated in subsequent rotations. 
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Appendix 1(a). Experimental areas where research into spruce mixtures 
has taken place on oligotrophic peats. 

Culloden 2 P69 - SS in admixture with SP 

Site: Lithology - Middle Old Red Sandstone 
Soil type 	- Indurated Peaty Gley 
Peat depth 	- 10-15 cm 
Vegetation 	- Calluna I Trichophoruin / Erica / Sphagnum 
Elevation 	- 200 m 
Rainfall 	- 750 mm 

Treatments: S S - N 

SS / SP 	1: 1 Alternate triplets (-N). 
Basal treatments: P as required. 

References: Miller et al., 1986; Miller & Miller, 1987; McKay & Malcolm, 1988. 

Mabie 7 P67 - SS in admixture with HL and LP 

Site: Lithology - 

Soil type 	- 
Peat depth - 
Vegetation - 

Elevation - 
Rainfall 	-  

Permian Sandstone 

Lowland Sphagnum bog, type lOa 
3—Sm 

Calluna / Eriophorwn / Sphagnum 
14m 

1000 mm 

Treatments: SS - N 

SS +N 

SS / LP 1: 3 Alternate triplets in alternate rows (-N). 
SS/ I-IL 	TI 	II 	 II 	 II 	I? 	 It 	 II 	 TI 

Basal treatments: P and K as required. 

References: Carlyle, 1984; Carlyle & Malcolm, 1986. 
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Appendix 1(a). continued :- 

Inchnacardoch 164 P65 - SS in admixture with JL and LP 

Site: Lithology - Moine Schists 
Soil type 	- Deep peat overlying gley 
Peat depth 	- 0.3 - 2.0 m 
Vegetation 	- Calluna / Molinia / Eriophorwn / Trichophorwn 
Elevation 	- 300 m 
Rainfall 	- 1250 mm 

Treatments: SS - N 

S S + N 

SS / LP 1: 1 Alternate triplets (-N). 
SS JL  11 	11 	 11 	 11 	 it 

Basal treatment: P and K as required. 

References: Carlyle, 1984: Miller et al., 1986. 

Avondhu P60 - SS in admixture with JL and LP 

Site: Lithology - 
Soil type 	- 
Peat depth - 
Vegetation - 
Elevation - 

Rainfall - 

Old Red Sandstone 
Podzolized gley 

2-4 cm (previously removed for fuel) 
Calluna / Molinia 
225 m 

1250 mm 

Treatments: SS - N 

SS / JL 50:50 Intimate / alternate double rows (-N) 
SS I LP " 	 tt 

References: OCarroll, 1978; Carey et al., 1986. 
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Appendix 1(b). Above ground biomass in mixture trials (tonnes ha 1) 

Site Treatment Pure spruce 

Culloden DT 9 
CDT 40 

Inchnacardoch 	SS /JL 22 
SS LP 22 

Avondhu - 15 
Mabie (foliage estimate) 	5 

Total mixture Spruce I Nurse 

49 19 30 
68 32 36 
50 26 24 
77 20 57 
53 35 18 

5 2 3 

Appendix 1(c). Above ground nitrogen capitals in mixture trials (kgha 1) 

Site 	Treatment Pure spruce Total mixture Spruce 	/ Nurse 

Culloden DT 25 169 69 100 
CDT 110 241. 120 122 

Inchnacardoch SS /JL 68 147 80 67 
SS /LP 68 224 64 160 

Avondhu - 94 246 177 69 
Mabie (foliage estimate) 	54 87 31 56 

Appendix 1d). 	Below ground biomass in mixture trials by excavation 
(tonnes ha- a 

Site Site 	Treatment Pure spruce 	Total mixture Spruce 	/ Nurse 

Culloden 	DT - 	 20 8 12 
CDT 18 	 21 10 11 

Avondhu 	- 6 	 20 12 8 

Appendix 1(e). Annual litterfall in mixture trials (kgha 1yr 1) 

Site Treatment Biomass Nitrogen capital 

Culloden DT SS—N 896 3.3 
DT SS/SP 3497 12.8 
CDT SS—N 1061 3.9 
CDT SS/SP 4097 16.1 

Inchnacardoch SS—N 425 1.8 
SSIJL 1336 6.5 
SS/LP 2847 11.0 

Avondhu SS—N - - 
SS/JL 1384 . 	11.1 

Mabie (HL only) 987 7.0 
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Appendix 1(f). 	Forest floor N capitals in mixture trials 	(kg ha-1) 

Site Treatment Total to 10 cm LFH Native organic matter 

Cuioden DT SS—N 848 291 557 
DT SS/SP 808 367 441 
CDT SS—N 343 168 175 
CDT SS/SP 660 447 214 

Avondhu SS—N 1091 238 853 
SS/JL 1143 417 726 

Mabie (ridge and SS—N 1160 130 1030 
Flat only) SS/HL 1160 130 1030 

Appendix 1(g). Net mineralization rates from soils of mixture trials 
(kg N ha 1yr 1) 

Site 	Treatment Total to 10 cm LFH Native organic matter 

Culloden 	DT SS—N 51 6 45 
DT SS/SP 66 25 41 
CDT SS—N 13 8 5 
CDT SS/SP 23 6 17 

Mabie SS—N 22 9 13 
SS/HL 32 19 13 
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Appendix 2(a). Biomass and nutrient concentrations of all component 

plant parts pre-planting. 

Dry Weight (g) 

spruce pine larch birch (nursery) birch (seed) 
component n=32 n=31 n30 n=30 n=31 

stem 0.0596 0.0994 0.529 1.205 0.358 
0.0179 0.0319 0.182 0.608 0.145 

root 0.104 0.222 0.356 0.874 0.228 
0.0348 0.0687 0.0121 0.495 0.0627 

needles 0.160 0.310 - - 0.744 
0.0498 0.0820 - - 0.303 

total dry wt. 0.324 0.635 0.885 2.078 1.330 
0.0969 0.169 0.236 1.057 0.463 

root:shoot 1.92 2.62 0.73 0.74 1.57 
033 0.72 032 0.19 0.70 

Nitrogen concentration (%) 

spruce pine larch birch (nursery) birch (seed) 
component (32) (32) (30) (30) (31) 

stem 2.16 2.23 3.07 1.25 2.15 
0.29 023 0.29 0.18 055 

root 1.95 1.78 2.75 1.73 2.90 
028 0.15 0.41 035 052 

needles 2.31 2.15 - -3.89 
020 0.1 - - 0.55 

total N (mg) 7.0 12.8 26.4 30.3 42.8 
2.1 33 8.6 183 13.9 

Phosphorus concentration (%) 

spruce pine larch birch (nursery) birch (seed) 
component (32) (31) (30) (30) (30) 

stem 0.329 0.392 0.428 0.118 0.237 
0.035 0,054 0.046 0.022 0.043 

root 0.309 0.260 0.458 0.174 0.437 
0.032 0.0217 0.052 0.029 0.088 

needles 0.294 0.23 - -0.588 
0.037 0.022 - 020 

total P (mg) 0.99 1.68 3.92 2.93 6.17 
029 0.41 1.19 1.73 230 
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Appendix 2(a). continued :-

Potassium concentration (%) 

spruce pine larch birch (nursery) birch (seed) 
component (32) (32) (30) (30) (31) 

stem 0.84 1.03 0.96 0.31 0.88 
0.63 0.12 0.10 0.03 0.16 

root 1.00 0.83 0.61 0.56 1.21 
0.14 0.080 0.09 009 032 

needles 1.04 0.80 - - 1.72 
022 0.12 - - 028 

total K (mg) 3.21 5.34 7.26 8.42 18.49 
128 133 2.10 3.9 623 

Calcium concentration (%) 

spruce pine larch birch (nursery) birch (seed) 
component (15) (15) (6) (6) (6) 

stem 0.095 0.181 0.185 0.433 0.417 
0.030 0.053 0.010 0.022 0.034 

root 0.145 0.261 0.288 0.598 0.588 
0.050 0.063 0.032 0.072 0.062 

needles 0.516 0.614 - - 0.759 
0.139 0.180 - - 0.082 

total Ca (mg) 1.04 2.64 2.00 10.44 8.48 
058 1.19 . - - 

Magnesium concentration (%) 

spruce pine larch birch (nursery) birch (seed) 
component (15) (15) (6) (6) (6) 

stem 0.062 0.11 0.16 0.067 0.141 
0.015 0.029 0.008 0.005 0.011 

root 0.125 0.154 0.096 0.072 0.232 
0.035 0.046 0.094 0.007 0.018 

needles 0.124 0.189 - - 0.380 
0.042 0.043 - - 0.020 

total Mg (mg) 0.38 0.99 1.18 1.44 3.86 
022 0.42 - - - 
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Appendix 2 (b). Minitab program for the calculation of components of 

plant weight and linear regressions between actual and estimated values 
for litter weight. 

Original data files comprised individual weight measurements for each species within 

single plots. Files contained 5 columns and 2 constants; C1= stem wt., C2= root wt., 
C3= needle wt., C4= pruned stem wt., C5= pruned foliage wt., Kl= bulked litter wt., 
K2= bulked root wt. 

The core program had 11 lines: 

LET C6=C1+C2+C3+C4 

LET C7=C6/ SUM C6 

LET C8 = (C7 * Ki) + CS 
LET C9=C8*K2 

LET C10=C2+C9 

LET Cl1=C1+C4 

LET C12=C1l+C3+C10+C8 

LET C13=Cl1 * 100/C12 

LET C14=C10*100/C12 

LET C15=C3*100/C12 

LET C16=C8*100/C12 

stem + root + needles = entire plant 

entire plant / sum of intact plants in plot 

litter estithate + pruned foliage 

estimate for root fragments 

total root wt. 

total stem wt. 

total plant wt. 

percentage of stem wt. 

percentage of root wt. 

percentage of needle wt. 

percentage of litter wt. 

Reference: Ryan, B.F., Joiner, B.L. & Ryan, T.A. (1986). Minitab Handbook, 2nd 

edition, Duxbury Press, Boston. 

Litter estimates were compared with the actual litter weights for individual plants from 

one larch +N treatment and one -N treatment using linear regression. 

Treatment 	Y 	= a 	+ b 	X 	 R 	significance level 

Larch -N yrl 	litter wt. = 0.288 + 0.642 litter estimate 0.964 	P:!~0.001 
Larch +N yrl 	litter wt. = 0.895 + 0.689 litter estimate 0.890 	P:!~0.001 
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Appendix 2(c). Measurement of nutrients in digest solutions and soil 

extracts. 

Automated colorimetric procedures (NH4-N, N0 3-N, PO4-P) 

(I) 	Continuous flow auto-analyzer 

NH4-N by salicilate-dichloroisocyanurate reaction in the presence of nitroprusside 

(Crooke & Simpson, 1971). 

NO3-N reduced by a cadmium reductor to react with Cleve's acid and sulphanilamide 

(Henricksen & Selmer-Olsen, 1970). 

PO4-P by formation of molybdate blue complex with ascorbic acid as reducing agent 

(Murphy & Riley, 1962). 

(ii) 	Flow injection auto-analyzer (Tecator Fiastar 5020 analyzer) 

N}14-N by combination with strong alkali (NaOH) to release gaseous NH4  through a 

PTFE membrane to react with Tecator 5000-0295 indicator solution. 

NO3-N reduced by cadmium reductor to react with acidic sulphanilamide and 

N-( 1 -Naphtyl)-ethylenediamine dihydrochioride. 

PO4-P by formation of molybdate blue complex with acidic stannous chloride. 

Atomic absorption/emission (K, Ca, Mg) 

Pye Unicam SP9 atomic absorption/emission spectrophotometer 

K by atomic emission 

Ca by atomic absorption with 1 % lanthanum chloride as a carrier stream. 

Mg by atomic absorption. 
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Appendix 2(d). Phosphorus concentrations of different plant parts (% of 

dry weight). Means with std. errors (SI.j)  in italics, same letters indicate 

no significant difference down columns at the PA.05 level. 

Yearl -N Year l+N 
stem root needles litter stem root needles litter 

pure spruce 0.19 c 0.20 a 0.32 c -- 0.17 be 0.23 c 0.26 c - 
.008 .008 .012 .002 .003 .006 

spruce with 0.16 cd 0.20 b 0.26 cd -- 0.16 c 0.24 c 0.21 c -- 
pine .009 .006 .018 .003 .010 .004 

snruce with 
1arch 

0.16 cd 0.23 b 0.25 cd -- 0.16 c 0.24 c 0.21 c -- 
.003 .004 .013 .003 .020 .010 

spruce with 0.27 ab 0.24 b 0.50 b -- 0.15 c 0.21 c 0.22 c -- 
birch .024 .008 .042 .004 .009 .007 

pure pine 0.21 be 0.33 a 0.19 d -- 0.17 be 0.32 b 0.18 c -- 
.006 .012 .004 .003 .011 .002 

pine with 
spruce 

0.19 c 
.008 

0.29 a 
.012 

0.17 d 
.00., 

-- 0.16 c 0.33 b 0.1 	c -- 
.010 .Oli .011 

pure larch 0.29 a 0.21 b -- 1.01 a 0.29 a 0.36 ab -- 0.71 a 
.021 .010 .049 .005 .006 .017 

larch with 
spruce 

0.29 a 
.015 

0.22 b -  
.007 

0.7 	b 
.04.5 

0.27 a 0.3S ab -- 0.52bc 
.00 .01u .007 

pure birch 0.12 d 0.18 b 0.66 a 0.54 c 0.15 C 0.33 b 0.61 a 0.43 C 
.006 .007 .032 .022 .004 .008 .012 .009 

birch with 
spruce 

0.19 be 
.010 

0.37 a 
.007 

0.67 a 
.046 

0.57 C 
.03u 

0.2Q b 0.40 a 0.54 b 0.5 	b 
.00/ .UW .023 .0]Y 

Year 2-N Year 2+N 
stem root needles litter stem root needles litter 

pure spruce 0.13 de 0.15 d 0.35 b 0.18 d 0.10 b 0.12 b 0.20 a 0.16 d 
.004 .004 .007 .006 .006 .006 .009 .007 

spruce with 0.13 de 0.16 d 0.35 b 0.21 d 0.11 b 0.12 b 0.20 a 0.14 c 
pine .005 .004 .012 .005 .003 .003 .007 .004 
spruce with 0.18 b 0.15 d 0.57 a 0.35 c 0.09 b 0.11 b 0.17 a 0.14 d 
birch .007 .004 .023 .021 .006 .004 .008 .003 

pure pine 0.16 be'  0.30 a 0.26 c 0.15 d 0.15 ab 0.23 a 0.17 a 0.08 e 
.004 .008 .009 .003 .052 .013 .006 .003 

nine with 
pruce 

0.15 cd 
.006 

0.26 b 
.007 

0.26 c 
.012 

0.14 d 
.010 

0.11 b 0.20 a 0.18 a 0.08 e 
.005 .007 .008 .003 

pure larch 0.21 a 0.14d -- 0.71 b 0.19 a 0.22 a -- 0.65a 
.007 .004 .046 .012 .015 .021 

pure birch 0.11 de 0.23 c -- 0.86 b 0.06 b 0.10 b -- 0.35 c 
.006 .008 .052 .002 .002 .010 

birch with 0.13 de 0.25 be -- 1.15 a 0.08 b 0.13 b -- 0.5 	b spruce -.004 .012 .041 .003 	. .00 .00y 
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Appendix 2(e). Potassium concentrations of different plant parts (% of 

dry weight). Means with std. errors (SI,j) in italics, same letters indicate 

no significant difference down columns at the P:!~0.05 level. 

pure spruce 

spruce with 
pine 

spruce with 
1rch 

spruce with 
birch 

Year 1-N 
stem root needles 

1.15 b 
.042 

0.56 d 
.011 

1.86 b 
.040 

1.04 bc 
.046 

0.62 cd 
.015 

1.77 bc 
.085 

1.01 bc 
.034 

0.70 bc 
.010 

1.76 bc 
.065 

1.44 a 
.083 

0.66 cd 
.018 

2.36 a 
.079 

Year 1 +N 

litter 	stem root needles 	litter 

-- 	 0.76 b 
.013 

0.84 a 
.011 

1.01 b 	-- 

.025 

-- 	 0.80 ab 
.020 

0.79 ab 
.030 

0.99 b 	-- 

.028 

-- 	 0.78 ab 0.55 d 1.02 b 	-- 

.029 .022 .001 

-- 	 0.81 ab 
.029 

0.79 ab 
.021 

1.11 b 	-- 

.024 

pure pine 0.89c 
.032 

1.11 a 
.029 

1.06d 
.024 

-- 

t)ine with 
spruce 

0.85 c 
.046 

1.02 a 
.043 

1.01 d 
.035 

-- 

pure larch 1.04 bc 
.062 

0.62 cd 
.026 

-- 2.44 a 
.070 

larch with 
spruce 

1.11 bc 
.055 

0.61 cd 
.025 

-- 2.29 a 
.108 

pure birch 0.30d 
.009 

0.44e 
.020 

1.48c 
.056 

0.54b 
.010 

birch with 
spruce 

0.40 d 
.014 

0.77 b 
.024 

1.45 c 
.054 

0.31 b 
.004 

Year 2 -N 

stem root needles litter 

pure spruce 0.78 b 
.017 

0.5's b 
.012 

2.24 b 
.458 

1.12 b 
.019 

spruce with 
pine 

0.77 b 
.025 

0.53 b 
.010 

2.24 b 
527 

1.22 ab 
.072 

spruce with 
birch 

0.96 a 
.033 

0.53 b 
.015 

2.63 a 
.760 

1.45 a 
.080 

pure pine 0.45 c 
.010 

1.07 a 
.012 

1.15 c 
.235 

0.78 c 
.012 

pine with 
spruce 

0.43c 
.021 

0.97 a 
.026 

1.07 c 
.252 

0.77 c 
.031 

pure larch 0.93 a 
.025 

0.47 b 
.025 

-- 1.41 a 
.051 

pure birch 0.20 d 
.007 

0.47 b 
.012 

-- 0.70 c 
.060 

birch with 
spruce 

0.27 d 
.008 

0.53 b 
.020 

-- 1.08 b 
.068 

0.64 c 0.89 a 1.01 b -- 

.018 .027 .036 

0.64 c 
.017 

0.88 a 
035 

0.98 b 
.028 

-- 

0.91 a 
.021 

0.77 ab 
.021 

-- 1.79 a 
.070 

0.90 a 
.035 

0.70 be 
.041 

-- 1.73 a 
.015 

0.33 d 0.63 cd 1.51 a 0.70 b 
.013 .029 .037 .016 

0.34 d 
.015 

0.56 d 
.021 

1.42 a 
.010 

0.81 b 
.052 

Year 2 +N 

stem root needles litter 

0.42 b 
.027 

0.31 bc 
.029 

0.83 a 
.19. 

0.45bc 
.020 

0.42 b 
.018 

0.33 be 
.028 

0.88 a 
207 

0.50 b 
.021 

0.33 c 
.010 

0.19 c 
.015 

0.90 a 
367 

0.58 b 
.004 

0.32 c 
.025 

0.71 a 
.045 

0.69 b 
.198 

0.36 c 
.006 

0.35 c 
.019 

0.67 a 
.033 

0.69 b 
.162 

0.33 c 
.016 

0.62 a 
.040 

0.44 b 
.033 

-- 1.17 a 
.084 

0.16 d 
.003 

0.28 be 
.007 

-- 0.31 c 
.003 

0.20 d 
.010 

0.34 bc 
.007 

-- 0.57 b 
.010 
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Appendix 2(f). Calcium concentrations of different plant parts (% of dry 

weight). Means with std. errors (Nn) in italics, same letters indicate no 

significant difference down columns at the PA.05 level. 

Year 1- N 
stem root needles litter 

pure spruce 0.21 be 0.26 a 0.49 b - - 
.010 .016 .019 

spruce with 0.20 be 0.25 ab 0.49 b - 	- 
pine .011 .005 .020 

sDrucewit.h 0.21 be 0.24 abc 0.51 b - 	- 
lrch .010 .003 .021 

spruce with 
birch 

0.21 be 0.20 cd 0.50 b - - 
.096 .007 .019 

pure pine 0.21 be 0.22 bed 0.39 c - - 
.008 .004 .013 

pine with 0.19 c 0.22 bed 0.38 e - - 
spruce .004 .005 .016 

pure larch 0.20 be 0.20 d 0.99  0.69 c 
.010 .004 .012 

larch with 0.22 be 0.23 abc -- O.66c 
spruce .007 .009 .026 

pure birch 0.30 a 0.26 a 0.66 a 1.08 b 
.015 .006 .021 .029 

birch with 0.25 ab 0.26 a 0 61 a 1.26 a spruce .015 .0 09 .00 .045 

Year 2 - N 
stem root needles litter 

pure spruce 0.20 b 0.18 be 0.55 a 0.76 c 
.010 .007 .112 .041 

spruce with 0,21 b 0.20 ab 0.63 a 1.00 b 
pine .013 .009 .149 .060 

spruce with 
birch 

0.24b 
.010 

0.23a 
.003 

0.65a 1.05b 
.188 .026 

pure pine 0.18 be 0.18 be 0.40 b 0.55 d 
.010 .011 .081 .024 

pine with 0 14 c 
.0O9 

0.16 cd 
.007 

0 33 b 
.0'7t 

0.49 d 
spruce .036 

pure larch 0.23b 0.14d --  0.56d 
.095 .004 .029 

Year 1 + N 
stem root needles litter 

0.23 a 0.21 ab 0.26 a - - 
.009 .013 .004 

0.19 be 0.22a 053a - 	- 
.008 .023 

0.19 be 0.20 abc 0.46 b - - 
.008 .014 .010 

0.20 ab 
.008 

0.21 ab 
.003 

0.53 a - - 
.017 

0.19 be 0.18 bed 0.33 e - - 
.009 .004 .008 

0.20 ab 0.22 a 0.30 e - - 
.005 .005 .016 

0.17 c 0.17 cd - - 0.87bc 
.002 .007 .0/6 

0.13d 0.15d - -0.80c 
.003 .005 .046 

0.22 ab 0.23 a 0.47 b 0.93ab 
.006 007 .001 .0.24 

0.21 ab 0.20 abc 0.42 b 1.01 a 
.095 .008 .007 .026 

Year 2+ N 
stem root needles 1ittr 

0.22 ab 0.22 a 0.54 a 0 91 b 
.006 L6 .127 .02 

0.24 a 0.22 a 0.51 a 0.80 b 
.007 D06 .120 .028 

0.25 a 0.21 a 0.48 ab 0J$5 b 
.006 .003 .197 .01 

0.20 be 0.21 a 0.40 b 0.45 e 
.007 £X7 .114 .016 

918 c 98 	bc08 b 0N 	 e .090 .47 

0.21 abc 0.16 e - - 0.80 b 
.007 .003 .013 

pure birch 	0.34 a 0.23 a 	- - 	1.38 a 	0.23 ab 0.22 a - - 	1.27 a 
.008 	.008 	 .060 	.020 	.005 	 .017 

birch with 	0.35 a 0.21 ab -  - 	105 b 	0.24 a 0.19 ab - - 	1.28 a 
spruce 	 .011 	.010 	

.01 	

.011 	.011 	 .068 
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Appendix 2(g). Magnesium concentrations of different plant parts (% of 

dry weight). Means with std. errors (5I.j) in italics, same letters indicate 

no significant difference down columns at the PA.05 level. 

Yearl -N Year l+N 
stem root needles litter stem root needles litter 

pure spruce 0.15 bc 
.004 

0.16 b 
.005 

0.23 b 
.013 

-- 0.14 a 
.004 

0.12 cd 
.002 

0.20 c 
.004 

-- 

spruce with 
pine 

0.14 cd 
.007 

0.15 b 
.002 

0.20 b 
.013 

-- 0.13 a 
.007 

0.13 bc 
.003 

0.18 c 
.007 

-- 

snruce with 
lthch 

0,14 cd 
.004 

0.16 b 
.005 

0.21 b 
.010 

-- 0.12 ab 
.005 

0.14 ab 
.007 

0.16 c 
.008 

-- 

spruce with 
bIrch 

0.21 a 
.008 

0.15 b 
.003 

0.24 b 
.010 

-- 0.12 ab 
.006 

0.13 b 
.006 

0.20 c 
.007 

-- 

pure pine 0.18 ab 
.006 

0.12 c 
.002 

0.19 b 
.006 

-- 0.12 ab 
.004 

0.11 cd 
.002 

0.16 c 
.005 

-- 

pine with 
spruce 

0.15 bc 
.00c 

0.11 c 
.003 

0.1 	b 
.010 

-- 0.13 a 
.00 

0.11 d 
.003 

0.17 c 
.00 

-- 

pure larch 0.15 bc 
.011 

0.11 e 
.002 

-- 0.48 a 
.011 

0.14 a 
.002 

0.12 cd 
.003 

-- 0 	a .63 
.009 

larch with 
spruce 

0.14 cd 
.006 

0.12 c 
.003 

-- 0.45 ab 
.022 

0.13 a 
.004 

0.13 bc 
.002 

-- 0.64 a 
.003 

pure birch 0.10 e 
.005. 

0.15 b 
.007 

0.50 a 
.010 

0.40 bc 
.007 

0.11 b 
.002 

0.15 a 
.004 

0.42 a 
.010 

0.48 b 
.013 

birch with 
spruce 

0.12 de 
.005 

0.18 a 
.004 

0.5Q a 
.016 

0.35 c 
.0Th 

0.11 b 
.002 

0.14 ab 
.002 

0.36 b 
.012 

0.51 b 
.006 

Year 2-N Year 2+N 
stem root needles litter stem root needles litter 

pure spruce 0.13 ab 
.004 

0.14 c 
.003 

0.26 a 
.053 

0.22 d 
.004 

0.12 a 
.007 

0.12 abc 
.002 

0.22 a 
.052 

0.26 d 
.013 

spruce with 
pme 

0.13 ab 
.005 

0.14 be 
.003 

0.28 a 
.065 

0.28 c 
.013 

0.12 ab 
.002 

0.13 a 
.003 

0.21 a 
.049 

0.22 d 
.004 

spruce with 
birch 

0.15 a 
.005 

0.15 ab 
.003 

0.29 a 
.084 

0.29 c 
.012 

0.11 abc 0.13 ab 
.006 	.004 

0.22 a 
.091 

0.24d 
.004 

pure pine 0.11 cd 
.003 

0.14 cd 
.003 

0.20 b 
.041 

0.25 d 
.004 

0.09 cde 
.004 

0.11 c 
.002 

0.16 b 
.046 

0.17 e 
.001 

with 
spruce PM 

0.10d 
.003 

0.13 d 
.004 

0.18 b 
.043 

0.25 cd 
.00 

0.1Q bed 0.11 c 
.00.) 	.002 

0.1 	b 
.042 

0.1 	e 
.00.) 

pure larch 0.12 be 
.003 

0.09 e 
.002 

-- 0.25 cd 
.010 

0.13 a 
.006 

0.09d 
.003 

-- 0.48 c 
.006 

pure birch 0.10 de 
.003 

0.16 a 
.004 

-- 0.56 a 
.007 

0.08 de 
.002 

0.11 bc 
.007 

-- 0.65 a 
.006 

birch with 
spruce 

0.09 e 
.002 

0.13 cd 
.002 

-- 0.50 b 
.00/ 

0.07 e 
.004 

0.11 bc 
.001 

-- 0.53 b 
.004 

166 



Appendix 3 (a). A comparison of different soil extractants, 2% acetic 

acid vs iN KC1 for NH4-N and vs 0.1N HC1 for cations P, K, Ca and 

Mg. Results for sub-samples from 6 composite peat 0-12 cm samples, 

from 2 pine plots. Values expressed as (.tg g 1). 

P K Ca Mg 

HOAc KCI HOAc HC1 HOAc HCI HOAc HC1 HOAc HC1 

43 34 2810 3070 1260 1399 8850 13700 1200 1500 
24 19 1890 2270 465 573 8450 11250 1650 1750 
21 17 2030 2370 345 390 7050 12650 1150 1700 
18 19 2810 3150 219 291 8750 12900 1550 1850 
46 36 1500 1330 422 -517 9050 11050 950 1100 
32 28 2480 2360 390 545 8400 11200 1250 1550 

31 26 2250 2425 517 619 8430 12100 1290 1580 
12 8.3 533 659 374 397 717 1110 262 266 

24 23 167 139 170 240 2450 3350 200 300 
18 16 125 102 190 243 2750 3900 150 250 
16 13 122 93 160 215 2400 3350 200 300 
13 14 117 93 210 283 2650 3700 150 300 
18 12 131 99 175 246 2450 3500 150 250 
24 19 125 99 170 236 2600 3550 150 250 

19 16 131 104 179 244 2550 3560 167 275 
4.4 4.2 18 17 18 22 138 213 26 27 

Pine GRP* 
Sample 

1 
2 
3 
4 
5 
6 

mean 
std. dev. 
Pine KSP* 
Sample 

1 
2 
3 
4 
5 
6 

mean 
std. dev 

*GRp: plots fertilized with rock phophate 	(Chapter 6 and Appendix 6(a)) 
KSP: plots fertilized with potassic superphosphate 

Appendix 3 (b). Recovery of fertilizer amendments to peat, using 2% 

acetic acid. Means with standard deviations in italics from 8 

sub-samples. Fertilization rates are given in Chapter 6, Table 1. 

NH4-N 

(ggg-') 

137 
3.3 

137 
3.3 

500 
14 

P K 
(jig g 1) (jigg1) 

trace trace 

587) 1117) 
10.7 ) 	9% 27 ) 	91% 
594) 1116) 

10.5 ) 16.6 ) 

Treatment 

Unfertilized 

No  

N500  
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Appendix 3 (c). Physical and chemical properties of glasshouse peat 

Variable no.samples mean std.dev min max 

plot weight (kg) 35 7.28 0.58 5.80 8.10 

bulk density (gcm 3) 35 0.0996 0.006 0.082 0.110 
(plot d.w./plot vol.) 

bulk density (gcm-3) 280 0.0935 0.012 0.061 0.126 
(from.cores) 

moisture content (%f.w.) 98 80.1 2.55 73 85 

pH (H20) 28 3.10 0.042 3.04 3.17 

total N(%) 6 1.016 0.038 0.960 1.056 

total P (%) 6 0.021 0.001 0.020 0.023 

total K (%) 6 0.016 0.001 0.014 0.018 

total Ca (%) 6 0.366 0.021 0.341 0.396 

total Mg (%) 6 0.151 0.007 0.141 0.,158 

extractable NH-N (l.'gg1) 8 137 3.3 - - 

extractable P (j.tgg) 8 trace - - - 

extractable K (jigg) 8 trace - - - 



Appendix 4. A line intersect method used to estimate root length, 

comparisons between actual and estimated lengths of nylon line. 

Mean length estimates (mm) from 15 measurements with standard deviations. 

Actual length 	50 	100 	150 	200 	300 	400 	500 	600 

mean 	 52 103 159 208 311 420 518 629 

stan.dev. 	7 	12 	17 	17 	20 	22 	29 	25 

700 - 
	y - 0.1338 + 1.0438x R = 1.00 

600 - 

E 500 

.2 400- 

300 	 : 

200 
to 

100• 

0 • 	 I 	 I 

0 100 200 300 400 500 600 700 

actual length (mm) 
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Appendix 5. A test of the line intersect method for estimating root length 

in tubes. 

Number of intersects with random lines, length 4 to 16m 

Depth interval 

(cm) 4m 6m 8m lOm 12m 14m 16m 

intersects 13-13 26 47 62 97 106 119 126 
0-4 

intersects 11+12 8 12 20 26 27 31 40 

intersects 13-13 52 61 73 105 115 136 153 
4-8 

intersects 11+12 20 44 47 58 61 70 83 

intersects 13-13 39 57 64 73 90 122 123 
8 - 12 

intersects 11+12 23 53 54 63 70 76 84 

intersects 13-13 36 53 58 78 91 113 133 
12-16 

intersects 11+12 23 41 54 62 71 78 88 

intersects 13-13 42 56 71 80 109 128 155 
16 - 20 
, intersects 11+12 22 34 50 56 63 74 82 

intersects 13-13 18 35 64 67 94 110 124 
20 - 24 

intersects 11+12 12 15 23 25 28 33 35 

intersects 13-13 213 309 392 500 605 728 814 
Total 0 - 24 

intersects 11+12 108 199 248 290 320 362 412 

Length estimate 
0-24 	(m) 4.2 6.4 8.1 10.1 12.0 14.3 16.0 

Length estimate = I I x 0.02 x (Y, 1313 +Li1±1-2)) 	for a 2 cm grid square 
14 	 2 
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Appendix 6 (a). Eddleston compartment 20: Site description 

Location 	: Forestry Commission Research and Development Silviculture (North) 

Branch, Eddlleston Peatland Demonstration Area, Glentress Forest. 

O.S. Grid reference NT 235 545. 

Description 	: Upland raised bog with peat to 7 m deep overlying boulder clay. 

Original vegetation; dominant cover of Calluna vulgaris with frequent 

Erica tetralix, Trichophorum caespitosm, Eriophorwn vaginatum and 

abundant Sphagnum species - indicating oligotrophic peat type. 

Elevation 	: 285 m above sea level. 

Rainfall 	: 850 - 1100 mm per anum. 

Slope / aspect : Nil; moderate exposure. 

Cultivation 	: Single mouldboard Cuthbertson plough to 60 cm at 1.8 m spacing 

with 90cm cross drains at 20 m intervals. 

Exp. plots 	: Fertilizer deficiency demonstration, originally P67 plots of 8 x 11 

rows of Sitka spruce, Q.C.I. provenance and lodgepole pine, Long 

Beach (Washington) / Prince George (B.C.). Plots felled in 1973 and 

replanted that year with the same species. 

Fertilization : Pine & spruce GRP 	P 84, K 169 Ca 339, Mg 112 

(kg ha-1) 	Pine & spruce KSP 	P 84, K 169, Ca 136 

each repeated in 1967, 69, 70, 73, 76, 79, 82, 85 

Total : Pine & spruce GRP 	P 672, K 1334, Ca 2711, Mg 896 

Pine & spruce KSP 	P 672, K 1334, Ca 1088 

Compounds: KSP 'Fisons 48' compound fertilizer( Potassic superphosphate) 

GRP 	ground rock phospate 

potassium sulphate 

magnesium sulphate 
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Appendix 6 (b). Spatial distribution of trees in Eddleston experimental plots (., showing 

sampling positions for ingrowth cores (+). 

Lodgepole pine GRP 
	

Lodgepole pine KSP 

83 trees, total basal area 1.197 m2 
	

89 trees, total basal area 1.470 

5m 

Sitka spruce GRP 
	

Sitka spruce KSP 

82 trees, total basal area 0.834 
	

88 trees, total basal area 0.783 m2  
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