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Abstract.

High levels of foliar nitrate reductase (NR) activity have 
been demonstrated in fast-growing pioneers (e.g Sambucus 

nigra: 1601.9 pkat g“̂ fwt.), while climax species exhibit low 
foliar activities (Carpinus betulus: 16.1). Pioneer species 
show varied seasonal patterns of activity with a tendency for 
early seasonal flushes, often corresponding to periods of 
maximum light availability. High NR activities are associated 
with high concentrations of alanine and glutamate, while high 
concentrations of asparagine correlate with low NR activities.

Studies investigating patterns of metabolic control suggest 
that asparagine may regulate foliar NR activity in the climax 
species Quercus petraea, possibly through end-product 
repression.

Diurnal variations in NR activity, photosynthetic rates, 
transpiration rates and amino acid concentrations exist in 
woody pioneers. Maximal rates of nitrate reduction correspond, 
with high photosynthetic photon flux densities. Foliar NR 
activities of climax species do not fluctuate diurnally, 
suggesting that these species assimilate nitrate (or an 
alternative nitrogen source) in their roots.

Comparative studies of field-grown seedlings from shaded and 
open habitats indicate that open-grown pioneers are able to 
maximise leaf nitrate reduction by taking advantage of high 
light availability and higher levels of nitrate generally 
found in open habitats. Pioneer seedlings were intolerant of
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shade. Climax species showed a tendency towards root nitrate 
assimilation, even in open habitats, suggesting that little 
energetic advantage is gained from leaf assimilation.

studies demonstrate uptake and utilization preferences by 
climax and pioneer species for the forms of inorganic nitrogen 
which would tend to prevail in their usual habitats. The 
preferential uptake of "N-nitrate by pioneers, and the 
partitioning of the majority of label to leaves helps to 
explain high levels of foliar NR activity exhibited by these 
species. Preferences for ^®N-ammonium exhibited by climax 
species suggests that they gain a significant advantage from 
root ammonium assimilation.
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ECOLOGICAL ASPECTS OF NITRATE UTILIZATION 
IN WOODY PLANTS

CHAPTER 1: Introduction.
Nitrogen is essential for all organisms and is present as a 
structural component of amino acids (proteins and enzymes), 
nucleotides, porphyrins, alkaloids and some lipids (Allen et 
al., 1974). It plays a central role in plant metabolism and 
growth (Haynes and Goh, 1978). Nitrogen is commonly the soil 
nutrient element required in largest quantities by higher 
plants (Lee and Stewart, 1978). Plants of many species, in a 
variety of habitats, usually contain between 1 and 4% nitrogen 
on a dry weight basis (Lee et al., 1983). On a global scale, 
terrestrial plants assimilate an estimated 1.4 gigatons of 
nitrogen annually (Warner and Kleinhofs, 1992). Of this annual 
total, approximately 90 - 95% is from mineral nitrogen and the 
remainder from symbiotic N^ fixation (Paul and Clark, 1988).

In this thesis, short introductions relating to specific areas 
of research precede each results chapter (Chapters 3 to 8 ). 
Thus, this introduction gives only a general overview of the 
availability of nitrogen to higher plants, and subsequent 
mechanisms employed by these plants to acquire and utilize 
this nitrogen. This introduction is not exhaustive, since many 
reviews exist covering some aspects of this thesis (Beevers 
and Hageman, 1969; 1980; Hewitt, 1975; Miflin and Lea, 1977, 
1980; Haynes and Goh, 1978; Lee and Stewart, 1978; Srivastava, 
1980; Lee et al., 1983; Marrs et al., 1983; Runge, 1983; 
Smirnoff and Stewart, 1985; Maldonado and Aparicio, 1987;
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SoloiQonson and Barber, 1990).

1.1 Mineralization.
Mineralization of organic nitrogen compounds, derived from 
dead plant matter or via animal consumers, is brought about 
through the activity of micro-organisms (Haynes and Goh, 1978; 
Lee and Stewart, 1978; Runge, 1983). The first stage of 
mineralization is ammonification. This production of ammonia 
from organic nitrogen is usually considered to be accomplished 
by a wide variety of heterotrophic micro-organisms (Lee and 
Stewart, 1978). Under suitable conditions, ammonia is oxidized 
by chemoautotrophic bacteria, via nitrite (NOg") to nitrate 
(nitrification; Runge, 1983). In addition, although of a much 
smaller quantitative significance, nitrate can probably be 
produced through the action of certain heterotrophic micro
organisms (Runge, 1983).

Nitrification of ammonia proceeds at high rates in most soils, 
and consequently nitrate is the dominant form of mineral 
nitrogen available to the majority of higher plants grown 
under normal field conditions (Lee and Stewart, 1978; Beevers 
and Hageman, 1980; Friemann et al., 1992; Warner and 
Kleinhofs, 1992). Under acidic, cold and anaerobic soil 
conditions, nitrification may proceed at lower rates (Rice and 
Pancholy, 1972; Raven,,et al., 1978; Cole, 1981). In such 
soils, the reduced rates of nitrate production can result in 
relatively high levels of ammonium ions (Runge, 1983). 
However, from the work of Runge (1983), Havill et al. (1974) 
and Vitousek (1977) it is clear that even in acid soils
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nitrification can proceed, and that nitrate may be an 
important source of nitrogen for the plants occupying these 
habitats.

1.2 Uptake of nitrogen.
Under natural conditions, nitrate and ammonium ions are the 
main nitrogen sources (Haynes and Goh, 1978). However, 
habitats differ markedly in the extent to which nitrate or 
ammonium ions are the available form of nitrogen (Stewart et 
ai., 1987). It is not surprising, therefore, that plants 
exhibit differences in their capacity to take up and utilize 
these two forms of nitrogen as their main nitrogen source 
(Gigon and Rorison, 1972).

Nitrate uptake from the external medium, across the plasma 
membrane and into the cytoplasm of root cells is generally 
assumed to be against an electrochemical gradient (see Warner 
and Kleinhofs, 1992). Moreover, nitrate transport activity by 
roots of many plants is induced by nitrate (Jackson et al,, 
1986), suggesting the involvement of energy-dependent nitrate 
carrier systems (Clarkson, 1986). Ammonium uptake is driven by 
the negative electrical charge of the cytoplasm and does not 
require direct input of metabolic energy (Ullrich, 1987). 
However, the negative cell interior is a result of ATP 
hydrolysis, and therefore ammonium uptake will ultimately 
depend upon input of energy (Nasholm, 1991).

Where there is unequivocal evidence that nitrification is 
inhibited and ammonium accumulates in soil, ammonium ions or
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free ammonia are the most likely nitrogen sources to be taken 
up and utilized by most plants. In other soils, where 
nitrification proceeds at high rates (i.e. in areas of 
disturbance, such as gaps and forest margins), nitrate ions 
will presumably be the preferred source of nitrogen (Hipkin et 
ai., 1984; Stewart at ai., 1988; 1992). However, in many
soils, both ammonium and nitrate ions accumulate, and the 
question arises as to whether nitrate or ammonium is the major 
source utilized (Lee and Stewart, 1978). One approach that can 
provide direct evidence of the utilization of nitrate in the 
field involves the determination of nitrate reduction of 
species in situ. This can be achieved by measuring the 
activity of nitrate reductase (NR), the first enzyme involved 
in the assimilatory reduction of nitrate.

1.3 Characterization of NR.
Evans and Nason (1953) were the first to identify and 
characterize assimilatory NR in higher plant extracts. They 
reported that the NR from soybean was a flavoprotein and that 
the enzyme was versatile in its use of electron donors, 
utilizing either reduced nicotinamide adenine dinucleotide 
(NÀDH) or reduced nicotinamide adenine diphosphate (NÀDPH) as 
co-factors. Since the original characterization of the enzyme, 
a prolific amount of work has shown that NR is nearly 
ubiquitous among higher plants (Runge, 1983). It is now known 
that in the majority of well characterized systems, 
assimilatory nitrate reduction is mediated by NÀDH 
(E.C.1.6.6.1; see Beevers and Hageman, 1980 for references). 
NAD(P)H-bispecific (E.C.1.6.6.2) NR is found in some higher
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plants (Warner and Kleinhofs, 1992), and the NÀDPH-specific NR 
(E.C.1.6.6.3) is found in fungi (Beevers and Hageman, 1980).

NR is a complex enzyme containing two identical subunits and 
several different redox-active prosthetic groups (Solomonson 
and Barber, 1990). Eukaryotic NRs have FAD (flavin adenine 
dinucleotide), haem (cytochrome and a molybdenum cofactor
(Mo) as prosthetic groups in a 1:1:1 ratio per subunit 
(Hewitt, 1975; Warner and Kleinhofs, 1992). In addition to the 
NAD(P)H-dependent reduction of nitrate, the enzyme has two 
types of partial activities: diaphorase and nitrate-reducing 
activities. Diaphorase activities include NAD(P )H-dependent 
reduction of electron acceptors such as cytochrome c or 
ferricyanide. Nitrate-reducing activities include the use of 
non-biological reducing agents in place of NADH (e.g. reduced 
viologen dyes and bromophenol blue) to reduce nitrate to 
nitrite (Campbell, 1985; Solomonson and Barber, 1990).

1.4 Substrate inducibility of NR.
NR represents a classical example of a substrate-inducible 
enzyme, with its activity being decisively determined by the 
nitrate supply (Beevers and Hageman, 1969; 1980; Runge, 1983). 
NR is one of the few enzymes in plants which is regulated by 
an exogenous substrate at the level of gene expression 
(Anderson and Beardall, 1991).

1.5 Nitrogen assimilation.
1.5.1 Nitrate and nitrite reduction.
Nitrate is reduced to ammonium in a two-step process catalysed
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by NR which reduces nitrate to nitrite, and nitrite reductase 
which reduces nitrite to ammonium (Lee and Stewart, 1978). The 
overall reduction of nitrate to ammonium requires eight 
electrons. Whereas the preponderance of evidence suggests that 
NR is located in the cytosol (Abrol et al., 1983; Solomonson 
and Barber, 1990), nitrite reductase is a nuclear-encoded 
chloroplast protein that is synthesized in the cytoplasm and 
imported into the plastid (Campbell and Kinghorn, 1990).

When nitrate is reduced in leaves, NADH is derived from 
reductant generated by photosynthetic electron transport and 
possibly also from cytoplasmic or mitochondrial sources (Abrol 
et al., 1983). Either ATP or reduced ferredoxin used by 
nitrite reductase, glutamine synthetase and glutamate synthase 
(see section 1.5.2 below) are also generated by photosynthetic 
electron transport (Wallsgrove et al., 1983a). Thus, nitrate, 
nitrite and ammonia assimilation are photosynthetic processes. 
In roots, reductant and ATP for nitrate assimilation are 
derived from mitochondrial respiration, the pentose phosphate 
pathway and malate oxidation (Lee, 1980). It is possible that 
carbon supply to roots could limit the rate of nitrate 
assimilation (Smirnoff and Stewart, 1985). Differences between 
species in the extent of root assimilation could be controlled 
by carbohydrate translocation from above-ground organs to the 
roots (Deane-Drummond et al., 1979; 1980).

1.5.2 Ammonia assimilation.
Ammonia in a cell may originate from direct uptake from the 
soil solution (root cell) or from reduction of nitrite ions by
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nitrite reductase. In addition, in leaves, ammonia is released 
from the organic form during photorespiration (Miflin and Lea, 
1980). Ammonia may also be present as a result of catabolism 
of amino acids, particularly asparagine and arginine (Miflin 
and Lea, 1980). Ammonia is toxic, and if the internal 
concentration within a plant cell rises above 1.0 mM all 
photosynthetic reactions within the chloroplast are switched 
off (Lea, 1985). Consequently, the rapid and efficient 
assimilation of ammonia is essential (Lea, 1985).

The incorporation of ammonia into amino acids in higher plants 
occurs mainly via the glutamine synthetase (GS; E.G.6 .3.1.2) - 
glutamate synthase (GOGAT) pathway (Lea and Miflin, 1974; 
Miflin and Lea, 1977). Ammonia is initially incorporated into 
the amide group of glutamine via GS. The enzyme GOGAT then 
produces two molecules of glutamate by reductively 
transferring the amide-amino group of glutamine to 2 - 
oxoglutarate (a-ketoglutarate). The enzyme requires reducing 
power which is supplied as reduced ferredoxin or NADH (Lea, 
1985). One of the molecules of glutamate produced by the 
glutamate synthase cycle can be recirculated and become 
substrate for GS while the other is available for production 
of other amino acids via transamination with a-ketoacids 
(Givan, 1980). Substantial glutamate dehydrogenase (GDH) 
activities of root had previously been interpreted as 
indicating an assimilatory role for this enzyme (Lea et ai., 
1990). However, it has recently been shown that GDH has a 
catabolic function (Robinson et ai., 1991) and that it is 
controlled by carbohydrate status (Robinson et ai., 1992).
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1.6 Thesis outline.
In order to obtain a more complete picture of the potential of 
woody plants to reduce nitrate in their leaves a survey of 
leaf NR activity has been made in field-grown plants (Chapter 
3 ). In Chapter 3, NR activity has been used to indicate the 
extent of nitrate reduction in leaves (Havill et al., 1974). 
Foliar activities of pioneer and climax species were compared. 
Trends in foliar amino acid concentrations in relation to NR 
activity have also been examined.

As a result of seasonal variations in ammonification and 
nitrification rates, the availability of inorganic nitrogen 
varies throughout the year (Lee et al., 1983). Other factors 
which also vary seasonally such as light availability, 
temperature and soil moisture, are also likely to influence 
plant growth (Runge, 1983) and may dictate seasonal changes in 
rates of nitrate reduction (Lee and Stewart, 1978). For these 
reasons, seasonal variations in rates of foliar nitrate 
reduction and amino acid concentrations are examined in 
Chapter 4.

The regulation of NR activity by nitrate and asparagine is 
studied in Chapter 5. NR is generally present at only very low 
levels of activity in nitrate-starved plants (Campbell, 1987). 
Foliar applications of nitrate have been used to determine 
whether NR activity is inducible in climax and pioneer leaves. 
The possibility that asparagine may have a role in controlling 
foliar NR activity has also been examined.
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Chapters 6 and 7 introduce the energetic considerations of 
shoot and root nitrate assimilation, and the different 
capacities that woody species have for utilizing nitrate and 
ammonium ions. The effects of light on NR activity and related 
processes in climax and pioneer species are studied in these 
chapters. Diurnal variations are examined in Chapter 6 while 
Chapter 7 investigates the effects of light and shade on the 
allocation of NR activity in different plant organs.

Finally, in Chapter 8, the stable isotope of nitrogen (̂ ®N) has 
been used to estimate uptake and subsequent partitioning of ®̂N 
after feeding climax and pioneer species with different 
labeled nitrogen sources.

1.7 Objectives.
This thesis aims to explore ecologically significant aspects 
of the nitrogen nutrition of woody climax and pioneer species. 
The work aims to establish whether differences exist in the 
nitrate assimilating capacities of woody climax and pioneer 
species, and how these capacities vary seasonally and 
diurnally. Important factors involved in the regulation of 
woody plant NR activity hope to be identified. By comparing NR 
activities in leaf and root tissues this thesis intends to 
establish allocation patterns of nitrate reduction in woody 
climax and pioneer species. Further, it is intended to confirm 
whether climax and pioneer species exhibit preferences for a 
particular form(s) of inorganic nitrogen.
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CHAPTER 2; Materials and Methods.

2.1 Chemicals.
HPLC grade solvents and chemicals were obtained from BDH 
Chemicals Ltd. (Poole, England). Common analytical grade 
chemicals were obtained from BDH Chemicals Ltd., and also from 
Fisons Scientific Apparatus (Loughborough, Leics., England). 
Amino acids were obtained from Sigma Chemical Company (London, 
England). labeled potassium nitrate, ammonium sulphate,
ammonium-^®N nitrate and ammonium nitrate-^^N were obtained from 
MSD Isotopes, Cambrian Gases Ltd. (Croydon, England).

2.2 Experimental sites
Most species were sampled from natural populations. Three 
major woodland sites were selected - Bancroft Wood, Hert
fordshire (map reference TL317062), Boxhill, Surrey 
(TQ179513), and Tooting Graveney Common, London (TQ288717). 
Species nomenclature is according to Clapham, Tutin and 
Warburg (1962), unless otherwise stated.

Bancroft Wood consists mainly of ancient primary woodland, and 
is essentially oak-hornbeam woodland of the type described by 
Salisbury (1918). Quercus petraea (Mattuschka) Lieblien 
(Sessile oak) and hornbeam (Carpinus betulus L.) are 
accompanied by other species including the pedunculate oak 
{Quercus robur L. ) , ash {Fraxinus excelsior L. ) , birch (Betula 
spp.), hazel {Corylus avellana L. ) , elder {Sambucus nigra L. ), 
and aspen {Populus tremula L.) in the tree and shrub layers. 
The ground layer, where developed, includes such calcicolous
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herbs as Mercurialis perennis, Glechoma hederacea, Ajuga 

reptans. Ranunculus ficaria and Fragaria vesca, dominated by 
bramble (Rubus fruticosus). Beneath the high forest, where no 
shrub layer exists, the base status of the soil has 
deteriorated and pH values of below 3.5 have been reported in 
these areas (Bird, 1957). No such deterioration was found, 
however, beneath the bramble society developed under 
conditions of improved illumination.

Boxhill is an area of chalkland with woodland, scrub, and 
grassland communities (Hywel-Davies et al., 1986). Woodlands 
on the plateau were sampled where a capping to the chalk has 
developed to support a tree layer of beech (Fagus sylvatica 

L.), oak {Quercus robur), ash, birch (Betula spp.), and wild 
cherry (Prunus spp.). Beneath the tree layer exists an 
understorey of holly (Ilex aquifolium L.), yew (Taxus baccata 
L.), box (Buxus sempervirens L.), and elder, with a variety 
of other species including large-leaved lime (Tilla 

platyphyllos Scop.), over a varied ground cover of typical 
woodland plants.

The dominant woody species at Tooting Graveney Common, a small 
wooded area in South London, are oak (Quercus robur), beech, 
sycamore (Acer pseudoplatanus L.), and birch (Betula spp.), 
with an understorey of elder, holly and hawthorn (Crataegus 

monogyna Jacq.). Bramble (Rubus fruticosus) dominates the 
ground layer in the more illuminated areas of the wood.
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2-3 Plant Material.
2 year old seedlings of Pinus sylvestris L. (Scots Pine), 
Quercus petraea, Betula pendula Roth (Silver Birch), Betula 

pubescens Ehrh. (Downy Birch) and Populus deltoïdes Marsh 
(American Poplar) were obtained from the Forestry Commission, 
Alice Holt Lodge, Farnham, Surrey, England. 1 year old 
seedlings of Quercus petraea were obtained from Alba Trees 
PLC, East Lothian, Scotland. Cuttings of Populus deltoïdes 
were obtained from the Forestry Commission, Alice Holt Lodge, 
Farnham, Surrey, England. Cuttings of Sambucus nïgra were 
collected from Tooting Graveney Common (London, England). 
Seeds of Fagus sylvatïca were collected from Boxhill (Surrey, 
England).

2-4 Growth Technique.
The 2 year old seedlings obtained from the Forestry Commission 
had been sown in seedbeds, left in sïtu for one year, and then 
lined out in nursery rows for a further year. Seedlings were 
then transferred to 18 cm plastic pots containing equal parts 
compost (John Innes, number 1 ), sharp sand and peat.

The 1 year old seedlings of Quercus petraea obtained from Alba 
Trees PLC had been sown in seedbeds and left in situ for one 
year, after which time they had reached a height of 
approximately 60 cm. These were transferred to 18 cm plastic 
pots containing equal parts compost, sharp sand and peat.

Populus deltoïdes and Sambucus nïgra were propagated from 
hardwood cuttings (one-year-old stems) inserted into pots
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containing equal parts moss peat, loam and sharp sand. After 
approximately three months, the cuttings were potted singly in 
18 cm plastic pots containing equal parts compost, sharp sand 
and peat.

Fagus sylvatica seeds were sown immediately after collection 
in seed trays containing equal parts moss peat, loam and sharp 
sand. Seedlings were left undisturbed until the first true 
leaf showed, and were then individually transferred to 13 cm 
plastic pots containing equal parts compost, sharp sand and 
peat.

Once seedlings had been transferred to pots, they were placed 
in a greenhouse with supplementary lighting giving an extra 
100 /imol ra'̂ s"̂ . The plants received a 16 h day and an 8  h night 
at a constant air temperature of 20 *C.

2.5 Enzyme Assays.

2.5.1 Nitrate Reductase (B.C.1.6.6.1).
Nitrate reductase was assayed using the in vivo nitrate 
reductase assay, adapted from Havill at ai. (1974), Stewart 
and Orebamjo (1979), and Smirnoff at al. (1984). Between 0.1 
and 0 . 2  g fresh weight of finely sectioned tissue (in the case 
of leaf laminae, tissue was taken from the central area of 
leafs, excluding midrib) was added to 5 mL of assay medium. 
The assay medium consisted of 0.1 M phosphate buffer (pH 7.5), 
150 mM (1.5%) KNO3 and 1.5% (v/v) propan-l-ol. Leaf and root 
tissue was processed as soon as possible after collection
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(maximum interval, 2 h). Vials containing the samples were 
placed in a desiccator and the tissue was vacuum infiltrated 
for a period of 2-3 min during which time the vacuum was 
released several times. The desiccator was incubated in a 
water bath at 25 °C for one hour in the dark. Nitrite was 
assayed for immediately in most cases, (the exception being 
conifers, see later): 1 mL of sample was added to 1 mL of 1% 
(w/v) sulphanilic acid. 1 mL of 0.02% N-naphthyl ethylene 
diamine dihydrochloride (NEDD) was added, the mixture shaken, 
and left for half an hour while the colour developed. If any 
of the samples formed a precipitate, they were centrifuged in 
a microfuge (MSE Micro Centaur) for 2 minutes at 13000 rpm. 
The optical density of each sample was read at 540 nm using a 
Beckman DU-7 Spectrophotometer. A blank was prepared by 
substituting the sample with distilled water. Potassium 
nitrite was used as the standard. In the case of the conifers, 
5 mL of Dimethyl sulphoxide (DMSO) was added to the sample 
after incubation, and the mixture boiled for 5 min to 
facilitate the removal of nitrite from woody tissue. The 
conifer samples were then assayed for nitrite as above.

2.5.2 Glutamine Synthetase (E.C.6.3.1.2).
Glutamine synthetase was assayed using the semi-biosynthetic 
assay. Plant material (0.5 g) was ground and extracted in 5 mL 
buffer containing 25 mM Tris (pH 8.0), 1 mM EDTÀ, 1 mM
dithiothreitol, 1 mM mercaptoethanol, 1 mM reduced
glutathione, 10 mM MgSO*, 5 mM glutamate, 1% tween (for 
extraction of conifer enzymes) or 0.5% tween (broadleaf 
species). Purified sand was added to aid extraction. The
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extracts were put on ice and allowed to settle. Then 1 mL of 
supernatant was removed and centrifuged in a microfuge (MSE 
Micro Centaur) for 5 minutes at 13000 rpm. After 
centrifugation, 0.1 mL of supernatant was removed and was 
incubated in a final volume of 1 mL containing 15 pmols ATP, 
20 /xmols MgSO*, 5 /zmols hydroxylamine, 60 /xmols L-glutamate 
and 37.75 /imols Tris-Cl (final pH 7.6) for 30 min at 30 ”C. 
After incubation, the reaction was stopped by the addition of 
1 mL ferric chloride reagent (FeCl^ 26 g L"̂ , trichloroacetic 
acid 40 g L"̂ , concentrated HCl 80 mL L"^). The protein 
precipitate formed on addition of the ferric chloride reagent 
was removed by centrifugation at 4 *C for 5 min at 5000 rpm in 
an MSE Microcentaur bench centrifuge. The optical density was 
read at 500 nm using a Beckman DU-7 Spectrophotometer. 
Glutamyl hydroxymate was used as the standard, and in all 
cases a blank was prepared without ATP. The method is a 
modified version of Rhodes et al. (1976).

2-6 Sulphuric Acid - hydrogen Peroxide Digestion 
Sulphuric acid - hydrogen peroxide digestion reagent was 
prepared using a method adapted from Allen et al. (1974). 
Selenium (0.14 g) and lithium sulphate (4.67 g, hydrated) were 
dissolved in 140 mL concentrated sulphuric acid and 117 mL 
hydrogen peroxide, on ice. Oven-dried, ground sample (0.1 g) 
was placed in thick-bottomed boiling tubes with 4.4 mL of 
digestion reagent. The mixture was heated gradually to a 
temperature of 360 "C over a 2 - 3 h period in a heating block 
(Grant Instruments, Cambridge Ltd), until the digest had 
cleared. The digest was allowed to cool and then made up to
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100 mL with water. From this, 10 mL diluted digest was 
removed, and was added to 35 mL distilled water. The pH of the 
digest was adjusted to 6.5 - 7.5, and the solution made up to 
50 mL with distilled water. This diluted digest was used in 
the determination of total nitrogen and total phosphorus.

2.7 Total Nitrogen Determination
Total nitrogen was determined by the ammonia method of 
McCullough (1967). Solutions À and B were prepared as follows: 

Solution A: 10 g phenol,
50 mg sodium nitroprusside, 
dissolved in 1 L of distilled water.

Solution B: 5 g NaOH,
53.7 g Na2HP0*.12H20,
10 mL sodium hypochlorite (purity 10 
14% Cl),
made up to 1 L with distilled water.

Solution A (2.5 mL) was added to 0.5 mL digested sample 
(above) and mixed well. Following this, 2.5 mL of solution B 
was added and the mixture incubated at 37 *C for 40 min. The 
optical density was read at 625 nm using a Beckman DU-7 
Spectrophotometer. Assays were performed in the absence of 
sample material and were used as blanks. Ammonium chloride was 
used as the standard.

2.8 Total Phosphorus Determination
Molybdate-antimony solution was prepared after Murphy and
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Riley (1958, 1962). Sodium antimony tartrate (NaSbOC^H^Og)
(0.1 g) and ammonium molybdate (NH^)gMo^Oz^.4HzO (4.8 g) were 
dissolved in 400 mL 4 N H2 SO4 and made up to 500 mL with the 
same acid. Ascorbic acid solution («0.1 M) was prepared by 
dissolving 2.0 g ascorbic acid in 100 mL DH^O. The molybdate- 
antimony solution (1 mL) and the ascorbic acid solution (0.5 
mL) were added to 10 mL digested sample (above) and mixed 
well. The mixture was incubated at 37 "C for 30 min. The 
optical density was read at 882 nm using a Beckman DU-7 
Spectrophotometer. A standard of KHgPO^ (dry, A.R.) was used.

2.9 Extraction of Sniiihi.e Amino Acids and Nitrate from Plant 
Tissues
Ground plant tissue (0.2 - 0.25 g fresh weight) was extracted 
in 10 mL methanol, and stored in well sealed tubes for 24 to 
48 h at 4 "c. The extract was used for the analysis of tissue 
nitrate and soluble amino acids.

2.10 Determination of Tissue Nitrate
Nitrate was determined using a cadmium reductor method 
modified from Sloan and Sublett (1966) and Elliot and Porter 
(1971). A volume of 1 mL of the above methanol extract (see 
2.9) was pipetted into a test tube together with 2 mL ammonium 
buffer and 1-2 g cadmium. This was mixed thoroughly and left 
to stand for 3 h. Then 1 mL of the mixture was removed and 
assayed for nitrite (see nitrate reductase method 2.5.1).

2.11 Determination of Total Soluble Amino Acids fcolorimetric! 
A volume of 1.4 mL citrate buffer (0.8 M, pH 4.84) and 1.2 mL
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ninhydrin (1%) were added to 0.25 - 0.1 mL of methanol
extract. The mixture was boiled for 20 min, cooled quickly on 
ice, and 3 mL 60% ethanol was added. The optical density was 
read immediately on a DU-7 Spectrophotometer at 570 nm. 
Leucine was used as the standard, and blanks were prepared by 
substituting sample with distilled water.

2.12 OPA-HPLC Determination of SolubTe Amino Acid Pools 
O-phthaldialdehyde (OPA) is a general derivatisation agent 
which reacts with primary amino acids as well as with a range 
of other compounds such as di-peptides, amino sugars and 
primary amines (Johnson, 1982; Nasholm et al., 1987). Hence, 
OPA derivatisation is very useful in the analysis of amino 
acids present in biological extracts (Lindroth and Mopper, 
1979). The OPA technique is convenient since the reagent is 
non-f Increscent and the reaction is completed within 2 minutes 
and carried out in aqueous media. The OPA derivatives provide 
high sensitivity and reproducible results (Martin et al.,
1982).

A volume of 2 mL of the plant extract in methanol (see 2.9) 
was dried down using an Evapotec rotary film evaporator. The 
sample was resuspended in 0.4 mL HCl (0.01 M). Tissue amino 
acids were determined from the HCl resuspensions using high 
performance liquid chromatography. The HPLC system (Kontron 
Instruments, Watford, Hertfordshire) consisted of a Model 425 
gradient former, a model 420 pump, and a model 460 autosampler 
with injector fitted after the injection loop. A stainless 
steel guard column (2 cm) and a C-18 analytical column (10 x

36



0.45 cm) containing Spherisorb 5 jum ODS 2 spherical packing 
(Phase-Sep Ltd, Deeside, UK) were housed within a Model 480 
oven controller and maintained at 30 “C. A Milton Roy Fluoro- 
Monitor 3 fluorescence detector with filters set for OPA 
derivatisation of amino acids was connected to the HPLC 
system, and the whole system was controlled by a Model 450 
multitasking data system.

The amino acids were analysed as OPA derivatives on the C-18 
column using a method adapted from Joseph and Marsden (1986). 
An OPA stock reagent was prepared, consisting of 50 mg OPA 
dissolved in 1 mL methanol, and made up to 7.5 mL with borate 
buffer (0.4 M, pH 9.5). The working reagent was prepared daily 
from 1.5 mL OPA stock reagent and 10 /iL 2-mercaptoethanol.

All samples, standards, eluents and derivatising reagents were 
filtered prior to use through 0.45 fJLia. FP Vericel filters 
(Gelman Sciences Ltd, Northampton). The internal standard 
homoserine (10 /LtL at 0.25 mM) and 30 1̂. sample were
derivatised with 40 ^L working reagent. After 2 min 8  pL 
derivatised sample was injected. A gradient suitable for the 
resolution of the following amino acids was employed: aspartic 
acid, glutamic acid, asparagine, serine, glutamine, histidine, 
homoserine, glycine, threonine, arginine, alanine, y-amino- 
butyric acid (GABA), tyrosine, methionine, valine, 
phenylalanine, isoleucine and lysine. It should be noted that 
secondary amino acids such as proline, are not detected by 
this procedure. Analysis of cysteine is also difficult. The 
gradient was produced using two eluents: A, 0.1 M phosphate
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buffer pH 7.5 containing 20 mL L~̂  methanol and 20 mL L"̂  
tetrahydrofuran; B, 65% methanol. Eluents were helium degassed 
prior to use. The flow rate was 1 mL min~^. The gradient was 
programmed to start on 20% eluent B and 80% eluent À. The 
amount of B was increased linearly for 27 min to 100%, kept on 
100% B for 5 min, and then decreased linearly over 2 min to 
20% B to re-equilibrate.

2.13 ANCA analysis of labeled nitrate, ammonium, and
ammonium-nitrate. Distribution of label in plant.
Total label was determined by the technique of automated 
X5N/13C analysis-mass spectrometry (ANCÀ-MS) using a Europa 
Scientific Roboprep-CN Biological Sample Converter and a 
Tracermass Stable Isotope Analyser (Europa Scientific, Crewe, 
U.K.). The technique used is described by Barrie and Lemley 
(1989). This system was used to analyse the distribution of 
in plants supplied with labeled nitrogen sources. Leaf, stem 
and root material was harvested after feeding experiments, 
washed in distilled water, and dried for 8-10 days in a 80 *C 
oven. The oven dried samples were finely ground (talcum powder 
quality) in a MM2 Retsch ball mill (Retsch GmbH and Co., West 
Germany) before being weighed and sealed into 8  mm x 5 mm tin 
capsules (Europa Scientific, Crewe, U.K.) for loading onto the 
autosampler. Triplicate 2.5 - 7 mg samples were analysed 
against a KNO 3 standard.

2.14 Gas Exchange Measurements
Transient foliar gas exchange rates (30-60 sec) were measured 
using a portable infra red gas analyser [IRGA; Analytical

38



Development Co. Ltd. (ADC), Hoddesdon, England]. Measurements 
were made on non-senescent leaves. The partial pressure of 
carbon dioxide entering and leaving the leaf chamber (2.5 x
2.5 cm) together with air temperature and photosynthetic 
photon flux density (PPFD) were recorded using an Analyser DL2 
data logger (ADC). These parameters were later used to 
calculate photosynthetic rates (A, flux of carbon dioxide; 
A,ax/ flux of carbon dioxide at saturating PPFD; transpiration 
rates) using equations described by von Caemmerer and Farquhar 
(1981). Boundary layer resistances were determined previously 
by Parkinson (1985).
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CHAPTER 3 : An investigation of the nitrate reducing potential 
of woody plants through field and survey work.

3.1 Introduction
When working with mature trees, it is more or less impossible 
to design laboratory experiments which simulate natural 
conditions, yielding trees with the characteristics of those 
grown in the field; indeed, time alone prevents such 
experiments. It follows that experiments performed on mature 
trees need to be performed in the field, where it is extremely 
difficult to control environmental conditions. When sampling 
in the field, certain parameters involved with collecting 
material can be standardized (e.g. time of harvest) but 
inevitably large variations exist in such field data, even if 
replication is high. Indeed, Halbwachs (1989) stated, that, 
"in tree physiology, it seems almost impossible to get 
quickly, universally applicable research results". This 
chapter describes field studies undertaken with realistic 
conditions, with the influence of many uncontrollable 
environmental factors, and therefore begs the reader to 
sympathize with the problems of working with mature trees.

3.1.1 Nitrate reduction in leaves of woody plants.
Nitrogen assimilation in woody plants has received relatively 
little attention when compared with extensive data for 
herbaceous species. In more recent years, however, research on 
nitrogen metabolism of forest trees has accelerated (Sweet, 
1989). Studies of the control of nitrogen assimilation in 
higher plants have mainly been concerned with NR.
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Woody plants are typically members of climax communities 
(Smirnoff et al., 1984). The inhibition of nitrification in 
climax ecosystems has led to suggestions that nitrate would 
not be available as a nitrogen source (Rice and Pancholy, 
1972; 1973; 1974). High NR activities would therefore not be 
expected under these conditions. Reports that xylem sap of a 
variety of trees contain organic nitrogen compounds but very 
little nitrate (Bollard, 1956; 1960), led to an almost general 
belief that woody plants reduce nitrate mostly in their roots 
(Pate, 1980; Bray, 1983; Runge, 1983). This would suggest that 
woody plants differ from most herbaceous species where, in the 
light, nitrate is reduced mainly in leaves (Pate, 1980). 
However, while low levels of NR are found in some woody 
species, particularly among the Gymnosperms, Ericaceae and 
Proteaceae (Smirnoff at al., 1984) evidence based on high leaf 
NR activity in woody plants suggests that nitrate 
translocation to leaves, and its reduction there, does occur 
(Lee and Stewart, 1978; Stewart and Orebamjo, 1983; Al Gharbi 
and Hipkin, 1984; Hipkin at al., 1984; Stewart at al., 1988; 
1989; 1990; Clough at al., 1989; Dickson, 1989; Millard, 1989; 
Pearson at al., 1989; Johnson, 1990).

Nitrate utilization of plants in situ can be measured by 
assaying NR activity in the shoots (Stewart at al., 1972; 
1973; Havill at al., 1974). The comparative ease with which 
these measurements can be made, make the in vivo NR assay a 
valuable procedure for estimating nitrate uptake and 
availability. The foliar nitrate reducing potential of woody 
plants has been investigated here using a large scale survey
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of field-grown material from three English woodland 
communities. Activities in pioneer and climax species have 
been compared.

3.1.2 The importance of studying tissue amino acid 
concentrations in relation to nitrogen assimilation.
The size and composition of an organism's tissue amino acid 
pool is a reflection of its nutrient status and as such is a 
likely source of numerous regulatory signals. The order of 
prevalence of specific amino acids in tissues can be affected 
by both the source of nitrogen, and its concentration 
(Blumenthal at al., 1990). Amino acids present in certain 
tissues can also be indicative of the method of nitrogen 
transport prevailing in the plant (see e.g. Wingsle at al., 
1987; Martin and Ben Driss Amraoui, 1989).

Modern HPLC techniques have greatly increased the ease with 
which amino acid pools can be analysed. A large number of 
samples can be analysed in a relatively short space of time, 
with reproducible results. Such measurements contribute to our 
understanding of the regulation of nitrogen metabolism in 
plants. They also help to assess further the use of amino acid 
levels as indicators of nitrogen status.

3.2 Experimental Detail
Leaf material was collected at three sites, (Boxhill, Bancroft 
Wood and Tooting Graveney Common), at approximately monthly 
intervals from October 1987 to October 1988. On each sampling 
date, material was collected from three specimens of each
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species, and where possible, was collected from a height of 
approximately 1.8 m above ground level. Leaf material was 
stored in plastic bags and kept cool until processing. During 
the year, 144, 225 and 305 NR assays were performed on leaves 
of woody plants from Tooting Graveney Common, Boxhill and 
Bencroft Wood respectively. Foliar amino acid concentrations 
were also determined. NR assays and amino acid analyses were 
replicated a minimum of two and a maximum of nine times per 
species on each sampling occasion.

3.3 Results and Discussion
3.3.1 Justification of the method used for data interpretation 
Before discussing the data, it is important to note that 
results presented here are an amalgamation of measurements 
made over the duration of one year. This has obvious drawbacks 
since seasonal variations in NR activities and soluble amino 
acid pools can be large and significant (Chapter 4). However, 
it was thought essential to look at the results as a whole, in 
order to preserve general trends in foliar NR activity of 
climax and pioneer species. Without the amalgamation of annual 
data, gross errors could have crept into the results. For 
instance, conclusions made about foliar NR activity in climax 
and pioneer species (section 3.3.3) would havè been quite 
different if just one month had been selected for the study. 
In July, for example, the pioneer Betula pubescens was 
exhibiting an activity of approximately 1 0 0  pkat g“̂ f.wt. 
while the climax species. Ilex aquifolium, had activities in 
the range of 200-400 pkat g"̂  f.wt. Such results lend 
themselves to the conclusion that climax species assimilate
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nitrate at rates approximately three times greater than 
pioneers. This may well be the case in July, but mean NR 
activities for these two species over the course of a year 
show that birch reduces nitrate at a rate 1 . 6  times greater 
than the climax species, holly.

The use of average annual rates of foliar nitrate reduction 
(i) 'smooths' variation and results in emphasizing general 
mean activities of climax and pioneer woody species; (ii) 
encompasses a very large sample number, producing results that 
are more statistically viable; (iii) stresses the range of 
activities possible in climax and pioneer species, and (iv) 
takes account of the fact that at certain times of year, 
climax species may be assimilating nitrate at a higher rate 
than pioneers. If only one month had been chosen for this 
study, production of f igures 3.1 and 3.2, would have been 
more-or-less impossible, and the results, difficult to 
interpret. However, it is, of course, wrong to completely 
ignore seasonal differences when interpreting NR data. For 
this reason seasonal variation forms the subject of Chapter 4.

3-3-2 NR activitv in temperate and tropical forests- 
Histograms summarising the frequency distribution of foliar NR 
activity of woody plants at the three sites were produced by 
assigning NR activities to one of seven activity classes 
(Table 3.1; Figure 3.1).
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Table 3.1 Nitrate reductase activity classes.
Class Nitrate reductase activity
______________________________ (pkat g~̂  f.wt.l._______

1 < 2 5
2 2 6 - 5 0
3 51 - 100
4 101 - 250
5 251 - 500
6  501 - 1000
7 > 1000

Problems arise when comparing average the annual NR data with 
results found in the literature. Frequently, other workers 
appear to have concentrated their studies on one month, or 
even less, of a particular year. Further, often, no mention is 
made of the time of year at which studies were performed. 
Thus, for reasons discussed earlier (section 3.3.1), 
comparisons between data sets should be treated with caution.

A wide range of NR activities were found in woody species at
the three sites (Figure 3.1). The mean(±SE) NR activities of
186.76 ± 28.34, 201.30 ± 34.38, and 196.38 ± 45.66 pkat g"̂
f.wt. (for Bencroft Wood, Boxhill and Tooting Graveney Common 
respectively) were normally distributed about the mean values.

Interesting comparisons can be made between data from English 
temperate woodlands and data from three Australian tropical 
forests (Fig 3.1; data from Stewart at al., 1988). The 
histograms showing the tropical Australian data are skewed to 
low values in comparison with the normally distributed values 
for the temperate sites. It is evident that over 80% of the 
species assayed by Stewart et al. (1988) had activities less
than 1 0 0  pkat g"̂  f.wt., with very few species having
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and Australian* woodland communities. (*Data from Stewart et al.. 1988).



activities in classes 5 to 7 (i.e. >100 pkat f.wt. ; Figure 
3.1).

The differences in the distribution curves of temperate and 
tropical foliar NR activities can be explained by looking at 
differences in soil nitrogen availability at such sites. In 
most temperate forests, uptake occurs primarily from the 
surface soil organic layer where the highest rates of 
mineralization are found. In addition, rapid rates of fine- 
root turnover in this zone provides a better environment for 
uptake (Cole, 1981). In tropical forests, however, a zone of 
organic accumulation typically does not develop because of 
high rates of decomposition. Without a specific zone of 
mineralization, no consistent supply of inorganic nitrogen 
compounds exists in the soil solution (Cole, 1981; Gessel et 
al., 1979). The low concentration and supply of enzyme 
substrate in ancient tropical soils results in NR activities 
skewed to low values (Figure 3.1). In contrast, normally 
distributed foliar NR activities at the English woodland sites 
(Figure 3.1) suggests the prevalence of a more varied supply 
of inorganic nitrogen than is found in tropical soils.

The median activity class among woody species studied at the 
three English sites was 101 - 250 pkat g"̂  f.wt. (class 4), 
with activities greater than 50 pkat g"̂  f.wt. occurring in 
82.8% of the species. This distribution of NR activity is 
similar to results obtained from herbaceous species studied by 
Lee and Stewart (1978) and Stewart and Orebamjo (1983). They 
observed that in both temperate and tropical groups of
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herbaceous plants the median activity class was 138.8 - 277.78 
pkat f.wt. (classes 4 to 5) with 92% of the species having 
activities greater than 55.6 pkat g"̂  f.wt (> class 3).

The present results can be compared with those of Smirnoff et 
al. (1984). They studied woody dicotyledons and found that the 
median activity class was 58.3 - 138.9 pkat g"̂  f.wt. with 
activities greater than 55.6 pkat g~̂  f.wt. occurring in 73% 
of the species. Smirnoff et al. (1984) studied 555 species of 
woody plants, whereas the present study concentrated on less 
than 50 species, sampled with a high degree of repetition in 
order to obtain statistically viable results. The lower median 
activity class among the woody dicotyledons studied by 
Smirnoff et al. (1984) is perhaps due to a higher proportion 
of climax species being sampled than in the present study, - 
climax species having a tendency to metabolise nitrate in 
their root systems more frequently than in their leaves (see 
section 3.3.3). Also, many of the species studied by Smirnoff 
et al. (1984) were tropical species which often exhibit lower 
leaf NR activities than temperate species (Stewart and 
Orebamjo, 1983; Stewart, et al., 1988; 1990; 1992).

In conclusion, a wide range of NR activities are prevalent in 
temperate woody species. Many species (often in the climax 
group, e.g. Carpinus betulus and Quercus robur; section 
3.3.3), exhibit medium to low NR activities in their leaves. 
However, the occurrence of high leaf NR activities is only a 
little less frequent in woody species than in herbaceous 
species. Most of the herbaceous species with high activities
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are ruderals (Lee and Stewart, 1978; Stewart and Orebamjo,
1983). Some trees and shrubs with high NR activities are 
pioneer species (for example Sambucus nigra and Betula spp.; 
see section 3.3.3 below) occurring early in succession or 
after disturbance and are therefore comparable with herbaceous 
ruderals.

3.3.3 Pioneer and Climax Species.
The woody species assayed for NR activity at the three sites 
between October 1987 and October 1988 (section 3.3.1), were 
divided into climax and pioneer species. Tables 3.2 and 3.3 
show the annual mean leaf NR activities for climax and pioneer 
species. All species assayed possessed readily detectable 
activities in the field. These tables and Figure 3.2 clearly 
show that the highest rates of leaf nitrate reduction are 
present in the pioneers - the characteristic species of forest 
margins, gaps and early stages of forest succession. Previous 
studies of herbaceous and woody species (Stewart at al., 1987) 
and rain forest species (Chandler, 1981; Stewart et al., 1988) 
also support the idea that shoot nitrate reduction is a 
characteristic of pioneer species of both temperate and 
tropical habitats. High percentages of species in the top 
three activity classes (5 to 7) were pioneers: 73.8%, 96% and 
100% of the species in NR activity classes 5, 6  and 7
respectively were pioneers. This contrasts with 63.1% of the 
species in class 3, 72% of class 2, and 100% of class 1
consisting of climax species.

The pioneer Sambucus nigra exhibited leaf NR activities over
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Table 3-2 Mean annual foliar NR activity of climax species
from three woodland sites.

Mean NR No. of
Species Activity Range samples Site

Aceraceae
Acer pseudoplatanus 75.8129.1 2.3-215.0 22 T

Aquifoliceae
Ilex aquifolium 173.2142.7 17.2-577.2 75 B,H,T

Corylaceae
Carpinus betulus 85.1163.9 16.1-215.8 37 H
Fagaceae
Fagus sylvatica 77.3116.6 18.1-259.4 64 B,H,T
Quercus petraea 58.2120.9 48.9-65.3 3 H
Quercus robur 78.9115.5 20.0-249.2 74 B,H,T

Hippocastanaceae 
Aesculus hippocastanum 36.5 30.7- 42.2 2 T
Pinaceae
Picea abies 78.51 9.4 36.1-160.0 44 H
Pinas sylvestris 234.6139.4 17.8-553.8 80 B,H
Pseudotsuga menziesii 37.41 8 . 8  16.4-73.9 17 B

Rosaceae
Prunus sp. 93.2 64.2-122.2 2 B

Taxaceae
Taxas baccata 59.6 52.5-66.7 2 B

Sampling sites were as follows: B= Boxhill, H= Bancroft Wood, 
Hertfordshire, T= Tooting Graveney Common.
Where three or more samples were analysed, 195% confidence 
limits are given.
NR activity is expressed as pkat g~̂  f.wt.
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Table 3.3 Mean annual foliar NR activity of pioneer species
from three woodland sites.

Species
Mean NR 
Activity

No. of 
Range samples Site

Betulaceae 
Betula pendula 
Betula pubescens

Caprifoliaceae 
Sambucus nigra

Oleaceae 
Fraxinus excelsior

946.8±182.8 
272.1± 78.5

642.4±157.3

197.8

868.1-1013.9 3
28.6- 950.0 6 8

75.0-1601.9 69

180.8- 214.7

B
B,H,T

B,H,T

H
Rosaceae 
Crataegus monogyna 
Prunus sp.
Rubus fruticosus

Salicaceae 
Populus deltoides 
Populus tremula 
Salix caprea 
Salix sp.

92.3±62.6
385.5±33.1
128.4±47.2

980.4±890.8
280.7±73.2
66.2

107.7

28.3- 158.6 8

372.8- 399.4 3
26.4- 462.8 6 8

676.4-1375.8 3
168.6- 569.2 9
65.6— 6 6 .7 2
100.3-115.0 2

B, T 
H

B,H,T

H
B
B

Sampling sites were as follows: B= Boxhill, H= Bancroft Wood, 
Hertfordshire, T= Tooting Graveney Common.
Where three or more samples were analysed, ±95% confidence 
limits are given.
NR activity is expressed as pkat g"̂  f.wt.
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1600 pkat g"̂  f.wt., and 49.3% of all pioneer species sampled 
had activities in excess of 250 pkat f.wt. Only 9.4% of 
climax species showed NR activities greater than 250 pkat g“̂ 
f.wt. No pioneer species were found in the lowest NR activity 
class (<25 pkat g"̂  f.wt.). In contrast, an average of 7% of 
climax species at each site had activities less than 25 pkat 
g“̂ f.wt.

Climax species generally exhibited low foliar NR activities. 
An activity of 16.1 pkat g“̂ f.wt. was recorded in leaves of 
Carpinus betulus (Hornbeam) at Bencroft Wood. At Boxhill, 
Bencroft Wood and Tooting Graveney Common respectively, 49.3%, 
55.5% and 69.8% of climax species had foliar NR activities 
less than 100 pkat g*'̂ f.wt. This contrasts with only 27.2%, 
23.8% and 29.3% of pioneer species in these respective 
locations, with NR activities less than 100 pkat g'̂  f.wt.

Members of the Caprifoliaceae, Betulaceae and Salicaceae (see 
Table 3.3), contained particularly high NR activities in their 
leaves, while members of the Fagaceae and the Corylaceae (see 
Table 3.2) contained low activities. These findings agree with 
the results of Al Gharbi and Hipkin (1984) who found similar 
species differences. Species with a very limited capacity to 
assimilate nitrate in their leaves were among the dominant 
(climax) species at the sites, where interaction of factors 
such as low pH, waterlogging and low temperature may have 
combined to inhibit nitrification (Stewart et al., 1974). 
There were exceptions to this trend, however. For example in 
other families - notably Pinaceae (Table 3.2), leaf NR
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Figure 3.2 Percent relative frequency 
distribution of NR activity in the leaves of 
climax and pioneer species at three woodland 
sites.
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activity was high in one genus (Plnus) but low in others 
(Picea, Pseudotsuga). The significance of this finding is 
discussed in Chapters 4 and 8 .

Some species, (e.g. Sambucus nigra, Populus deltoides, Betula 
spp.) resemble herbaceous ruderals, not only with respect to 
the high NR activity in their leaves but in their relatively 
rapid growth rate and ability to colonize open habitats. The 
high NR activities in these species suggest that high levels 
of nitrate were available to them at the sites which they were 
occupying. Further confirmation of this was obtained by Havill 
et al. (1974) and Lee and Stewart (1978) when they showed that 
NR activity in the leaves of ruderals was not increased 
appreciably after plants had been fed with nitrate. This 
suggested that the supply of nitrate at these sites was 
already sufficient to maintain the enzyme level close to the 
fully induced state (Stewart et al., 1974).

Table 3.4 gives mean foliar NR activities for climax and 
pioneer species at the sites studied. Mean nitrate reduction 
rates for pioneer species differ significantly from those for 
climax species (P<0.001) and show that NR activity is 
approximately threefold greater in leaves of pioneers than in 
those of climax species at these sites.

It has been argued that in different serai stages of forests 
the form of available nitrogen varies (Chandler, 1981). In 
pioneer communities nitrate is the predominant form of 
available nitrogen, whereas in climax communities ammonium can
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predominate (see Chapter 1). Rice and Pancholy (1972) observed 
that quantities of nitrate and nitrifying micro-organisms 
decreased with successional stage, whereas, amounts of 
ammonium increased. These workers (see also Keeney, 1980; 
Vitousek and Matson, 1985) suggested that climax ecosystems 
suppress nitrification. This results in conservation of 
nitrogen in these communities since nitrate is the form in 
which nitrogen is most easily lost. It is suggested that many 
temperate perennial species assimilate nitrate in their roots 
when external concentrations of nitrate are low ( < 1  mol m"̂ ) 
and as nitrate concentration is increased, shoot nitrate 
reduction becomes more important (Ingestad, 1971; 1973; 1979a; 
1979b; Andrews, 1986a).

Table 3.4 Mean(±SE) foliar NR activities for climax and 
pioneer species assayed between October 1987 and October 1988.

Mean Nitrate Reductase Activity 
(pkat g"̂  f.wt. ).

Site_____________________Climax Species_______ Pioneer Species
Bencroft Wood 125.43 ± 15.21 312.83 ± 57.55
Boxhill 129.15 ± 16.74 332.88 ± 67.98
Tooting Graveney Cmn. 90.73 ± 12.64 344.98 ± 88.64

_____
Overall mean 115.10 + 14.23 330.23 ± 67.10

In undisturbed forests, the NH 4/NO3 ratio is approximately 10:1 
and root nitrate assimilators commonly predominate (Carlyle, 
1986). However, tree species in other forest ecosystems and on 
different sites may be exposed to wide variations in the
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NH4/NO3 ratio (Nadelhoffer et al., 1985). Bencroft Wood, 
particularly has a reported history of having a very varied 
soil in terms of pH and nitrification rates (Bird, 1957). This 
woodland can support calcicolous species in some areas, but 
has other areas, especially beneath the high forest, where 
base rich soil has deteriorated to below pH 3.5. Such 
variations in the nitrogen status of the soil have led to the 
woody species supported in such communities developing 
different strategies for efficient nitrogen utilization, such 
as leaf nitrate reduction in excess of root nitrate 
assimilation. In the present study, this inhibition of 
nitrification in climax communities is not universal since 
appreciable nitrate utilization was observed in some climax 
species examined (Figure 3.2), but reduced leaf NR activities 
measured in climax species generally, suggest that 
nitrification is suppressed in areas of the communities 
studied, and that such species may be utilizing ammonium as 
their main source of inorganic nitrogen.

3.3.4 Trends in amino acid concentrations in relation to 
foliar NR activity.
Table 3.5 summarizes the mean total amino acid pools and mean 
NR activities for woody species examined from the three sites 
during the course of this study. Mean total amino acid pools 
of climax (9810.20 ± 1290.48 nmol g"̂  f.wt. ; mean ±SE) and 
pioneer species (13984.30 ± 1624.34 nmol g"̂  f.wt.) were not 
significantly different. This was determined using a two- 
tailed Students t-test at the 5% level. The t-value of 2.012 
lay just inside the upper and lower 2.5% limits of 2.0378. The
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results were, however, significant at the 1 0 % level.

Table 3.5 NR activity and total amino acid pools of woody 
species from three woodland sites.

Mean nitrate 
reductase activity

Mean total 
amino acid pool

Soecies pkat f.wt. nmol a"̂  f.wt. Site
Climax:
Acer pseudoplatanus 165.90 15665.00 T
Carpinus betulus 67.60 10622.22 H
Fagus sylvatica 91.83 7682.68 B T
Ilex aquifolium 170.82 5922.40 B T
Picea abies 81.20 6260.49 H
Pinus sylvestris 386.20 8117.56 B,H
Pseudotsuga menziesii 68.05 6173.01 B
Quercus robur 103.29 13219.14 H,T
Pioneer:
Betula pubescens 435.33 17838.25 B,H,T
Rubus fruticosus 82.29 10952.48 B,H
Salix caprea 107.65 16493.53 B
Sambucus nigra 521.08 16956.82 T

Sampling sites were as follows: B= Boxhill, H= Bencroft Wood, 
Hertfordshire, T=Tooting Graveney Common.

In the above calculations, Acer pseudoplatanus has been 
classified as a climax species. However, it is difficult to 
categorize this species as either climax or pioneer since it 
exhibits characteristics of both. Similar to climax species, 
it has relatively large seeds, is a frequent contributor to 
the tree canopy, its saplings are moderately shade tolerant 
(see Chapter 7), and it is often a dominant species of 
woodlands. However, in common with pioneer species it produces 
a high density of seedlings capable of rapid growth and is 
often restricted to highly disturbed sites (Grime et al.,
1988). Erring on the side of caution, Acer has been classified 
throughout this thesis as a climax species. But, because of
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its pioneer-like characteristics, it is interesting to re-work 
the above calculations, this time treating Acer as a pioneer. 
The mean pools of soluble amino acids become 9078.35 ± 1342.36 
and 14171.04 ± 1444.24 nmol g"̂  f.wt. for climax and pioneer 
species respectively. These means are significantly different 
(P<0.02). This corresponds to the significant difference 
between foliar NR activities of climax and pioneer species 
discussed earlier (Table 3.4), where the activity of pioneers 
was found to be significantly greater than that of climax 
species (P< 0 .0 0 1 ).

Plants were grouped according to their foliar NR activity into 
activity classes (Table 3.1), and the corresponding amino acid 
data were averaged for each class in order to determine any 
general trends of NR activity in relation to amino acid 
concentrations. The mean total amino acid pools of each NR 
activity class were not significantly different. Mean total 
pools ranged from 8982.02 ± 2040.11 nmol g“̂  f.wt. (class 3), 
to 13802.78 ± 1831.60 nmol g’̂ f.wt. (class 4). However, when 
specific amino acids were examined, some trends of NR activity 
in relation to amino acid concentrations were observed and are 
discussed below.

3.3.4.1 Glutamate and alanine concentrations increase as 
foliar NR activity increases:
Both glutamate and alanine tissue concentrations were found to 
increase as leaf NR activity increased (Figure 3.3). This 
result is in accordance with earlier findings. Rhodes et al.
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Figure 3-3 Trends of NR activity in relation to 
amino acid concentration (a) glutamate concentration 
(b) alanine concentration. Error bars show 95% 
confidence limits. (Data from Bencroft Wood, Boxhill 
and Tooting Graveney Common).
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(1976) found that glutamate and alanine pools increased in 
Lemna minor as nitrate concentration increased, and Yoneyama 
and Kumazawa (1975) found that when rice seedlings were grown 
on "N-labeled KNO3 solution the most highly labeled amino 
acids in the shoots were alanine and glutamate. Since NR is an 
inducible enzyme, these results could infer, therefore, that 
where there is an adequate supply of nitrate, higher 
concentrations of alanine and glutamate may be found in leaf 
tissue, whereas in areas where nitrate supply is more limited, 
comparatively low foliar concentrations of glutamate and 
alanine exist.

Glutamate is an early product of ammonia assimilation (see 
e.g. Ingversen and Ivanko, 1971; Anderson and Beardall, 1991) 
containing newly assimilated nitrogen in the amino group at C- 
2  (a-carbon atom), and it is the primary amino donor for the 
synthesis of other amino acids. Alanine is synthesized by 
direct transfer of the amino group of glutamate to oxo-acids 
(derived from other pathways) in the presence of glutamate- 
pyruvate transferase (GPT):

Pyruvate + glutamate v- alanine + 2-oxoglutarate. 
The increased levels of glutamate and alanine observed in the 
leaves exhibiting high NR activities, suggest that nitrate 
reduction and subsequent ammonia assimilation are proceeding 
at relatively high rates in these leaves. In green leaves 
nitrate reduction, nitrite reduction and the subsequent 
assimilation of ammonium by GS into glutamate and then alanine 
are essentially photosynthetic reactions (Anderson and Done, 
1977; Abrol et al., 1983; Wallsgrove at al., 1983b).
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Generally, it was found that plants with high foliar NR 
activities tended to be pioneer species growing in open or 
disturbed sites where the availability of light was high 
(classes 5 to 7). The photosynthetic reactions of nitrogen 
assimilation could therefore proceed easily in these leaves. 
The concentrations of glutamate and alanine in such pioneer 
leaves were higher than in leaves of plants from closed climax 
communities (classes 1 to 3). In climax stands a considerable 
amount of shading often exists, restricting photosynthesis and 
thereby, in part, restricting production of glutamate and 
related amino acids. Lower levels of glutamate and alanine in 
leaves exhibiting low NR activities suggest that both nitrate 
and ammonia are being preferentially metabolized in the roots 
of these plants, and that amino acids, such as glutamine and 
asparagine (section 3.3.4.2 below) have been utilized as 
transport compounds, conveying nitrogen to the leaves in an 
organic form.

3.3.4.2 Asparagine concentration decreases as foliar NR 
activity increases:
Organic nitrogen can be transported in the form of ureides 
(e.g. allantoin and allantoic acid; Schubert, 1986) but the 
amides asparagine and glutamine are the most important 
compounds for transporting nitrogen in the majority of plants 
(Dickson, 1989; Schobert and Komor, 1990; Tonin et al., 1990; 
Anderson and Beardall, 1991). The predominance of amides in 
xylem sap may result from the fact that they are the major 
product(s) of nitrate assimilation in the root (Schobert and 
Komor, 1990). Asparagine has the characteristics required for
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Figure 3-4 (a) The relation of NR activity to asparagine
concentration in the leaves of woody plants. Error bars show 
95% confidence limits; (b) foliar NR activity as a function of 
asparagine concentration in woody plants. (Data from Bencroft 
Wood, Boxhill and Tooting Graveney Common).
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efficient nitrogen transport: high solubility, stability and 
mobility in xylem and phloem. Furthermore, asparagine and 
glutamine exchange rapidly between xylem and phloem, have a 
high N:C ratio [asparagine 2N:4C (1:2); glutamine 2N:5C
(1:2.5)], are efficient forms for storing and transporting 
nitrogen in respect to carbon required, and effectively 
transport ammonia in a non-toxic form (Delrot and Bonnemain, 
1989; Dickson, 1989). Studies have shown that the major 
constituents of the xylem sap of beech plants are asparagine 
and arginine, with very little ammonia being transported from 
root to shoot (Martin and Ben Driss Amraoui, 1989). These 
workers found that asparagine and arginine accounted for 80% 
of root xylem sap and more than half of its nitrogenous 
solutes on a molar basis. It has been confirmed by many 
investigations using tracer methods and direct analysis of 
xylem sap that asparagine, glutamine and arginine are the 
major forms of nitrogen translocated from assimilating roots 
to sink organs (Hill-Cottingham and Lloyd-Jones, 1977; Tromp 
and Ovaa, 1979; Martin and Ben Driss Amraoui, 1989).

Figure 3.4a shows that as the leaf tissue concentration of 
asparagine decreases there is a corresponding increase in the 
activity of foliar NR. These results are consistent with the 
view that the main site of nitrogen incorporation in the 
plants with low leaf NR activity is the root, and that 
asparagine is a major source of translocation flux of 
nitrogenous compounds to shoots. In the material examined, 
63.4% of the variation in NR activity can be explained by 
asparagine concentration (Figure 3.4b) - a significant amount
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considering the numerous other factors capable of influencing 
NR activity such as light (Chapters 6  and 7), temperature and 
substrate concentration. Arginine and glutamine were not found 
to exhibit any specific trends in relation to NR activity.

From these results a model for nitrogen assimilation in woody 
plants can be proposed: that inorganic nitrogen is assimilated 
in the roots of woody plants in the lower leaf NR activity 
classes (1 to 4) and is transported in xylem sap mainly as 
asparagine, from source (roots) to sink (leaves), and 
therefore accounts for the high concentration of this amide 
observed in leaves. In accordance with this hypothesis, 
asparagine concentration is much lower in leaves exhibiting 
high NR activity. Such plants transport nitrate directly from 
root to shoot, and then reduce nitrate in their leaves without 
the necessity of an organic nitrogen transport compound. 
Stewart and Orebamjo (1983), Al Gharbi and Hipkin (1984), and 
Smirnoff et al. (1984) suggest that nitrate translocation to 
leaves and its reduction there occurs frequently. The present 
study, demonstrating the lack of high levels of the transport 
compound asparagine in the leaves of those plants exhibiting 
high foliar NR activities, goes further towards confirming the 
transport of nitrate from roots to shoots in high leaf nitrate 
assimilators; (measurements of xylem nitrate concentrations 
would have^JDeen an extremely useful addition to these results, 
but unfortunately, time did not allow for such procedures to 
be carried out). Such high leaf nitrate assimilators, 
characteristically gap-phase pioneers, growing in environments 
where competition for nutrients and shading are minimal, thus

64



seem to benefit from the lower energy costs of leaf 
assimilation over root assimilation (Gutschick, 1981; Chapter 
6) .

An alternative, or perhaps, accompanying theory, explaining 
low foliar NR activity in the presence of high concentrations 
of asparagine involves end-product repression. It has been 
shown in numerous studies that NR activity can be repressed in 
some species by end products of nitrate assimilation such as 
ammonia and amino acids (see e.g. Stewart, 1972a, 1972b;
Orebamjo and Stewart, 1975a, 1975b; Stewart and Rhodes, 1977; 
Palod et al., 1990). The first demonstration that certain 
amino acids could inhibit the induction of NR in higher plants 
was with cultured tobacco cells (Filner, 1966). He 
distinguished two classes of amino acids - repressors and de
repressors, with asparagine being a representative of the 
former. Stewart (1972b) found the inhibitory effect of 
asparagine on the induction of NR in Lemna minor to be 
particularly marked. His results suggested that it is relative 
intracellular concentrations of asparagine that are important 
in determining the level of NR. The results presented here, 
where high concentrations of tissue asparagine correlate well 
with low levels of NR induction, would appear to be consistent 
with results of Stewart (1972b). However, difficulties arise 
when extrapolating amino, acid pool data in the in vivo 

situation since such measurements mask any intracellular 
compartmentation.

It is possible that increased foliar asparagine concentrations
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in leaves exhibiting low levels of NR induction are brought 
about by the combined effects of both strategies discussed 
above: (i) nitrogen assimilation occurring mainly in the root 
system of low leaf nitrate assimilators, produces asparagine 
to transport organic nitrogen to the shoots. (ii) The 
accumulation of high concentrations of asparagine resulting as 
the amide arrives at the sink organ (the leaves) causes the 
repression of NR induction. The precise molecular mechanisms 
employed in higher plants in regulating NR activity using end- 
product repressors are not fully understood. Laboratory 
experiments described in Chapter 5 attempt to elucidate 
further, the role of asparagine in the repression of NR 
induction in seedlings of Quercus petraea, and cuttings of 
Populus deltoides and Sambucus nigra.
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CHAPTER 4: Seasonal variations in foliar NR activities and 
amino acid concentrations of woody plants.
4.1 Introduction
Trees are long-lived organisms, which over many years (from 50 
to more than 5000; Swart, 1963; Corner, 1964) pass through 
various stages of development (seedling, sapling, pole-stage, 
mature flowering, mature fruiting and senescence), each with 
its own distinctive physiological characteristics (Halbwachs, 
1989; Dickson, 1989). Each stage is characterized by 
increasingly complex crown morphology and allocation patterns. 
In addition to these variations, sensitivity varies during the 
daily and annual rhythm (Halbwachs, 1989) and such growth 
phases alter allocation patterns (Dickson and Nelson, 1982; 
Smith and Paul, 1988).

Additional complexities arise between deciduous and evergreen 
trees which use different strategies to maximise carbon gain 
and to utilize internal and external resources (Schulze,
1982). Deciduous trees rapidly renew all their leaves in the 
spring at relatively low carbon costs per unit leaf area but 
at high costs of stored carbohydrate. Deciduous leaves are 
also very productive per unit leaf area, and much of the 
carbon fixed after leaf development is available for growth of 
stems and roots or for storage (Dickson, 1989). In contrast, 
carbon costs of evergreen leaves are relatively high (Pearcy 
et al,, 1987). However, only a portion of total leaf mass is 
renewed each year. Carbon fixation continues in older leaves 
and overall carbon gain may be similar to rapidly growing 
deciduous trees (Matyssek, 1986). Despite many differences
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between and among deciduous and evergreen trees in 
partitioning to different chemical fractions, allocation and 
cycling, the major seasonal patterns of carbon and nitrogen 
allocation are very similar. However, little is known about 
the factors that regulate these processes. Quantitative 
information, on how basic allocation patterns change during 
the season, is available for only a few annual plants of 
agronomic importance (Pate, 1983). No such detailed 
quantitative information on carbon and nitrogen allocation is 
available for trees. However, considerable descriptive 
information exists for carbon and nitrogen allocation in fruit 
trees (Titus and Kang, 1982; Tromp, 1983; Kato, 1986).

À combination of several environmental stresses operating at 
the same time commonly limit the growth of higher plants 
(Dickson, 1989). Thus growth is the summation of a plant's 
response to multiple environmental stresses (Chapin et al., 
1987; Osmond et al., 1987). Light, temperature, carbon, water 
and nitrogen are the fundamental factors most likely to limit 
growth. On a world-wide basis, water availability is probably 
the major factor limiting plant growth (Schulze et al., 1987). 
However, in many temperate and tropical forests, nitrogen
availability is the most critical limiting factor (Agren, 
1985a), with spatial and seasonal variations existing in the 
soil (e.g. see Miller and Miller, 1976). As well as soil
nitrogen availability, distinct seasonal trends have been
observed in rates of soil mineralization in many habitats
(Ellenberg, 1964; Davy and Taylor, 1974; Taylor et al,, 1982; 
Rorison et al,, 1983).
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Seasonal variations in soil nitrogen availability and 
mineralization rates can directly influence plant growth and 
metabolic rates. Previous studies have shown that seasonal 
variations in the total amino acid pattern exist particularly 
in conifers (Durzan, 1968b; Handler et al., 1979; Chapin and 
Kedrowski, 1983; Pietilainen and Lahdesmaki, 1986) and certain 
fruit trees (Tromp and Ovaa, 1967; Moreno and Garcia-Martinez,
1983). Seasonal variations of NR activity have been observed 
in a wide range of species, but the majority of research has 
concentrated on herbaceous species (Srivastava, 1980; Taylor 
et al., 1982; Pizelle et al., 1989).

The present work investigates seasonal variations of foliar NR 
activity and amino acid concentrations in a number of woody 
pioneer and climax species. Such seasonal variations may 
relate to changes in nitrogen availability, and to the 
dominant forms of nitrogen available at different times of the 
year.

4.2 Experimental Detail
The protocol for sampling was identical to that described 
earlier (section 3.2). Leaf material used in Chapter 3 was 
also used to identify seasonal changes in foliar NR activity 
and amino acid concentrations. To prevent diurnal variation 
interference (Chapter 6 ), material was always collected 
between 9.30 and 11.30 am. Additional material was collected 
at Mitcham Common from October 1989 to October 1990.
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4.3 Results and Discussion

4.3.1 Seasonal variations in NR activity and amino acid 
concentrations in pioneer species.
4.3.1.1 Sambucus nigraz
NR activity in leaves of Sambucus nigra (elder) increased 
rapidly following bud-opening in January/February, reaching a 
peak in March, levels then decreasing during the growth season 
with sporadic peaks in activity (particularly at Boxhill in 
August; Figure 4.1). Decline in NR activity through the 
growing season could be partially due to decreases in nitrate 
concentration observed within the plant, since the level of 
enzyme activity is a function of nitrate concentration due to 
its substrate inducibility (Beevers and Hageman, 1969; Harper 
and Hageman, 1972). Pizelle and Thiéry (1977, 1986) found that 
declines in NR activity during the growing season in the 
pioneer Alnus glutinosa were independent of the supply of 
nitrate to the leaves via the xylem sap. However, other 
workers have positively correlated nitrate content with NR 
activity (Bowerman and Goodman, 1971; Bergareche and Simon, 
1988; Stewart et al., 1992).

The very high NR activity peak seen in February/March 
corresponds to a period when elder was one of the few woody 
plants in leaf. Nitrate reduction in green leaves is 
essentially a photosynthetic (light induced) reaction, so this 
early spring flush could be due to high light availability in 
the absence of a canopy. Pioneers were found to be intolerant 
of shade (as reflected in the dry weight) in rainforest
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Figure 4.1 Seasonal variation in NR activity in leaves of 
Sambucus nigra (elder). (□) Bencroft Wood, 1987-1988; 
( a )  Boxhill, 1987-1988; (O) Mitcham Common, 1988-1990.
Error bars show 95% confidence limits. [Note: all
seasonal variation figures are presented at the same 
scale (0 - 1400 pkat g"̂  f.wt.) to emphasize differences 
between species].
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communities (Chandler, 1981).

Numerous workers have reported seasonal flushes of nitrate and 
ammonium availability in many soil types as a result of 
mineralization (see e.g. Davy and Taylor, 1974; Miller and 
Miller, 1976; Chapter 1). Microbial activity determines the 
release of nitrate and ammonium to higher plants, and any 
environmental factor which affects the micro-organisms will 
indirectly determine the supply of these ions for plant growth 
(Lee et al., 1983; Chapter 1). Thus, in many soils there is a 
marked seasonal variation in rate of supply of these ions. In 
temperate zones there is usually a peak of availability in 
late winter or early spring (Davy and Taylor, 1974). The peak 
of NR activity in elder leaves in February/March coincides 
with this seasonal flush of nitrate availability.

The February-March peak in NR activity also occurs at an 
interesting time in terms of leaf age. It is generally 
accepted that young leaves have higher NR activity than older 
ones (Kannangara and Woolhouse, 1967; Lewis et al., 1982; 
Kenis et al., 1992). NR is usually most active in young fully- 
expanded leaves (Wallace and Pate, 1965), its activity then 
falling sharply to very low values in old leaf tissue 
(Schrader et al., 1974). Induction of NR also occurs most 
readily in actively growing tissues (Oaks et al., 1980; 
Doddema et al., 1986), and, again, the maximum response has 
been found in nearly mature tissues (Jordan and Huffaker,
1972). However, the peak in NR activity in elder was observed 
in newly developing leaves which were not fully mature, soon
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after bud-break. This is similar to the results of Kenis et 
al. (1992) who found that NR activity reached higher levels in 
young expanding leaves than in fully expanded corn leaves. 
They also observed an accumulation in NR protein in the young 
leaves. They concluded that the capacity of older leaves to 
produce NR might be limited by lower rates of synthesis of 
total soluble protein as compared to younger leaves, due to 
the much less efficient use of NR transcript for production of 
NR protein in the older than in the younger leaves.

So, the combination of (i) a seasonal flush in soil nitrate,
(ii) NR induction in young, actively growing leaf tissues, and
(iii) high light availability in the absence of a canopy, 
leads to elder leaves in February/March exhibiting the 
greatest induction of NR activity observed in any of the 
species examined.

The total amino acid pool in elder leaves in January just 
after bud-break was approximately two-fold the pool in August, 
when leaves were just beginning to senesce (Table 4.1). 
Lahdesmaki et al.(1990a; b)observed that the total pool of 
soluble low-molecular weight nitrogen compounds showed great 
variability during the growing season with relatively high 
levels recorded in the spring, but with a decrease in the pool 
as growth progressed, as seen here. Table 4.1.shows the 
decrease in the total amino acid pool between January and 
August. Amino acid analyses performed in November (data not 
shown) demonstrated a further drop in the total pool in elder 
leaves to 2676 nmol g"̂  f.wt.
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Table 4.1 Soluble amino acid concentrations of Sambucus nigra 
leaves from Tooting Graveney Common, collected just after bud 
break, and at the onset of senescence.

Amino acid concentration 
(nmol g"̂  f.wt.)

29. 1 . 8 8 1 .8 . 8 8

Total amino acids 10380 (1 0 0 %) 4808 (1 0 0 %)
Alanine 1052 (1 0 %) 510 (1 0 .6 %)
Arginine 3300 (32%) 224 (4.7%)
Asparagine 1042 (1 0 %) 1024 (21.3%)
Aspartate 698 (6.7%) 270 (5.6%)
Glutamate 1920 (18.5%) 1904 (39.6%)
Glutamine 464 (4.5%) -

Glycine 342 (3.3%) 184 (3.8%)
Serine 8 6 6 (8.3%) 284 (5.9%)
Others 696 (6.7%) 408 (8.5%)

Date
29.1.1988
1.8.1988

Nitrate reductase activity 
pkat g"̂  f.wt.

640.0
322.5

High levels of free amino acids in January may be accounted 
for by the remobilization of nitrogen from winter storage into 
growing tissues (Millard, 1989; Lahdesmaki et al., 1990b). A 
number of biochemical processes associated with changes in the 
free amino acid pool are involved when buds start to grow in 
the spring (Steward, 1961; Pate, 1980; Higgins and Payne, 
1982; Durzan and Steward, 1983). Winter dormancy, a process in 
which certain amino acids and other nitrogenous compounds play 
a central role (Durzan, 1968a; Sagisaka and Araki, 1983), also 
terminates at this time and results in alterations in amino 
acid metabolism.

No amino acids were found to increase in the autumn, although 
some remained at relatively constant concentrations, such as
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asparagine and glutamate. Their percentage contribution to the 
total pool varied however. Glutamate formed only 18.5% of the 
total amino acid pool in developing leaves in January, whereas 
it represented 39.6% in August. Lahdesmaki et al. (1990b) 
found glutamate to be relatively low in Vaccinium myrtillus 
(bilberry) tissue in spring and summer but markedly increased 
in the autumn.

Arginine was the characteristic amino acid of new elder leaves 
(32%; Table 4.1). Arginine is one of the major soluble 
nitrogen storage compounds in trees. It stores relatively 
large amounts of nitrogen in one molecule because of its four 
amino groups (Figure 4.2), and is usually utilized in early 
spring (Titus and Kang, 1982; Kato, 1986). Lahdesmaki et al, 
(1990b) suggest that the soluble, low-molecular weight pool 
comprises a translocatable nitrogen fraction (mainly of 
arginine) in bilberry, stored mostly in the rhizome over the 
winter and transported to the growing tissues in spring. This 
high arginine concentration in the cytoplasm increases the 
cationic charge in rhizome tissues in winter (since arginine 
is strongly basic) and can probably bind large amounts of 
anions, such as nitrate, forming slightly dissociable 
argininium nitrate. The bound nitrate is then in a harmless 
form, and has advantages with respect to wintering processes 
and cold hardiness, unlike free nitrate, which has been shown 
to cause severe damage to cytoplasmic proteins due to 
dénaturation of protein molecules (Tumanov, 1957) and ice 
crystal formation (Kacperska, 1983).
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Figure 4.2 Structure of arginine. This amino acid is able 
to store relatively large amounts of nitrogen in one 
molecule because of its four amino groups.
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Thus, arginine appears to have an important role in over
winter storage. A study by Tonin et al (1990) found that the 
concentration of arginine in stemwood cores from Alnus 

glutinosa showed a tenfold reduction between April (just prior 
to bud-burst) and July, when plants were in full leaf. The 
decrease in arginine in the stemwood suggests its 
remobilization for leaf growth in spring, similar to the 
pattern observed in elder. Significantly greater (P<0.001) 
arginine concentrations were observed in new elder leaves in 
January compared with concentrations found in senescing 
leaves. This suggests that arginine is utilized in elder as a 
low-molecular weight storage compound (Pate, 1972).

The study of roots in mature woody plants is particularly 
problematic. They are difficult and time consuming to dig up, 
and the tracing of white (presumably actively growing) roots 
back to the plant is arduous. Because of such problems, roots 
were not examined, but the huge reduction in arginine present 
in the senescing leaves examined in August suggests an export 
of arginine from these leaves into woody or root tissue for 
over-winter storage. By November, the arginine concentration 
had further decreased to 82 nmol g"̂  f.wt., (only 3% of the 
total pool; data not shown). Interestingly, the arginine 
concentration was still high (1773 nmol g“̂ f.wt.) in leaves 
experiencing a flush of NR activity in August at Boxhill, and 
did not begin to decline until October. This flush of activity 
may be due to utilization of nitrogen accumulated earlier in 
the season to sustain growth during periods when the external 
supply of nitrate is no longer available (Lee and Stewart,
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1978). It appears that elder leaves at Boxhill continued to 
accumulate arginine (before subsequent exportation) until a 
much later stage of senescence than elder at Bancroft Wood or 
Mitcham Common.

Kang and Titus (1980) and Sauter and Wellenkamp (1988) found 
that storage proteins rich in arginine begin to accumulate in 
bark tissue in small branches as soon as new leaf and shoot 
growth slows in early summer. Nitrogen storage rapidly 
increases as leaves begin to senesce with 75 - 80% of leaf 
tissue nitrogen being retranslocated back into stems before 
leaf abscission (Chapin and Kedrowski, 1983; Durzan and 
Steward, 1983; Tyrrell and Boerner, 1987; Cyr and Bewley, 
1990). Bark serves as a metabolic sink for nitrogen compounds 
exported from senescing leaves (Titus, 1989). Titus (1989) 
found that the pattern of bark protein accumulation in apple 
appeared to be gradual from August to November, by which time 
89% of nitrogen in bark tissue was found in proteins.

The quantitative contribution of nitrogen taken up by roots 
may be more important than nitrogen recycled from senescing 
leaves. However, nitrogen absorbed by the roots may not be 
available for the early spring growth observed in elder. Bud 
break occurs in January, when conditions for uptake by roots 
may be suboptimal. Also, at this early stage, photosynthesis 
may not have reached sufficient rates to provide carbon 
skeletons for amino acid synthesis. These factors stress the 
importance of nitrogen storage compounds such as arginine. 
Rapid metabolism of arginine appears to accompany bud break in
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elder, similar to the rapid metabolism of storage proteins 
which accompanies bud break upon regrowth of apple (Titus,
1989).

4.3.1.2 Betula. pubescensz
Betula pubescens, a characteristic early successional species, 
exhibited marked seasonal variations in leaf NR activity 
(Figure 4.3). The pattern was quite different from that 
observed with elder (Figure 4.1). Relatively low levels of NR 
activity were observed in buds and expanding leaves until near 
the onset of autumn. At Bencroft Wood, at this time, a five
fold increase in activity had occurred. Increases in activity 
at Boxhill were less pronounced.

Karlsson and Nordell (1989) studied birch seedlings at the 
Abisko Research Station, Sweden, and found that those supplied 
with a high nutrient solution had seasonal maximum growth 
rates in early August. If nitrogen was supplied at a lower 
concentration an accumulation of dry matter was still observed 
in the birch seedlings in August, but to levels five-fold 
lower than those of the high nutrient treatment. Ingestad 
(1979c) showed a close correlation between relative growth 
rate and nitrogen concentration for Betula verrucosa, Agren 
(1985b), Ingestad and Agren (1988) and Cromer and Jarvis 
(1989) observed the same relationship in other species.

It may be that nitrogen supply was affecting NR activity in 
birch at Bencroft Wood and Boxhill. To investigate the effects 
of nitrogen supply on NR activity, some crude correlations
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Figure 4.3 Seasonal variation in NR activity in leaves of 
Betula pubescens (birch). (□) Bencroft Wood, 1987-1988;
( a ) Boxhill, 1987-1988. Error bars show 95% confidence 
limits. [Note: all seasonal variation figures are
presented at the same scale (0 - 1400 pkat g‘̂ f.wt.) to 
emphasize differences between species].

80



have been attempted. These correlations, of the present 
seasonal foliar NR activity data (as an indicator of nitrogen 
supply) for birch at Bencroft Wood and Boxhill, and dry matter 
accumulation data (as an indicator of relative growth rate) 
obtained by Karlsson and Nordell (1989) for birch seedlings 
grown on high nitrogen are presented in Figure 4.4.

It is important to stress the reasons for making these 
correlations and also the pitfalls involved in such analyses. 
Ingestad (1979c), working with Betula verrucosa seedlings, 
observed that restricted nitrogen availability and extreme 
nitrogen stress resulted in a relatively high utilization of 
nitrogen in the roots, and a general distribution to the roots 
of the bulk of resources, mineral nutrients as well as carbon. 
He observed that even after small nitrogen supply increases, 
more nitrogen was translocated to leaves (57%) than to roots 
(34%). He suggested that these relations may play an important 
role in the competitive ability of plants, in which connection 
birch is recognized to be highly efficient (Ingestad, 1971;
1973) .

Such studies emphasize the sensitivity of birch seedlings to 
nitrogen supply and subseguent nutrient allocation, but 
seedlings differ greatly in terms of growth strategy and in 
their physiological reactions from mature trees, and it is 
difficult to relate data from seedlings to the mature trees 
studied here. Larger trees are obviously capable of storing 
much higher levels of nitrogen than seedlings, and have an
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Figure 4.4 Seasonal foliar NR activity as a function of 
seasonal plant dry matter accumulation of birch grown on high 
nitrogen.* (a) Bencroft Wood, (y=58.066 + 224.91 * log(x), 
R^=0.675); (b) Boxhill, (y=172.45 + 57.415 * log(x) , R=^=0.390). 
(‘After Karlsson and Nordell, 1989).
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increased capacity for nitrogen cycling (Millard, 1989). For 
example, mature trees may be able to survive relatively long 
periods of nitrogen starvation by utilizing stored nitrogen 
within organs such as the trunk (Tromp and Ovaa, 1973), 
whereas nitrogen-starved seedlings with little or no stored 
nitrogen have fewer survival mechanisms and reduced growth 
rates result relatively quickly.

It is, therefore, difficult to obtain good correlations 
between nitrogen supply and nitrogen metabolism in mature 
trees, let alone between seasonal MR activity in mature trees 
and seasonal dry matter accumulation data from seedlings. The 
correlations in Figure 4.4 are obviously crude, and must be 
treated with caution, but the results are still interesting: 
67.5% of the seasonal variation in NR activity in birch at 
Bencroft Wood can be explained by the variation in plant dry 
matter accumulation of birch supplied with high nitrogen 
(Figure 4.4a); the corresponding relationship for birch at 
Boxhill (Figure 4.4b) is much lower (r^=0.39). The difference 
in the regression equations appears to suggest that the areas 
of Bencroft Wood populated with birch are subject to a greater 
availability of soil nitrate pools and have higher nitrogen 
mineralization rates than areas supporting birch at Boxhill. 
This could result in a greater correlation between the birch 
NR data and dry matter accumulation data of Karlsson and 
Nordell (1989). However, attempts to correlate the seasonal NR 
activity of birch at Boxhill with dry matter accumulation from 
birch grown at low nitrogen concentrations (Karlsson and 
Nordell, 1989), produced a similar regression equation to that
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obtained from correlations with high nutrient treatment 
[y=61.885 + 190.82 x Log(x); r'*=0.399]. This suggests that, 
nitrate supply is not a particularly important determinant of 
NR activity in the birch leaves at Boxhill. Seasonal flushing 
of soil nitrate and thus nitrate availability plays a more 
important role at Bencroft Wood where increases in NR activity 
of birch leaves are observed in August.

Pearson et ai. (1989) discuss three possibilities for 
increases in foliar NR activity of birch in August: (1) that 
flux of nitrate from root to shoot is being increased; (2 ) 
that stored nitrate within leaf vacuoles is being released 
with the onset of senescence; (3) that the onset of senescence 
has led to the removal of some form of end-product inhibitor.

Looking at the above possibilities in turn; (1) although the 
presence of substrate for the enzyme is essential for 
induction, the regression results above suggest that the 
supply of nitrogen, and thus, flux of nitrate from root to 
shoot in birch is not wholly responsible for determining the 
NR activity of these leaves. (2) Measurements of leaf nitrate 
content gave only trace amounts (0 . 1  - 0 , 2  ^mol g*̂  f.wt.), 
which suggests that release of stored nitrate from the vacuole 
is unlikely to have occurred.

(3) With regard to the third possibility, it has been shown 
that NR activity can be repressed in some species by end- 
products such as ammonia and amino acids (Filner, 1966; 
Stewart, 1972a;b). The role of asparagine as an end-product
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repressor of the enzyme NR was discussed in section 3.3.4.2 
and is also discussed in Chapter 5. Birch leaves at Bencroft 
Wood in August showed a two-fold reduction in asparagine 
concentration compared with the pool in January (Table 4.2). 
The removal of high concentrations of asparagine may lead to 
the induction of NR activity; but it is serine which appears 
to have undergone the greatest reduction in concentration, 
from 3415.10 nmol g“̂ f.wt. in January to only 226.30 nmol g"̂  

f.wt. in August. Aspartate, methionine and lysine are also 
substantially reduced over the same time period.

Table 4.2 Soluble amino acid pools of Betula pubescens leaves 
from Bencroft Wood.

Amino acid concentration
25.

(nmol
1 . 8 8

g-' f.wt.)
3.8 . 8 8

Total amino acids 12058 (1 0 0 %) 9457.4 (1 0 0 %)
Alanine 1088.0 (9.02%) 1172.2 (12.38%)
Arginine 1454.6 (12.06%) 1030.5 (10.90%)
Asparagine 1476.8 (12.25%) 733.9 (7.76%)
Aspartate 1770.9 (14.69%) 412.6 (4.36%)
Glutamate 6 8 6 . 2 (5.69%) 660.6 (6.99%)
Glutamine - 481.5 (5.09%)
Glycine 735.3 (6 .1 0 %) 1975.1 (2 0 .8 8 %)
Lysine 579.1 (4.80%) 170.6 (1.81%)
Methionine 852.0 (7.07%) 154.7 (1.64%)
Serine 3415.1 (28.32%) 226.3 (2.39%)
Tyrosine - 690.9 (7.31%)
Others

“
1748.5 (18.49%)

Date Nitrate reductase activity
pkat g“̂ f.wt .

25.1.88 119.85
3.8.88 619.33

Asparagine, methionine and aspartate are found in a class
of amino acids discussed by Filner (1966), that inhibit
induction of NR activity in tobacco cells. Filner also noted
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that serine inhibited the growth of the cells by 99%, probably 
by starving them of reduced nitrogen. The removal of these 
inhibitors overcame the repression of NR induction. Methionine 
also inhibits growth of tomato roots at concentrations as low 
as 2 mg 1"̂  (Street et al., 1960). It is possible that these 
amino acids play an important role in regulating NR activity 
in birch leaves (see Chapter 5). This peak in NR activity just 
prior to senescence in birch would seem to be a useful means 
for fast-growing deciduous species to assimilate nitrate into 
organic form for use in the promotion of the following year's 
leaf growth.

4.3.1.3 Rabus frutlcosusz
Rubus was observed to have considerably higher NR activity in 
open than in shade situations. Since foliar NR activity is 
light dependent (Chapters 6  and 7), the lack of a shading 
canopy from November to March may explain higher leaf NR 
activities in Rabus during this time (Figure 4.5). As the 
canopy developed, NR activity in Rubus decreased to very low 
levels. At Bencroft Wood, no significant increase in activity 
was observed between April and October. Interestingly, 
however, a considerable flush in foliar activity of Rubus 

occurred in July at Boxhill when the canopy was beginning to 
open and Rubus leaves were experiencing considerably less 
shading than those examined at Bencroft Wood which were still 
in deep shade.

An experiment was conducted to investigate the effects of 
light and shade at this time (July, 1988), on Rubus fruticosus
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Figure 4.5 Seasonal variation in NR activity in leaves of 
Rubus fruticosus (bramble). (□) Bencroft Wood, 1987- 
1988; ( a ) Boxhill, 1987-1988. Error bars show 95%
confidence limits. [Note: all seasonal variation figures 
are presented at the same scale (0 - 1400 pkat f.wt.) 
to emphasize differences between species].
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seedlings. Plants with similar fresh weights growing under 
different light regimes at Boxhill were used. Plants were 
collected from the original site with the opening canopy, and 
from another site nearby, which was heavily shaded. It was 
found that roots constituted 70.8% of the biomass of the 
plants at the shaded site, whereas only 29.6% of the total 
biomass of open seedlings was root tissue (Table 4.3).

Table 4.3 Biomass and its distribution in Rubus fruticosus 
seedlings from shaded and open sites at Boxhill (July, 1988).

Fresh weight (g) Percentage distribution 
Tissue__________Shade______ Open_______ Shade_______ Open_____
Whole plant 3.628 3.755
Root 2.569 1.110 70.8 29.6
Stem 0.443 0.976 12.2 26.0
Leaf 0.616 1.669 17.0 44.4

NR activity (Table 4.4) was found to be primarily located in 
the leaves of seedlings from the open site (6 8 .2 % of total 
activity). However, in the shaded seedlings, the main site for 
nitrate reduction was the root, where 40.6% of the total NR 
activity was found. Asparagine (63.1% of the total pool) and 
arginine (8 .6 %) were the most prominent amino acids of stem 
tissue in shaded seedlings (Table 4.5). These amino acids 
were, however, absent from stem tissue of open plants, where 
soluble amino acids were observed to be very low (Table 4.5).

Higher rates of NR activity in roots of shaded plants may lead 
to the production of the transport compounds asparagine and 
arginine (Durzan and Steward, 1983; Martin and Ben Driss 
Amraoui, 1989; Lahdesmaki et al., 1990b). These amino acids
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can then be used to convey nitrogen to leaves via the xylem 
sap, thus accounting for their high concentrations in stem 
tissue of shade grown plants. However, low rates of nitrate 
reduction in roots of open seedlings suggest that most of the 
nitrogen is transported directly from roots to shoots in the 
form of nitrate, and is assimilated in the leaves. This would 
account for the very high levels of NR measured in leaf tissue 
of the open seedlings. The effects of light are discussed 
further in Chapters 6  and 7.

Table 4.4 NR activity and its distribution in tissues of Rubus 
fruticosus seedlings from shaded and open sites at Boxhill 
(July, 1988).

Nitrate reductase activity Percentage
(pkat g- 1 f.wt.) distribution

Tissue Shade Coen Shade Open
Whole plant 100.5 375.6
Root 40.8 2 0 . 8 40.6 5.5
Stem 30.0 98.8 29.8 26.3
Leaf 29.7 256.0 29.6 6 8 . 2

Table 4.5 Soluble amino acid concentrations in stem tissue of
Rubus fruticosus seedlings from shaded and open sites at
Boxhill (July , 1988).

Amino acid concentration
(nmol 9'̂ f.wt.).

shade ODen
Total amino acids 18600 (1 0 0 %) 499 (1 0 0 %)
Alanine 1500 (8 .1 %) 150 (30.1%)
Arginine 1600 (8 .6 %) -

Asparagine 11733 (63.1%) —

GABA 1300 (6.7%) 140 (28.1%)
Glutamate 2 0 0 (1 .1 %) 30 (6 .0 %)
Glutamine 400 (2 .2 %) 43 (8 .6 %)
Others 1867 (1 0 .2 %) 363 (27.2%)
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These results suggest that the seasonal peak of NR activity in 
Rabus (July; Figure 4.5) is probably due to higher light 
availability at this site at this time. Even in high light, 
however, nitrate must be present for induction. This suggests 
that the NR peak could, also, correspond with a seasonal flush 
of soil nitrate availability (Ellenberg, 1964; Miller and 
Miller, 1976).

Total soluble amino acid pools were very high in January 
(16673.41 nmol g“̂ f.wt.), with the aromatic amino acid
tyrosine forming 10.9% of the total pool (1816.84 nmol g“̂ 
f.wt.). The flow of carbon through the aromatic (or shikimate) 
pathway is second only to the synthesis and turnover of 
carbohydrate (Halsam, 1974; Davies, 1979; Anderson and 
Beardall, 1991). Products of tyrosine metabolism include 
various alkaloids and cyanogenic glycosides (Luckner, 1980). 
These secondary products are not essential for plant function 
but, through their toxicity, can provide protection against 
predators (Anderson and Beardall, 1991). The presence of high 
levels of tyrosine, forming the precursor in the production of 
toxic plant protectants, would obviously be beneficial to 
developing buds and leaves of Rubus prone to insect and 
herbivore attack.

Tyrosine often formed a substantial part of the amino acid 
pool in buds of some climax species (Quercus, Carpinus, and 
Acer) , and was present throughout the year in many of the 
evergreen species examined [Jlex, Pinus and Picea (see later), 
and Pseudotsuga (not shown)]. As well as its role as a
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precursor of metabolites and plant protectants, tyrosine has 
often been observed to serve as a lignin precursor (see also 
phenylalanine, section 4.3.2.1; Hahlbrock and Brisebach, 
1979). This role, coupled with metabolic functions, makes 
tyrosine a common component of developing buds, where lignin 
synthesis and deposition are proceeding at high rates.

Methionine and lysine were also found in high concentrations 
in the buds and new leaves of Rabus [1807.16 nmol g"̂  f.wt. 
(10.8%) and 1288.44 nmol g‘̂ f.wt. (7.7%) respectively]. 
Methionine and lysine, as well as other amino acids of the 
aspartate family are important for the feedback control of 
light-dependent aspartate metabolism (see Chapter 5), and have 
important metabolic functions (Wong and Dennis, 1973; Miflin, 
1973; Miflin and Lea, 1977; Durzan and Steward, 1983). In 
January, high light availability in the absence of a shading 
canopy, suggests that enough energy is available for light- 
dependent aspartate metabolism to proceed. Control of the 
aspartate pathway, offered by the cooperative inhibitors 
methionine and lysine, could result in the adequate production 
of nitrogen compounds essential for growth. Accompanied by 
high NR activity at this time, Rubus appears to ensure its 
rapid growth rates early in January, when it develops to such 
an extent that it often forms the majority of the ground cover 
in woodland environments by March.
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4.3.2 Seasonal variations in NR activity and amino acid 
concentrations in deciduous climax species.
4.3.2.1 Fagus sylvaticai
Seasonal variation in NR was much less marked, and levels were 
generally lower (Figure 4.6) than in pioneer species (section
4.3.1). In Fagus sylvatica it is interesting that the peak in 
NR activity (see Figure 4.6) occurs at the same time as the 
peak in asparagine concentration (3275 nmol g'̂  f.wt.). In 
general (section 3.3.4.2) we have seen that high NR activity 
correlates with low asparagine concentration. The apparent 
anomaly here can perhaps be explained by the actual level of 
NR induction. Although NR activity is at peak levels in late 
April/early May, it is still relatively low (approximately 200 
pkat g‘̂ f.wt), falling into activity class 4 (Table 3.1). This 
class of NR activity correlates with high concentrations of 
asparagine (Figure 3.4a) and thus goes some way to explaining 
this discrepancy. It also leads to the suggestion that 
asparagine could generally be repressing the induction of NR 
in beech leaves (see section 3.3.4.2 and Chapter 5).

Arginine was an important constituent of developing buds at 
Tooting Graveney Common (1640 nmol g"̂  f.wt.) and Boxhill 
(4250.10 nmol g"̂  f.wt.). Asparagine was not detected in buds. 
However, by 21st April, soon after bud-burst at Boxhill, 
asparagine formed 19% of the soluble amino acid pool (3275 
nmol g~̂  f.wt.). By this time, arginine concentrations had 
undergone an approximate fourfold decrease to 1 1 2 2  nmol g*̂  

f.wt. Arginine and asparagine were found by Martin and Ben 
Driss Amraoui (1989) to be primary source materials in the
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Figure 4.6 Seasonal variation in NR activity in leaves of 
Fagus sylvatica (beech) at Boxhill, 1987-1988. Error bars 
show 95% confidence limits. [Note: all seasonal variation 
figures are presented at the same scale (0 - 1400 pkat 
f.wt.) to emphasize differences between species].
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translocation flux of nitrogenous compounds to shoots in beech 
seedlings, with little ammonia being transported. Arginine has 
been reported by other workers to be a common and major 
transport compound in xylem sap (Barnes, 1963; Pate, 1980; 
Kato, 1986; Schubert, 1986). In Chapter 7, analysis of beech 
seedling stem tissue found arginine, asparagine and GABA to be 
the dominant amino acids. These results suggest the 
remobilization and transport of arginine to developing buds in 
January. Decreases in arginine concentration as buds develop 
into leaves, may be caused by the utilization of arginine 
during growth. The accompanying increase in asparagine 
observed over this period suggests the likelihood of root 
nitrate assimilation in beech (see also 3.3.2 and 3.3.4.2). 
The asparagine could also be a product of root-assimilated 
ammonia after direct absorption of ammonium ions from the soil 
solution.

A substantial decrease in the pool of the aromatic amino acid 
phenylalanine was observed in beech between January and late 
April. In January, phenylalanine was at concentrations of 3244 
and 4973.1 nmol g“̂ f.wt. in beech buds at Tooting Graveney 
Common and Boxhill respectively. By April 21st, a very 
substantial thirteen-fold decrease to a mean of 380.2 nmol g“̂ 
f.wt. was observed.

Phenylalanine, amongst other aromatic amino acids (e.g. 
tyrosine and tryptophan), is a starting material for the 
synthesis of a vast array of other compounds (Anderson and 
Beardall, 1991). One of the major products of phenylalanine
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and its precursors is lignin, the stiffening material of most 
secondary cell walls (for review, see Hahlbrock and Brisebach, 
1979). Significant deposition of lignin in cell walls does not 
begin until primary growth is completed. The activity of 
phenylalanine ammonia lyase, the first enzyme of phenylalanine 
metabolism, is strongly influenced by day length and other 
environmental events via a specialized pigment, phytochrome, 
and this may possibly regulate lignin synthesis (Anderson and 
Beardall, 1991). The reduction of phenylalanine concentration 
observed in beech between the bud stage in January and bud 
burst in March/April suggests that the increase in day length 
and advancing development of the tissues has initiated the 
synthesis and subsequent deposition of lignin from the pool of 
free phenylalanine.

The total amino acid pool significantly increased between 
January and late April, despite the substantial reductions in 
phenylalanine and arginine concentrations. The pool was 
observed to almost double over this period from 9223.2 nmol g'̂  

f.wt. to 17247.8 nmol g'̂  f.wt. This very large amino acid pool 
corresponds with the peak in NR activity in late April/early 
May (Figure 4.6). Presumably, production of amino acids as 
end-products of foliar nitrate reduction and also import of 
amino acids is maximal at this time to support actively 
growing leaf tissues.

4.3.2.2 Quercus roburz
Foliar NR activity in oak showed overall a slight increase 
from March to August/September, after which a small (but
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insignificant) decline in activity occurred (Figure 4.7). The 
most pronounced flush of activity occurred in August at 
Bencroft Wood, when NR activity reached 188.05 pkat g‘̂ f.wt. 
This flush of activity in oak, although on a much smaller 
scale, corresponds to the peak in NR activity which occurred 
in elder at Boxhill in August (section 4.3.1.1).

In elder leaves it was found that concentrations of arginine 
remained high until NR activity declined with leaf senescence 
(Table 4.1). Similarly in oak, (Table 4.6) arginine 
concentrations in August were high (2131 nmol g‘̂ f.wt.), 
representing 45.4% of the soluble amino acid pool. However, in 
November, when NR activity had reduced to about half the 
August level, the arginine concentration had decreased to 
345.2 nmol g‘̂ f.wt. At the same time, increases in aspartate, 
asparagine, serine, lysine and methionine occurred, all of 
which have previously been discussed in connection with 
repression of NR activity in birch (section 4.3.1.2). It 
appears that a similar repression of NR activity may be 
occurring in Quercus (Chapter 5). The lower concentrations of 
arginine at this time could indicate the export of this 
compound for over-winter storage (section 4.3.2). By January, 
the arginine pool had increased again to 2236.3 nmol g“̂ f.wt. 
probably indicating its retranslocation into buds to provide 
a nitrogen source for growth and development.
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Figure 4.7 Seasonal variation in NR activity in leaves of 
Quercus roJbur (oak). (□) Bencroft Wood, 1987-1988; ( a )
Boxhill, 1987-1988. Error bars show 95% confidence
limits. [Note: all seasonal variation figures are
presented at the same scale (0 - 1400 pkat g"̂  f.wt.) to
emphasize differences between species].
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Table 4-6 Soluble amino acid pools of Quercus robur leaves 
from Bencroft Wood.

Amino acid concentration 
(nmol f.wt.)

25.1.88 3..8 . 8 8 27. 11.87
Total amino 8577.6 (1 0 0 %) 4691.1 (1 0 0 %) 4780.0 (1 0 0 %)
acids
Alanine 779.3 (9.0%) 167.4 (3.7%) 279.8 (5.9%)
Arginine 2236.3 (26.1%) 2131.0 (45.4%) 345.2 (7.2%)
Asparagine 2412.0 (28.1%) 468.0 (9.9%) 615.0 (12.9%)
Aspartate - 513.9 (10.9%) 655.0 (13.7%)
Glutamate 6 6 8 . 8 (7.8%) 563.4 (1 2 .0 %) 469.7 (9.8%)
Glutamine - 75.3 (1 .6 %) 245.3 (5.1%)
Lysine 467.2 (5.4%) 2 0 1 . 0 (4.3%) 432.1 (9.0%)
Methionine 627.1 (7.3%) 134.6 (2.9%) 548.5 (11.5%)
Serine - 123.5 (2 .6 %) 545.1 (11.4%)
Tyrosine 813.0 (9.6%) - 389.9 (8 .2 %)
Valine 573.9 (6.7%) 115.7 (2.5%) -

Others — 197.3 (4.2%) 254.4 (5.3%)
Date Nitrate reductase activity

pkat g"̂ f.wt.
25.1.88 46 .50
3.8.88 188 .05

2.11.87 105 .40

Asparagine was also very high in developing buds (2412 nmol g"̂  

f.wt.). Presumably asparagine has been utilized as a transport 
compound, moving root-assimilated nitrogen to the buds. 
However, the presence of high concentrations of asparagine 
occurred much earlier in oak buds than in beech (in January as 
opposed to late April). This accumulation of nitrogen 
compounds early in oak bud development would perhaps be 
expected to lead to earlier bud-break, but bud-break was more 
or less simultaneous in the two species. However, immediately 
following bud-burst, the young beech leaves assimilated 
nitrate at relatively high rates compared to oak leaves 
(Figures 4.6, 4.7). It is possible that by importing high
concentrations of asparagine at an early stage, oak has been 
able to accumulate more nitrogen during bud development than
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beech buds. Beech appears to compensate for its lower stock of 
stored nitrogen compounds by greater induction of NR activity 
in newly emerged leaves. Oak has no apparent need for leaf 
nitrate reduction until July/August, when a slight induction 
of activity was observed.

4.3.2.3 Carplnus betulusz
Figure 4.8 stresses (i) the very low capacity for leaf nitrate 
assimilation, and (ii) the lack of pronounced seasonal 
variation in foliar NR activity in the climax species 
hornbeam. Slight fluctuations in activity were observed during 
the summer months. Interestingly, the greatest flush of 
activity occurred in October, when NR activity reached its 
highest level of the year. This flush may be due to the 
utilization of nitrogen accumulated earlier in the season to 
sustain growth over winter or during periods when the external 
supply of nitrate is no longer available (Lee and Stewart, 
1978).

The total pool of soluble amino acids was very high in late 
January (Table 4-7). Consistent with the findings of Titus 
(1989) the large pools of soluble amino acids in Carpinus in 
late January are likely to be due to the import of nitrogenous 
compounds into buds from storage tissues. Rapid metabolism of 
these amino acids accompanies bud break upon regrowth, and 
accounts for the drop in amino acid pools following bud burst.

Developing buds in January were rich in asparagine (2865.21 
nmol g“̂ f.wt.). Hornbeam appears to behave in a similar way
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Figure 4.8 Seasonal variation in NR activity in leaves of 
Carpinus betulus (hornbeam) at Bencroft Wood, 1987-1988. 
Error bars show 95% confidence limits. [Note: all
seasonal variation figures are presented at the same 
scale (0 - 1400 pkat f.wt.) to emphasize differences 
between species].
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to oak (above discussion; Figures 4.7 and 4.8), in that high 
asparagine in developing buds seems to result in a later 
seasonal induction of NR activity, peaking from June. This is 
unlike the seasonal pattern observed in beech (section
4.3.2.1) where no asparagine could be detected in January, and 
NR activity peaked early in May. Hornbeam buds were also found 
to be rich in glutamate, threonine, arginine and tyrosine 
(Table 4.7), providing a nitrogen rich source for growth and 
development.

Table 4.7 Soluble amino acid pools of Carpinus betulus leaves 
from Bencroft Wood.

Amino acid concentration
25.1

(nmol g“
. 8 8

 ̂ f.wt.)
1 1 .9.88

Total amino acids 10622.4 (1 0 0 %) 3761.0 (1 0 0 %)
Alanine 8 6 8 . 1 (8.17%) 897.2 (23.86%)
Arginine 1014.3 (9.55%) -
Asparagine 2865.2 (26.97%) 87.0 (2.31%)
Aspartate 961.0 (9.05%) 276.8 (7.36%)
Glutamate 2144.4 (20.19%) 597.6 (15.89%)
Glutamine - 526.4 (14.00%)
Threonine 1783.5 (16.79%) 223.0 (5.93%)
Tyrosine 985.9 (9.28%) 140.0 (3.72%)
Valine - 343.0 (9.12%)
Others 670.0 (17.81%)

Date Nitrate reductase activity
pkat g"̂  f.wt .

25.1.88 67.60
11.9.88 52.30

4.3.3 Seasonal variations in NR activity and amino acid 
concentrations in evergreen woody species.
Deciduous trees shed their foliage each year and protect their 
resting buds by bud scales and by withdrawing water. In
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contrast, the perennial plant body of conifers develops a 
persistent aerial complement of green leaves and buds that 
survive seasonal extremes of temperature, stresses of 
xerophytic conditions (as in winter), and extreme diurnal 
fluctuations of temperature and day length that vary 
seasonally (Durzan and Steward, 1983). The differences in 
growth and habit of deciduous and evergreen species are 
reflected in their differing seasonal patterns of nitrogen 
metabolism. Few detailed investigations on seasonal changes in 
nitrogen and free amino acids in conifers have been carried 
out (Gezelius and Hallén, 1980; Gezelius et al., 1981; Nâsholm 
and Ericsson, 1990). There is a need for more information on 
the seasonal dynamics of the different nitrogen pools in 
conifers under field conditions.

4.3.3.1 Ilex aquifolium:
Seasonal profiles for holly initially followed a pattern of NR 
activity similar to deciduous climax species, although the 
level of induction was greater. Holly appears to have a 
greater potential than other climax species to reduce nitrate 
rapidly, despite its low growth rate (Figure 4.9). This is 
similar to the pattern observed in Helianthemum chamaecistus, 
the common rock-rose, (Havill et al. 1974), and may be a 
general feature of species with a prolonged growth period in 
habitats where there is a marked periodicity in nitrate 
supply, often a familiar characteristic of climax woodland 
situations.

In April, as buds of other climax species were breaking, NR
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Figure 4.9 Seasonal variation in NR activity in leaves of 
Ilex aquifolium (holly). (□) Bencroft Wood, 1987-1988; 
( a )  Boxhill, 1987-1988. Error bars show 95% confidence 
limits. [Note: all seasonal variation figures are
presented at the same scale (0 - 1400 pkat g”̂ f.wt.) to 
emphasize differences between species].
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activity in holly leaves was comparatively high (Figure 4.9). 
The formation of the dense deciduous canopy in May and June 
corresponded to a significant drop in NR activity seen in 
holly. Shade cast by the canopy lowered light levels available 
to holly and may account for this drop of activity. After this 
time however, unlike activity in deciduous climax species, NR 
levels in holly steadily began to increase throughout the 
summer and autumn. In late summer/early autumn, the 
competition for light and nutrients is reduced as the 
deciduous canopy declines. Reduction in competition is likely 
to be the reason for the late flush of activity in this 
understorey evergreen shrub.

The foliar soluble amino acid pools during the months when 
evergreens are the only species in leaf have interesting 
characteristics. Methionine is generally an important 
constituent of the leaves of evergreen species between October 
and January. It also tends to form a high percentage of the 
soluble pool of amino acids in buds and leaves of pioneer 
species exhibiting early bud-burst.

Methionine has important metabolic functions supporting 
pathways such as the synthesis of ethylene and polyamines, and 
can be incorporated into proteins and other essential 
compounds. High concentrations of lysine were often observed 
to accompany high methionine concentrations. The feedback 
control of aspartate metabolism in the presence of light by 
methionine and lysine may explain tendencies towards high 
methionine and lysine concentrations during winter in holly.
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High concentrations of aspartate (2002.15 nmol g~̂  f.wt., 48.3% 
of the total pool), methionine (15.1%) and lysine (8.1%) 
observed in holly between October and January suggests that 
holly takes the opportunity to metabolize aspartate while 
additional light is available in the absence of the deciduous 
canopy.

4.3.3.2 Plnus sylvestrlsz
In conifers, contradictory data exist about the importance of 
root versus shoot nitrate reduction. Smirnoff et al. (1984) 
demonstrated high NR activities in needles of several conifers 
and Adams and Attiwill (1982a) found NR activity in needles of 
field-grown Pinus radiata. However, in another experiment, no 
NR activity was detectable in shoots of P. radiata seedlings 
grown in sand and fertilized with different concentrations of 
nitrate and ammonium (Adams and Attiwill, 1982b). Thus, the 
contribution of needles to nitrate reduction and assimilation 
in conifers is still not understood.

NR activity in the needles of Pinus sylvestris was found to be 
relatively high throughout the year compared with foliar 
activity in other climax species (Figure 4.10). Only the 
climax evergreen, holly, attained levels of activity similar 
to those observed in pine. The annual mean NR activity for 
Scots pine was 234.6 ± 39.4 pkat g~̂  f.wt. (Table 3.2), which 
is over 1 0 0  pkat greater than the annual mean for climax 
species generally (Table 3.4). This mean activity of pine is, 
however, still considerably lower than mean activities of 
pioneers.
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Figure 4.10 Seasonal variation in NR activity in one year 
needles of Pinus sylvestris (Scots pine). (□) Bencroft 
Wood, 1987-1988; ( a ) Boxhill, 1987-1988; (O) current
needles at Bencroft Wood. Error bars show 95% confidence 
limits. [Note: all seasonal variation figures are
presented at the same scale (0 - 1400 pkat f.wt.) to 
emphasize differences between species].
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Ingestad (1962, 1979a) found Scots pine to be the most
tolerant and least demanding forest species amongst those 
dominant in Sweden. It has a wider distribution than any other 
pine and is the dominant forest species within the boreal zone
(Dahl at al., 1967). Scots pine also has high root
phonological plasticity, tolerating both wet and dry soils 
(John Pearson, personal communication). It is possible that 
the ability of Scots pine to maintain consistently higher 
rates of nitrate reduction than other coniferous species, has 
enabled it to become one of the more dominant of Gymnosperms.

Marked seasonal variations in pine needle NR activity existed 
(Figure 4.10). Foliar NR activity increased from October to 
January, and then maintained high levels through to April. 
Several extensive studies (see Sakai and Larcher, 1987 for 
references) have demonstrated the cold hardiness of Scots 
pine. In southern Sweden, it has been found that even rapidly 
growing shoots of pine could tolerate ice formation 
(Christersson, 1978, 1985; von Fircks, 1985; Christersson at 
al., 1987; Junttila, 1989). Flushes of soil nitrification and 
rising sap often observed in the spring (Davy and Taylor, 
1974; Ferguson at al., 1983; Smirnoff and Stewart, 1985;
Pearson at al., 1989), coupled with particularly frost- 
tolerant needles could, therefore, enable pine to maintain 
relatively high levels of NR activity throughout the winter 
months and in early spring. Activity reached a peak in April, 
where levels as high as 553.8 pkat g"̂  f.wt. were recorded. 
After this peak in April, activity began to decline. At 
Boxhill, a recovery in activity was observed after May, but at
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Bencroft Wood, NR activity in needles did not begin to recover 
until July (Figure 4.10).

The decline in activity seen after April may be explained by 
retranslocation of nitrogen to the developing leaves and 
shoots. In evergreen trees, leaves and needles, as well as 
stem and roots, are important sites for nitrogen storage. By 
measuring the nitrogen content in different organs before and 
after spring growth flushes in the tropical evergreen Citrus, 
Kato (1986) found that nitrogen in the new flush came from 
mature leaves (20%), stem (40%), roots (30%) and soil (10%). 
Nambiar and Fife (1987) found that up to 54% of nitrogen in 
mature needles was translocated to the developing flush in 
Pinus radiata.

The drop in NR activity observed in mature needles in May 
suggests that nitrogen is being retranslocated to developing 
buds. NR activity was not examined in new young developing 
tissues until the buds burst in July. On bud-break, NR 
activity was low (Figure 4.10, Bencroft Wood), but steadily 
increased until October, by which time it had attained the 
same levels as mature needles. As young needles developed, the 
mature needles recovered their NR activity. This is presumably 
due to decreasing nitrogen demands of new needles as they 
become more established. This results in a redistribution of 
nitrogen compounds to allow active growth of mature, as well 
as current tissue. At Bencroft Wood, total nitrogen content of 
mature needles ranged from only 0.48% of dry weight in July, 
increasing to 1.7% in October. The three-fold increase in
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total nitrogen demonstrates the return of nitrogen to mature 
needles as current needles demand less nitrogen for 
development after their initial flush of growth.

It has also been found that nitrogen content can have an 
effect on photosynthetic capacities of needles (Smolander and 
Oker-Blom, 1989). This close dependency between photosynthetic 
capacity and nitrogen content of leaves was shown previously 
in deciduous trees (DeJong, 1982; Field and Mooney, 1986; 
Evans, 1989; Tuohy et al., 1991; Fredeen et al., 1991; Chapter 
6 ). For coniferous trees, however, a large variation in the 
relationship has been found. It has been proposed that the 
reason for this could be that the nitrogen content, by 
affecting needle growth, changes the pattern of mutual shading 
within a shoot, which is the basic element used in studying 
photosynthesis of coniferous trees (Linder and Rook, 1984).

Increases in total nitrogen and foliar NR activity observed in 
both current and mature needles between July and October, 
could be due to increases in light availability as the 
surrounding deciduous tree canopy begins to decline with the 
advancement of autumn ( see Chapter 7 ). Alternatively, nitrogen 
content could be promoting shoot photosynthesis and NR 
activity by increasing photosynthetic capacity of needles, and 
by increasing light interception efficiency per unit area of 
needle surface on the shoot. Smolander and Oker-Blom (1989) 
showed that needle angle became greater, and that needle 
density decreased, with increasing nitrogen content. A 
decrease in needle density and greater needle angles would
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lead to an increase in light availability, which, coupled with 
increasing nitrogen content, could result in increases in 
foliar NR activities.

Generally, during the sampling year, changes in the total 
amino acid pool were slight. Main fluctuations were in 
arginine and the amides, as well as in some of the more 
familiar amino acids such as alanine and serine, which at 
times became the dominant amino acids. Similar fluctuations 
have been observed before in coniferous species (Durzan, 
1968a; 1971). The most interesting seasonal changes in soluble 
amino acid pools were observed in mature needles from January, 
and are discussed below.

The total soluble pool of amino acids in the pine needles 
increased significantly from 7269.6 nmol g"̂  f.wt. in January 
to 11420 nmol g"̂  f.wt. in March, decreasing slightly (but 
insignificantly) in April (Table 4.8). Sequential changes in 
the composition of the free amino acid pools occurred over 
this time. These changes were mainly in the amides, certain 
mono-amino acids such as serine and alanine, and in free 
arginine. Similarly, studies on Pinus banksiana found that 
turnover and resynthesis of proteins as shoots grew, were 
accompanied by changes in the soluble amino acid pool, mainly 
in free arginine, asparagine, glutamine, proline, serine and 
alanine (Durzan and Ramaiah, 1971; Ramaiah et al., 1971).

Glutamine increased in the spring (Table 4.8), consistent with 
previous observations of spring glutamine peaks (Durzan,
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1968a; Sagisaka and Araki, 1983; Nâsholm and Ericsson, 1990). 
Durzan and Steward (1983) reported that the increase in 
glutamine in the spring correlates with decreases in arginine 
and thus could be a result of conversion of arginine to 
glutamine. However, this explanation seems unlikely since, as 
glutamine increased in the present study, arginine remained at 
a relatively constant concentration (Table 4.8). Nâsholm and 
Ericsson (1990) similarly observed that there was no 
corresponding decrease in arginine in Scots pine needles as 
glutamine increased. Therefore, they concluded that arginine 
was not the main source for increases in glutamine in April. 
However, the increase of foliar glutamine can be explained by 
increases of glutamine in vascular tissues during this period 
of intense growth, since glutamine is an important transport 
compound in trees (Bollard, 1960; Barnes, 1963; Ziegler, 1975; 
Dickson et al., 1985; Nâsholm and Ericsson, 1990).

As buds of current needles start to develop in April/May/June, 
the nitrate assimilation rates of mature needles are reduced, 
probably due to retranslocation of nitrogen to the new buds. 
Significant changes in amino acid pools in mature needles from 
January to April include the appearance of high phenylalanine, 
isoleucine and lysine in March. These amino acids had 
disappeared by April. Also, threonine and valine were present 
in the soluble pool in January, but had disappeared by March. 
These nitrogen compounds are commonly found in protein and 
some other complex nitrogenous derivatives. Their fluctuating 
concentrations suggest a high turnover and resynthesis of 
proteins during this period.
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Table 4.8 Soluble amino acid pools of Pinus sylvestris needles 
from Bencroft Wood.

25.1.88
Amino acid concentration 

(nmol g"̂  f.wt.) 
_____ 12.3.88_______ 2.4.88

Total amino 7269.6 (1 0 0 %) 11420.0 (1 0 0 %) 9840.0 (1 0 0 %)
acids
Alanine 301.4 (17.9%) 1840.2 (16.1%) 2530.0 (25.7%)
Arginine 763.9 (10.5%) 900.0 (7.8%) 1100.3 (1 1 .2 %)
Asparagine - 1560.0 (13.7%) -

Glutamate 1136.7 (15.6%) 879.8 (7.7%) 1779.7 (18.1%)
Glutamine - 580.0 (5.1%) 1080.1 (1 1 .0 %)
Isoleucine - 1060.0 (9.3%) -

Lysine - 880.0 (7.7%) -

Methionine 1026.0 (14.1%) 820.3 (7.2%) -

Phenylalanine - 1300.0 (11.4%) -

Serine 331.1 (4.6%) 399.7 (3.5%) 1999.9 (20.3%)
Threonine 1351.4 (18.6%) - -

Tyrosine 857.6 (1 1 .8 %) 1 2 0 0 . 0 (10.5%) 1350.0 (13.7%)
Valine 501.5 (6.9%) - -

Date
25.1.88
12.3.88 
2.4.88

NR activity
pkat g"̂  f.wt

315.00 
403.90
490.00

Tyrosine was present in pine needles at a mean concentration 
of 1 2 .6 % annually, suggesting the steady turnover of tyrosine 
products throughout the year. This results in a constant 
supply of plant protectants and many important metabolites, 
aiding needle longevity and survival (Luckner, 1980; section 
4.3.1.3).

4.3.3.3 Picea. ables:
Norway spruce expressed much lower levels of foliar NR than 
Pinus sylvestris (Figure 4.11). Little seasonal variation in 
activity was observed, with only slight flushes of activity 
occurring in April/May and again in August. The low levels of
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Figure 4.11 Seasonal variation in NR activity in (□) one 
year needles, and (O) current needles of Picea abies 
(Norway spruce) at Bencroft Wood 1987-88. Error bars show 
95% confidence limits. [Note: all seasonal variation
figures are presented at the same scale (0 - 1400 pkat g"̂  
f.wt.) to emphasize differences between species].
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activity could partly be due to the fact that coniferous trees 
retain their foliage for considerable lengths of time. By 
retaining foliage longer than one year, coniferous trees have 
a built-in mechanism to minimize the amount of nitrogen taken 
up each year per unit of biomass production. Comparisons 
suggest that coniferous ecosystems need nearly 40% less 
nitrogen uptake than deciduous ecosystems and thus should be 
able to out-compete deciduous forests on nitrogen-poor soils 
(Cole, 1981).

Interestingly, long periods of foliage retention did not 
appear to prevent both high levels of, and seasonal variations 
in NR activities of Pinus sylvestris (section 4.3.3.2). 
However, pines do tend to replace their needles more regularly 
than spruces (e.g. Pinus ectinata retains foliage for only 
1.25 years; Cole, 1981). This could perhaps account for the 
differences between P. sylvestris and Picea abies. Norway 
spruce retains its foliage for about 8  years, although the 
length of time varies considerably with factors such as 
pollution (John Pearson, personal communication). Through 
needle retention, Norway spruce may minimize the requirement 
for exogenous nitrogen uptake, with a significant portion of 
nitrogen required for new growth coming from internal 
recycling (Sprent, 1979).

However, Norway spruce is specifically grown because of its 
relatively fast growth rate. Rapid growth rates suggest that 
Norway spruce would be a species with a high demand for 
nitrogen, which also suggests that rates of nitrate reduction
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would be relatively high.

So why are rates of foliar nitrate reduction so low in Norway 
spruce? Internal recycling is one reason, but does not 
necessarily explain the relatively high growth rates of this 
conifer. Nitrification is often inhibited in the acidic soils 
of coniferous forests and consequently nitrate concentrations 
are low (Sprent, 1979; Rice and Pancholy, 1972; 1973; 1974). 
A reduced nitrate supply has been observed to lead to (i) 
nitrate reduction being restricted to roots, and/or (ii) to 
alternative nitrogen sources being used (Stewart et al., 

1989). In such situations, high foliar NR activities would not 
be expected.

There is much contradictory literature concerning growth and 
nitrogen source, even on the same species (Titus and Kang, 
1982; Kato, 1986), with much of this controversy being related 
to uncontrolled variables. But, generally, Picea has been 
observed to grow best when supplied with ammonium rather than 
nitrate (Dickson, 1989). Induction experiments have shown 
that, unlike Pinus sylvestris (which is capable of relatively 
high rates of nitrate reduction after nitrate feeding; see 
Chapter 8 ), it was impossible to induce NR activity in spruce 
needles (data not shown). Therefore, ammonium uptake and 
assimilation is likely to be more common than nitrate 
utilization in spruce forests, as well as nutrient 
availability being fostered naturally by mycorrhizae commonly 
associated with coniferous roots. Such symbiotic relationships 
contribute to the nutritional well-being of the trees, with
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the tree providing carbohydrate (photosynthate) to the fungus.

Maximum rates of nitrate reduction in spruce needles occurred 
from late April/early May (Figure 4.11). This peak of activity 
corresponds to the peak in photosynthetic activity found in 
spruce needles in a study by Lichtenthaler et al. (1989). 
These workers examined chlorophyll content and photosynthetic 
activity in spruce needles from summer 1987 to summer 1988. 
Their results for photosynthetic activity followed exactly the 
same pattern as NR activity data of the present study.

Lichtenthaler et al. (1989) observed that photosynthetic 
activity dropped slightly from 4-8 /imol CO^ m‘̂ s'̂  in August 
1987, to lower levels in October and November. It reached very 
low levels in December (0-2 pmol), with some recovery in 
January 1988. From March, the photosynthetic activity 
increased again to reach maximum values of 6 - 8  [imol CO^ m"* s“̂ 
at the end of April, just as new shoots were beginning to 
form. The current year needles reached their maximum 
photosynthetic activity later (May/June) than the one year 
needles. Thereafter Lichtenthaler and colleagues found that 
photosynthetic activity was lower again. They suggested that 
low photosynthetic activities in winter were probably due to 
closed stomata, but, in part, also due to damage of the 
photosynthetic apparatus. In addition, lower temperatures 
experienced in the winter months may also lead to reductions 
in photosynthetic activity.

Seasonal variation in NR activity in spruce (Figure 4.11)
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demonstrates the similarity between NR activity and 
photosynthetic activity data of Lichtenthaler et al. (1989). 
Although fluctuations in NR activity are slight, seasonal 
patterns are still obvious, and are almost identical to 
seasonal patterns of photosynthetic rate measured by 
Lichtenthaler and colleagues. The similarities stress the 
importance of light energy in the control of NR induction 
(Smolander and Oker-Blom, 1989; Chapters 6  and 7).

The total soluble amino acid pool of Picea abies needles was 
very low (between 3667 and 6420.98 nmol g"̂  f.wt.). Similarly 
to Pinus sylvestris, main constituents of the pool were 
arginine, asparagine, glutamine, glutamate, alanine and 
serine. These amino acids formed 58.67 to 81.77% of the total 
pool throughout the year. Seasonal variations in the total 
concentration of amino acids were associated with changes in 
concentrations of arginine, asparagine, glutamine and 
glutamate. This is in agreement with earlier studies on the 
coniferous species Picea glauca and Pinus banksiana (Durzan, 
1968a; Durzan and Steward, 1983). The other major constituent, 
forming between 14.66 and 24% of the soluble pool in spruce 
needles, was tyrosine. High concentrations of this plant 
protectant precursor (up to 1541.04 nmol g"̂  f.wt.) suggest the 
steady turnover of the secondary products and plant 
metabolites which are required for adequate growth of this 
species throughout the year (see sections 4.3.1.3 and 
4.3.3.2).
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4 . 4  Pp>Kum é

À huge degree of seasonal variation, both temporal and between 
species, has been shown in NR activity and amino acid pools. 
Seasonal trends observed in the pioneer and climax species 
studied here varied considerably, and it appears that each 
individual species must be considered separately. However, it 
was consistently found that pioneers reduced nitrate at much 
higher rates than climax species, and generally, it was 
observed that pioneers exhibited a tendency for early seasonal 
flushes of NR activity. The pioneer species appeared to 
exhibit more varied seasonal patterns of NR activity than 
climax species. Deciduous climax species showed a tendency for 
late seasonal flushes of activity, although seasonal trends 
were less pronounced than in the pioneer group. The three 
evergreen species studied exhibited different seasonal 
variations in activity from either the climax or pioneer 
species examined.

Many factors are likely to play important roles in determining 
the seasonal variations in both NR activity and amino acid 
concentration. As well as nitrate availability, one of the 
most important factors determining seasonal variations in 
foliar NR activity in woody plants is light (Wild and Zerbe, 
1977; Bergareche and Simon, 1988). Most of the species studied 
here were observed to reduce nitrate at increased rates as 
light intensity increased. In some cases, (i.e. Sambucus nigra 
and Rubus fruticosus), the absence of a shading canopy, 
dictated by the changing of the seasons, lead to increased 
availability of light, and appeared to result in higher leaf
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^ NR activities. Maximal rates of nitrate reduction in holly 
corresponded with the seasons when the deciduous canopy was 
absent, and NR activities of the conifer Picea abies followed 
identical patterns to seasonal photosynthetic activities 
measured in this species by Lichtenthaler et al. (1989). Such 
findings appear to emphasize the importance of light intensity 
in determining seasonal trends in nitrate reduction. Chapters 
6  and 7 investigate the relationship between light and nitrate 
reduction.

Obviously, many other factors important in determining 
seasonal changes in NR activity, such as soil nitrate 
concentrations, temperature and water supply, are of great 
importance, and measurements of these variables would greatly 
enhance the present work. Field data for soil nitrogen content 
and nitrification rates especially, would have been extremely 
useful when interpreting the data, but unfortunately this 
field study was unable to encompass these variables. 
Laboratory studies, discussed in Chapters 5 and 6 , attempt to 
further elucidate factors that may regulate NR activity.
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CHAPTER 5; Regulation of NR activity bv asparagine and 
nitrate.

5-1 Introduction.
A characteristic feature of nitrate metabolism in higher 
plants is its susceptibility to a range of environmental 
conditions (Beevers and Hageman, 1969). Regulation of nitrate 
assimilation has been the focus of intense research because of 
the potential for improving the efficiency of this growth- 
limiting process and enhancing agricultural productivity 
through intervention (Solomonson and Barber, 1990). A complete 
understanding of how NR is regulated under various 
environmental conditions is still lacking. It is likely that 
there is no single mode of regulation of the enzyme; rather, 
several different modes of regulation may act simultaneously 
or sequentially in response to different signals or changing 
environmental conditions (Solomonson and Barber, 1990). 
Factors that can influence activity directly or serve as 
signals for the various modes of regulation include light 
(Chapters 6  and 7), oxygen, carbon dioxide, nitrate, fixed 
nitrogen, and other metabolites (Solomonson and Barber, 1990).

From the results of Chapters 3 and 4 it has become apparent 
that asparagine may be important in regulating NR activity of 
some species. This regulation could possibly be mediated 
through some form of end-product repression. Previous work has 
shown that asparagine can inhibit nitrate reduction in tobacco 
cultures (Filner, 1966) and Lemna minor (Stewart, 1972b). It 
has also been suggested that inhibition is not necessarily
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caused by asparagine alone, but that the build-up of other 
metabolites in response to asparagine feeding could influence 
the enzyme activity (Stewart, 1972b).

The aim of this study was to investigate the possibility of 
end-product repression by asparagine in climax and pioneer 
species. In order to examine the involvement of asparagine in 
the inhibition of enzyme activity, NR activities and soluble 
amino acid pools were analysed after foliar misting with 
asparagine.

This study also investigated the possibility of inducing NR 
activity in leaves by foliar nitrate applications. It is well 
established that most plants take up all their nitrogen from 
soil, and many studies have examined induction of NR activity 
after applying nitrogen solutions to roots (Runge, 1983; Mâck 
and Tischner, 1990; Flaig and Mohr, 1992; Lavoie et al., 
1992). A number of studies examined foliar uptake of 
atmospheric nitrogen (Ferguson et al., 1984; Press et al., 
1986; Wingsle et al., 1987; Klumpp et al., 1989). However, 
only a few studies have looked at foliar applications of 
nitrate in solution (Press and Lee, 1982; Woodin et al., 1985; 
Garten and Hanson, 1990; Pearson and Soares, unpublished). The 
interesting work of Woodin et al. (1985) found that NR 
activity of Sphagnum species increased in response to wet 
deposition of nitrate in rainwater. Their data suggested that 
wet deposition of nitrate represented an important source of 
nitrogen for Sphagnum species. Very little data exists on the 
effects of foliar applications of nitrate in woody species.
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This lack of data initiated the present study, which 
investigated the possibility that wet deposition of nitrate 
could be an important source of nitrogen in woody pioneer and 
climax species.

5.2 Experimental detail.
In order to investigate possible regulation of NR activity by 
asparagine and nitrate three experiments were performed:

5.2.1 Experiment fi^
Leaf samples from 1-2 year old Quercus petraea and Sambucus 
nigra were finely sectioned, and amalgamated to give a 
homogeneous sample for each species. NR assay medium was 
prepared as in Chapter 2. To half of the assay medium, 5 mM 
asparagine was added. NR assays were performed (section 2.5.1) 
using the assay mediums with, or without asparagine (n=6 ).

5.2.2 Experiment fill
Three replicate 1-2 year old Quercus petraea and Sambucus 

nigra were used (for growth conditions see section 2.4). Prior 
to treatment, growing leaves were divided randomly into four 
groups of 5 leaves. Leaves were marked in situ, using non
destructive labels. Four treatment solutions were prepared, 
and placed in fine spray misters:

(1) 5 mM asparagine (pH 7.5)
(2) 5 mM nitrate (KNO3, pH 7.5)
(3) 5 mM asparagine + 5 mM nitrate (KNO3 ; pH 7.5)
(4) Distilled water (control).

During treatment, each marked leaf was sealed into a plastic 
bag. The nozzle of the mister was inserted into the bag, and
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the leaf misted, with a fine spray of 1 of the 4 treatment 
solutions. After treatment, the bag was removed from the leaf. 
Leaves were misted in this way on 2 consecutive days at 11.30 
am. On the third day, treated leaves were harvested from the 
trees. Leaves were washed with distilled water, and blotted 
dry. For each treatment, duplicate NR assays and triplicate 
amino acid analyses were performed as described earlier 
(sections 2.5.1 and 2.12).

5.2.3 Experiment fiii)
Nine replicate 1-2 year old Quercus petraea and Populus 

deltoïdes were used. Plant material was divided into three 
experimental groups. Three treatment solutions containing 
0.01% of the detergent Ecover (Ecover, Oostmalle, Belgium) 
were prepared, and stored in 5 L containers:

(1) 5 mM nitrate (KNO3, pH 7.5)
(2) 5 mM asparagine (pH 7.5)
(3) distilled water (control).

To prevent misting solutions from entering the soil, surfaces 
of each pot were sealed with plastic sheeting. The plastic was 
taped securely around the stem of each tree and the edge of 
each pot. Treatments were carried out in a misting cabinet. 
The 5 L containers of each misting solution were attached to 
the misting apparatus. Whole trees were misted in the cabinet 
on two consecutive days. On the first day, a total of 1.5 L of 
each solution was administered, over 10 min to the 3 replicate 
plants of each species. On the second day, 2.5 L was 
administered over a 20 min period. On the third day, leaves 
were harvested from the trees. They were washed with distilled 
water and blotted dry. NR assays were performed in triplicate
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per tree of each treatment (i.e. a total of 9 replicate assays 
per treatment). Amino acid analyses were performed in 
triplicate for each treatment.

5.3 Results and discussion.
In the misting experiments, significant differences in NR 
activities and amino acid pools would appear to suggest that 
nitrogen solutions enter leaves with comparative ease. Misting 
whole plants (experiment iii) rather than selected leaves 
(experiment ii), and the inclusion of detergent Ecover (0.01%) 
in treatment solutions of experiment (iii) compared to the 
detergent-free solutions of experiment (ii) appeared to result 
in only slight differences in rates of nitrate reduction and 
the amino acid pools after misting. For this reason, results 
of experiments (ii) and (iii) are generally discussed 
together.

It is immediately clear that, as found in previous chapters, 
the level of NR activity is much greater in the pioneer 
species studied than in the climax species Quercus petraea 
(Tables 5.1 to 5-3). Amino acid analyses showed that much 
larger total pools are found in pioneer than in climax species 
(see Tables 5.4 to 5.7). Interestingly, however, both 
concentration and percentage contribution of the asparagine 
pool in leaves of climax species controls were significantly 
greater than those observed in the pioneer control plants 
(Tables 5.4 to 5.7). Mean values for climax and pioneer 
control plants respectively were 1591.65 nmol g"'̂ f.wt. (or 
32.2% of the total pool) and 468.65 nmol g“̂ f.wt. (4.1%). It
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is possible that the large asparagine pools of climax leaves 
are the result of nitrate assimilation in roots, with 
asparagine being utilized as a major transport compound, 
translocating nitrogen to shoots (section 3.3.4.2).

Table 5.1 Experiment (i). Foliar NR activity after incubation 
in assay medium with (treatment) or without (control) 
asparagine. Values represent meanslSE (n=6 ).
Species Nitrate reductase activity (pkat g"̂  f.wt.)
________________ -f- asparagine___________-asparagine ( control )
Q, petraea 134.5 ± 16.07 116.3 ± 10.65
S. nigra 845.2 ± 40.36 845.2 ± 51.64

5.3.1 Inhibition of NR activity in leaves of the climax 
species Quercus petraea following foliar asparagine misting. 
In experiments (ii) and (iii) asparagine misting of Quercus 
petraea caused the percentage of asparagine to increase from 
and already high mean of 32.2% to a mean of 51.95% (or 2832.2 
nmol g"̂  f.wt.; calculated from Tables 5.4 and 5.5). This 
result is in agreement with earlier work of Blumenthal et al. 
(1990) who found that the amount of asparagine in wheat grains 
was significantly greater when asparagine was provided in the 
growth medium. Similar to present findings, Blumenthal et al. 
(1990) reported that asparagine formed up to 6 6 .6 % of the 
total soluble amino acid pool of wheat grains when asparagine 
was present in the liquid medium, compared with only 28.6% in 
other treatments.

As discussed in Chapter 3, difference in the asparagine pool 
size may account for alterations in levels of NR activity in
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leaves of woody plants (section 3.3.4.2). Correlations 
calculated in Chapter 3 suggested that 63.4% of variation in 
NR activity can be explained by asparagine concentration 
(Figure 3.4b). It is therefore possible that, in the results 
presented here, the high concentrations of asparagine observed 
in control leaves of Quercus petraea were already repressing 
foliar NR activity (Tables 5.2 and 5.3). Treatment with 
asparagine caused the foliar asparagine pool to increase 
further, accompanied by significant increases in aspartate and 
lysine (Tables 5.4 and 5.5). These increased pools could be 
leading to further repression of NR activity.

Table 5-2 Experiment (ii). Foliar NR activity after leaves 
were misted with four different treatment solutions. Values 
represent means (±SE) (n=6 ). Values in the same row having
different letters are significantly different (P<0.05).
Species Nitrate reductase activity (pkat g~̂  f.wt.)

DH^O 5 itlM ASN
_____________ ( control ) 5 mM ASN______5 mM KNO, +5 mM KNO,
0. petraea 109.4(10.l)b 82.1(6.4)a 134.6(19.8)b 93.9(11.0)
5. nigra 859.7(44.l)a 989.0(59.1) 1055.5(56.2)b 942.0(26.2)

Similar inhibitory effects of amino acids on NR activity have 
been noted by Filner (1966) and Stewart (1972b). These workers 
interpreted such inhibition as being evidence for repression 
by the end-products of nitrate assimilation. Similarly, the 
reduction of activity in the climax species after asparagine 
misting (Tables 5.2 and 5.3), accompanied by significant 
increases in soluble pools of asparagine, aspartate and lysine 
suggests that these amino acids may be responsible for the 
inhibition of NR activity through end-product repression.
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Table 5.3 Experiment (iii). Foliar NR activity after whole 
plants (excluding roots) were misted with three different 
treatment solutions (+0.01% Ecover). Values represent means 
(±SE) (n=9).
Species Nitrate reductase activity (pkat g“̂ f.wt.)

DH^O
__________( control )_____________ 5 mM ASN________ 5 mM KNO.____
Q. petraea 86.3(9.9)ac 56.0(2.1)bg 150.3(10.4)dh
P. deltoïdes 332.1(2.1)e 487.2(127.8) 932.1(106.5)f
Values in the same row having different letters are 
significantly different:
a is significantly different from b (P<0.05)
c is significantly different from d (P<0.02)
e is significantly different from f (P<0.005)
g is significantly different from h (P<0.001)

A considerable volume of literature exists on the biosynthesis 
of the aspartate family of amino acids (Miflin and Lea, 1977; 
Lea et ai, 1979; Mills et al., 1980; Wallsgrove and Mazelis, 
1980; Wallsgrove et al., 1983a; 1983b). These workers have 
carried out detailed examinations of synthesis of the 
nutritionally essential amino acids, lysine, threonine, 
methionine, and isoleucine from aspartate. It was found that 
lysine is synthesized in higher plants from aspartate via the 
diaminopimelate pathway (Miflin and Lea, 1977). Wallsgrove et 
al. (1983a) concluded that in green leaves the enzymes 
responsible for lysine and threonine synthesis from aspartate 
are confined to the chloroplast. Further, synthesis of the 
aspartate family of amino acids was found to be light- 
stimulated (Mills et al., 1980; Wallsgrove and Mazelis, 1980; 
Wallsgrove et al., 1983b). Evidence was also provided that 
lysine and threonine function in regulation of the 
diaminopimelate pathway. Aspartate kinase, the first enzyme of 
the aspartate pathway, may be inhibited by lysine alone,
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lysine plus methionine, lysine plus threonine, or threonine 
alone (Miflin and Lea, 1977 and references therein). The work 
of Mills et al, (1980) demonstrated that lysine inhibited its 
own formation as well as that of homoserine, isoleucine and 
threonine.

Results suggest that misting leaves of Quercus petraea with 
asparagine causes the biosynthesis of lysine (Tables 5.4 and 
5.5). It is possible that the amide group of exogenously 
supplied asparagine is initially transferred to a keto acid 
acceptor, thus forming aspartate (Durzan and Steward, 1983). 
This is consistent with earlier findings of Atkins et al. 
(1975) who studied metabolism of the amide-N of asparagine in 
Lupinus albus. They showed that after feeding with ^'C(U) 
amide asparagine, 6 6 % of was located in aspartate. In the 
present work, following this production of aspartate, it 
appears that light-enhanced lysine biosynthesis from aspartate 
occurs. This could explain significant increases in lysine 
concentration observed after asparagine misting. The function 
of lysine in the regulation of the diaminopimelate pathway 
suggests that the accumulation of this amino acid in Quercus 
petraea leaves may inhibit the production of further lysine 
from aspartate by complex feedback inhibition of aspartate 
kinase (Lea et al., 1979). This could account for the build-up 
of aspartate observed after asparagine misting in Quercus 

leaves. It thus appears that NR activity could be repressed by 
end-product inhibition mediated by increasing pools of 
aspartate and lysine, as well as through increases in 
asparagine.
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Table 5.4 Soluble amino acid concentrations and percentage 
contribution to total pool in Quercus petraea leaves after 
four different misting treatments (experiment ii).

Amino acid concentration 
nmol g"̂  f.wt. (%total pool)

Amino DH^O 5 mM Asn+
acid (control) 5 mM ASN 5 mM KNO, 5 mM KNO,
Ala 804.3(17.9)ae 598.0(11.9)b 791.0(18.6)0 759.7(15.3)df
Arg 84.0(1.9) 27.7(0.5) 120.7(2.8) 28.3(0.5)
Asn 1463.3(32.6)gi 2493.7(49.5)h 1422.3(33.5) 2166.3(44.3)j
Asp 118.7(2.6)a 289.0(5.7)b 93.7(2.2) 225.7(4.6)b
GABA 375.0(8.4) 289.3(5.7) 338.7(8.0) 336.0(7.2)
Gin 251.3(5.6) 59.3(1.2) 118.3(2.8) 66.7(1.2)
Glu 520.0(11.6)a 267.3(5.3)b 377.7(8.9)b 358.7(7.9)b
lie 18.3(0.3) 26.7(0.5) 27.0(0.6) 21.7(0.4)
Leu 13.3(0.2) 21.0(0.4) 26.0(0.6) 18.3(0.3)
Lys 71.0(1.9)0 495.3(9.8)d 139.7(3.3) 372.3(6.5)d
Phe 40.3(0.9) 48.0(0.9) 53.3(1.3) 37.7(0.7)
Ser 431.3(9.5)0 164.3(3.3)d 437.0(10.3)a 207.3(4.4)b
Thr 94.0(2.0) 70.0(1.4) 80.7(1.9) 73.0(1.6)
Tyr 135.0(3.0) 129.0(2.6) 147.3(3.5) 156.7(3.2)
Val 72.3(1.6) 58.0(1.2) 72.0(1.7) 64.0(1.4)

Total 4486.3(100) 5036.6(100) 4245.4(100) 4892.4(100)

Values represent means of three replicates. Pooled SE = 19.9.
Concentrations in the same row, having different letters are 
significantly different:
a is significantly different from b (P<0.05)
c is significantly different from d (P<0.02)
e is significantly different from f (P<0.005)
g is significantly different from h (P<0.002)
i is significantly different from j (P<0.001)
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Table 5-5 Soluble amino acid concentrations and perecentage 
contribution to total pool in Quercus petraea leaves after 
three different misting treatments (+ 0.01% Ecover; experiment 
iii).

Amino
Amino acid concentration 

(nmol g"̂  f.wt.).
DH,0

acid (control) 5 mM ASN 5 mM KNO,
Ala 915.0 (16.9)g 313.3 (5.4 h 932.3 (17.9)
Arg 88.7 (1 .6 ) 32.3 (0 . 6 33.7 (0 .6 )
Asn 1720.0 (31.8)c 3170.7 (54.4 d 1584.3 (30.4)C
Asp 1 1 0 . 0 (2 .0 )a 281.0 (4.8 b 229.0 (4.4)b
GABA 375.0 (6.9) 447.3 (7.7 538.2 (10.3)
Gin 404.3 (7.5) 191.3 (3.3 348.0 (6.7)
Glu 585.3 (1 0 .8 )a 212.7 (3.7 b 296.0 (5.7)b
His - 36.7 (0 . 6 1 0 0 . 0 (1.9)
lie 66.7 (1 .2 ) 62.3 (1 . 1 70.0 (1.3)
Leu 46.7 (0.9) 45.7 (0 . 8 50.0 (1 .1 )
Lys 1 0 0 . 0 (1 .8 )c 401.3 (5.9 d 147.7 (2 .8 )
Phe 36.7 (0.7) 39.0 (0.7 43.3 (0 .8 )
Ser 485.0 (9.0)e 281.3 (4.8 f 403.7 (7.7)
Thr 205.7 (3.8) 147.7 (2.5 196.7 (3.8)
Tyr 149.0 (2 .8 ) 43.3 (0.7 107.7 (2 .0 )
Val 122.7 (2.3) 118.0 (2 . 0 134.7 (2 .6 )

Total 5410.8 (1 0 0 ) 5823.6 ( 1 0 0 5215.3 (1 0 0 )

Values represent means of three replicates. Pooled SE = 20.3.
Concentrations in the same row, having different letters are 
significantly different:
a is significantly different from b (P<0.05)
c is significantly different from d (P<0.02)
e is significantly different from f (P<0.005)
g is significantly different from h (P<0.002)
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Table 5-6 Soluble amino acid concentrations and percentage 
contribution to total pool in Sambucus nigra leaves after four 
different misting treatments (experiment ii).

Amino acid concentration 
nmol g“̂ f.wt. (%total pool)

Amino DHzO 
acid (control 1 5 mM ASN 5 mM KNO,

5 mM Asn+ 
5 mM KNO,

Ala 2033.0(12.8)a 2746.7(15.9)b 2099.0(16.l)b 2222.3(14.8)b
Arg 1995.0(12.6) 1005.0(5.8) 780.0(6.0) 825.0(5.5)
Asn 673.0(4.2)a 1180.0(6.8)b 724.7(5.7) 858.7(5.7)
Asp 1239.3(7.8) 1154.0(6.7) 943.3(7.2) 1096.3(7.3)
GABA 1277.3(8.1) 1440.0(8.4) 852.0(6.5) 954.7(6.4)
Gin 1399.7(8.8) 1497.7(8.7) 1280.0(9.8) 1309.0(8.7)
Glu 3453.0(21.8) 3106.7(18.0) 2892.0(22.2) 3171.0(21.2)
lie 138.7(0.9) 177.7(1.0) 124.0(1.0) 159.7(1.1)
Leu 217.3(1.4) 276.7(1.6) 196.3(1.5) 247.7(1.7)
Lys 535.7(3.4)a 1321.0(7.7)b 606.0(4.7) 1136.7(7.6)b
Phe 143.3(0.9) 185.3(1.1) 142.0(1.1) 154.3(1.0)
Ser 1858.0(11.7) 2219.0(12.9) 1707.7(13.1) 1959.0(13.1)
Thr 496.3(3.1) 423.3(2.5) 310.3(2.4) 368.0(2.5)
Tyr 31.0(0.2) 103.3(0.6) 49.0(0.3) 87.7(0.6)
Val 350.3(2.3) 409.0(2.3) 323.0(2.4) 442.0(2.8)

Tot. 15840.9(100) 17245.4(100) 13029.3(100) 14992.1(100)

Values represent means of three replicates. Pooled SE =242.9.
Concentrations in the same row, having different letters are 
significantly different (P<0.05).
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Table 5.7 Soluble amino acid concentrations and percentage 
contribution to total pool in Populus deltoïdes leaves after 
three different misting treatments (+ 0.01% Ecover; experiment 
iii).

Amino
acid

Amino acid concentration 
(nmol g‘̂ f.wt.).

DH2O
(control) 5 mM ASN 5 mM KNO,

Ala 1360.7 (20.4)a 1900.0 (22.2)b 2560.0 (18.2)b
Arg - 120.3 (1.4) -

Asn 264.3 (4.0)ac 498.3 (5.8)b 632.0 (4.5)d
Asp 670.7 (lO.l)c 750.3 (8.8) 960.7 (6.8)d
GABA 390.0 (5.8) 460.7 (5.4) 720.0 (5.1)
Gin 950.7 (14.3)e 1310.3 (15.3) 3040.0 (21.6)f
Glu 1480.3 (22.2)a 1940.0 (22.7) 3770.7 (26.8)b
Gly - - 45.7 (3.2)
Phe 200.0 (3.0) - -

Ser 940.3 (14.1) 1010.3 (11.8) 1200.0 (8.5)
Thr 170.0 (2.5)a 390.0 (4.6)b 400.0 (2.8)b
Val 240.3 (3.6) 170.3 (2.0) 340.3 (2.5)

Total 6667.3b (100) 8550.6 (100) 14074.3b (100)

Values represent means of three replicates. Pooled SE = 77.5.
Concentrations in the same row, having different letters are 
significantly different:
a is significantly different from b (P<0.05)
c is significantly different from d (P<0.01)
e is significantly different from f (P<0.001)
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NR activity in Quercus petraea leaves was not repressed in 
experiment ( i ), where asparagine was added to the NR assay 
medium just prior to incubation (Table 5.1). It is, of course, 
possible, that the one hour incubation period did not allow 
enough time for NR inhibition to occur. However, since 
incubation was carried out in the dark, it is also possible 
that light-dependent production of lysine could not proceed. 
Problems were experienced in obtaining reproducible results 
when measuring soluble amino acid pools after incubation 
(perhaps a result of amino acid loss to the incubation medium; 
data not shown). However, amino acid analyses suggested that 
lysine production did not occur in dark-incubated leaves, 
despite increases in asparagine pools. These results would 
appear to suggest that increased repression of NR activity 
observed in the second and third experiments (Tables 5.2 and 
Table 5.3 respectively) after asparagine misting of Quercus 
petraea, does not occur simply as a result of increased 
asparagine pools. It rather seems that, in order to cause 
reductions in the level of enzyme activity, there is a need 
for the build-up of another/other repressor(s). Stewart 
(1972b) discussed the possibility of a build-up of arginine 
which decreased rates of induction of NR activity in 
asparagine-treated Lemna minor. From amino acid data obtained 
in the present experiments and experiments of Chapter 4, it 
appears that arginine accumulation is not an important factor 
in oak. It seems more likely that, in the case of Quercus 

petraea, and also Quercus robur (Chapter 4, Table 4.6), the 
build-up of lysine, coupled with a large asparagine pool, is 
important in the control of NR activity. It has been
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previously reported that lysine is effective in suppressing 
induction of NR in Chlorella (Smith and Thompson, 1968). Since 
it has already been established that lysine can act as a 
feedback inhibitor of aspartate kinase (Lea at ai., 1979), it 
is an attractive hypothesis that lysine, as well as 
asparagine, could be required to inhibit NR activity in 
Quercus leaves.

5.3.2 The effects of foliar asparagine misting on NR activity 
and soluble amino acid pools of two pioneer species.
Similar patterns of asparagine and lysine accumulation to 
those found in Quercus petraea were observed in Sambucus nigra 
leaves after asparagine misting (Table 5.6). Unlike Quercus 
petraea, the asparagine did not increase in Sambucus nigra 
leaves after asparagine + nitrate misting. However, asparagine 
pool sizes were much smaller than observed in Quercus petraea 
(mean concentrations of 839.15 nmol g"̂  f.wt., or 6.3% of the 
total pool; calculated from Tables 5.6 and 5.7). Unlike the 
reduction in activity observed in Quercus petraea, no 
inhibition of NR activity was observed in pioneer species 
(Table 5.2). As a result of severe insect infestation of 
Sambucus nigra plants following experiment (ii), this species 
was substituted with another pioneer, Populus deltaides, for 
experiment (iii). NR activity and amino acid pools, although 
generally much lower in Populus plants, showed similar 
alterations to Sambucus in response to misting. The influence 
of increased amino acid pools on NR activity of pioneer 
species was very different to that observed in oak.
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In response to asparagine treatment, Populus deltoïdes leaves 
accumulated asparagine (P<0.05; Table 5.7), but NR activity 
was not inhibited (Table 5.3). Lysine was not detected in 
Populus leaves at any stage during the experiment (Table 5.7). 
However, it has previously been noted that lysine cannot be 
detected with the same sensitivity as other amino acids 
(Jarrett et al., 1986). It is, therefore, possible that lysine 
was present but at concentrations below the detection 
threshold. Threonine, an amino acid of the aspartate family 
with similar aspartate kinase inhibiting properties to lysine 
(see Miflin and Lea, 1977) was found to significantly increase 
in asparagine treated poplar leaves (P<0.05; Table 5.7). 
Despite the increased concentrations of asparagine and 
lysine/threonine in pioneer leaves after asparagine misting, 
it appears that these amino acids are not present at 
sufficient concentrations to repress NR activity in pioneer 
species (Tables 5.2 and 5.3). These results resemble the 
findings of Simola (1975) who studied the effects of some 
protein amino acids on growth of Sphagnum nemoreum. simola 
observed that 0.001 mM lysine did not have any inhibiting 
effect on growth of S. nemoreum, but when lysine was present 
at a higher concentration (0.25 mM) the effect was growth 
retarding.

The apparent formation of alanine from exogenously supplied 
asparagine could further explain the lack of end-product 
repression of NR activity in pioneer species studied. In the 
case of the climax species Quercus petraea, significantly 
lower alanine pools (Tables 5.4 and 5.5) and lower NR activity
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were observed after asparagine or asparagine + nitrate misting 
(Tables 5.2 and 5.3). This would appear to suggest that (i) 
asparagine is not directly converted into alanine after 
asparagine treatment in Q. petraea, and/or (ii) due to
repression of NR activity, formation of alanine as a product 
of nitrate reduction is reduced. In the case of the pioneer 
species, however, alanine concentrations in both Sambucus 

nigra and Populus deltoïdes leaves showed significant 
increases after asparagine or asparagine + nitrate mistings 
(Tables 5.6 and 5.7). Since no significant increases in NR 
activity were observed in pioneer species after these
treatments (Tables 5.2 and 5.3), increases in alanine pools 
would appear to be the result of conversion of the amide-N of 
asparagine into alanine rather than the result of increased 
foliar nitrate reduction (although labeling studies would be 
necessary to confirm this).

Increases in alanine pools after asparagine feeding have been 
reported previously (Atkins et al., 1975; Pate, 1980;
Blumenthal at al., 1990). Alanine as well as several other 
amino acids were labeled with ®̂N after feeding Lupinus albus 
with ^^C(U) ^N-amide asparagine (Atkins et al., 1975). More 
recently, Blumenthal et al. (1990) observed increases in
alanine in detached wheat heads in response to liquid-feeding 
of asparagine. Pate (1980) suggested that enrichment of phloem 
sap alanine seen after ^N-amide asparagine feeding through the 
xylem indicated that amide breakdown was linked with 
photosynthesis of amino acids in leaves. Therefore, it is 
possible that in both the pioneers studied here, the supplied
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asparagine has been utilized in production of alanine, thereby 
preventing the build-up of the amide to levels where it might 
cause end-product repression.

5.3.3 Induction of NR by foliar nitrate misting.
In the case of the climax species, NR activity was not 
significantly greater after foliar misting with KNO3 alone 
(experiment ii; Table 5.2). This is similar to the findings of 
Pearson and Soares (unpublished) who observed no significant 
increase in NR activity after foliar nitrate misting of oak. 
However, it was found that NR activity of Quercus petraea was 
induced after misting with nitrate + detergent (P<0.02; 
experiment iii; Table 5.3). This would appear to disagree with 
the unpublished work of Pearson and Soares. They observed only 
a slight, insignificant increase in NR activity after foliar 
misting of oak with nitrate + detergent. However, Pearson and 
Soares misted with a 3 mM KNO3 solution, whereas 5 mM KNO3 was 
used in the present experiment, and this could explain the 
discrepancy. In Quercus petraea studied here, induction of NR 
activity after nitrate + detergent misting (experiment iii) 
was accompanied by increases in aspartate and decreases in 
glutamate (Table 5.5). It is possible that aspartate has been 
formed by transamination from glutamate (Miflin and Lea, 
1977). Alanine pools did not alter after nitrate misting.

Previously, in Chapter 3, it was observed that alanine and 
glutamate concentrations increased with increasing NR activity 
(section 3.3.4.1; Figure 3.3). After misting the pioneer 
species with nitrate, NR activity was induced (P<0.05 and
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0.005 for Sambucus nigra and Populus deltoïdes respectively; 
Tables 5.2 and 5.3). Alanine concentrations also increased 
significantly (P<0.05 for both species; Tables 5.6 and 5.7). 
Therefore, in pioneer species, it appears that supply of 
substrate for the NR enzyme has led to increased rates of 
nitrate reduction. This results in increased alanine synthesis 
(and, in the case of Populus, synthesis of alanine, glutamate, 
glutamine and several other amino acids ; Table 5.7). These 
findings are similar to patterns seen before in studies of 
amino acid pools in yeast (Flynn and Hipkin, 1990). These 
workers observed increases in intracellular alanine, glutamate 
and glutamine after resuspension of nitrogen-deprived Candida 
nitratophila in 50 mM KNO3. They explained transient changes 
in alanine levels by considering alanine as a sink for sudden 
increases in glutamate when nitrogen-starved cells are refed.

Correlation between NR activity and concentrations of alanine 
for the two pioneers was high (y= 673 + 1.72x; R̂  = 75.3%). 
The inclusion of the much lower NR activity data of Quercus 
petraea, coupled with lower alanine pools, made the 
correlation even higher (R̂  = 91.9%; Figure 5.1). Similar to 
alanine, glutamate tended to be present at high concentrations 
in leaves exhibiting high rates of nitrate reduction. When 
data from experiments (ii) and (iii) were pooled, a 94.2% 
correlation was found between glutamate concentration and NR 
activity (Figure 5.2). These results are in accordance with 
earlier findings (Yoneyama and Kumazawa, 1975; Rhodes et al., 
1976; Chapter 3, section 3.3.4.1).
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5-4 Conclusion
Results described here concern for the most part the pattern 
of metabolic control regulating the activity of NR rather than 
precise molecular mechanisms through which such control is 
mediated. It is proposed that the change in NR activity in 
response to exogenously supplied asparagine has a regulatory 
function in Quercus petraea. It has been shown that misting 
leaves with asparagine (5 mM) can inhibit foliar NR activity 
of Quercus petraea. This inhibition may be a result of end- 
product repression caused by the accumulation of asparagine, 
aspartate and lysine in leaf tissues. However, adaptive 
responses in enzymic level to exogenously supplied metabolites 
can only be interpreted as having a true regulatory function 
if an appropriate correlation between enzyme level and 
exogenous metabolite pool under consideration can be 
demonstrated. The relatively high correlation between 
asparagine concentration and NR activity in oak leaves (R= = 
67.3%; Figure 5.3) suggests that the two parameters are 
related. It would appear that the probability of asparagine 
having a regulatory role on NR activity in Quercus petraea is 
high. It also appears that accumulation of lysine and 
aspartate may be necessary to regulate NR activity.

The simplest mechanism which could account for the reduction 
in NR activity in response to increases in asparagine, 
aspartate and lysine pools is that these amino acids repress 
the synthesis of the enzyme. A possible alternative is that 
they mediate some form of inactivation of the enzyme. End- 
product repression may be an important role of control of both
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Figure 5.1 Alanine concentration as a function of NR activity 
in leaves of Quercus petraea, Sambucus nigra and Populus 
deltoides. Regression equation y=497 + 1.92x (R̂  = 91.9%). The 
figure represents pooled data from experiments (ii) and (iii).
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Figure 5.2 Glutamate concentration as a function of NR 
activity in leaves of Quercus petraea, Sambucus nigra and 
Populus deltoides. Regression equation y=108 + 3.31x (R̂  = 
94.2%). The figure represents pooled data from experiments 
(ii) and (iii).
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assimilation and intermediary metabolism of nitrogen. However, 
it is important to note that application of asparagine may 
interfere with growth and metabolism of tissues and may also 
prevent nitrate uptake or distribution of nitrate within the 
cell. Hence, this could interfere with the induction process. 
It is also possible that inhibition of NR activity observed in 
Quercus petraea after asparagine misting may be brought about 
by some other factor involved in the regulation of NR 
activity. The influence of such a factor could be giving rise 
to the changes observed in asparagine and lysine.

Foliar NR activities of Sambucus nigra and Populus deltoides 
were not inhibited by asparagine misting. It appears that 
these species utilize asparagine in the formation of alanine, 
and thus prevent accumulations of very high levels of the 
amide. However, it cannot be assumed that asparagine does not 
inhibit NR activity of pioneers, since the foliar activity of 
Betula pubescens (Chapter 4) seemed to be repressed when 
asparagine concentrations were high.

It has been demonstrated that foliar mistings of 5 mM nitrate 
can induce NR activity in leaves of pioneer species. Detergent 
was required in nitrate solutions to induce foliar NR activity 
of Quercus petraea. Foliar applications of nitrate have been 
previously found to induce NR activity (birch and poplar: 
Pearson and Soares, unpublished; Sphagnum species: Press and 
Lee, 1982; Woodin et al., 1985). At this point, a note of 
caution is worthy of mention. Foliar feeding of KNO3 may 
induce a different flow pattern for nitrogen than experienced
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Figure 5.3 Asparagine concentration as a function of NR 
activity in leaves of Quercus petraea. Regression equation 
y=3935 - 18.3x (R̂  = 67.3%). The figure represents data from 
experiments (ii) and (iii).
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in plants fed nitrogen normally through roots. Except for 
nitrogen-fixers, epiphytic plants and mosses, plants normally 
take up all their nitrogen from the soil (Wingsle et al., 
1987). However, despite nitrogen uptake from soil being the 
usual method, foliar applications of nitrate may be important, 
especially in light of reports of relatively high nitrate 
concentrations in rainwater (Marsh, 1977; Brimblecombe and 
Pitman, 1980; Brimblecombe and Stedman, 1982; Press and Lee, 
1982; Woodin et al., 1985). Previous studies have suggested 
that approximately 6 % of annual total leaf nitrogen may be 
contributed by foliar absorption of nitrate from seasonal 
rainfall (Johnson et al., 1985; Garten and Hanson, 1990). 
Thus, in the present study, the ability to induce foliar NR 
activity in pioneer species by foliar misting of nitrate, 
suggests that deposition of nitrate in rainwater could be a 
relatively important additional source of nitrogen for these 
plants. The ability to utilize foliar applications of nitrate 
would further enhance the already very high capacity of 
pioneer species for foliar nitrate reduction.

Subsequent findings of Vincentz at al. (1993; p. 273) have 
shown that NR and NiR gene expression are regulated by carbo
hydrates. These workers demonstrated that in the dark, 
supplying sugars to detached leaves of dark-adapted Nicotiana 
plumbaginifolia resulted in NR itiRNA and protein accumulation. 
Under low light conditions (limiting photosynthetic 
conditions) the supply of glutamine or glutamate (100 mM) 
resulted in a drop in NR mRNA. Asparagine was a less effective 
inhibitor.
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CHAPTER 6  : Diurnal variations in NR activity. net
photosynthesis. transpiration rate and amino acid 
concentration in pioneer and climax species grown under two 
different nitrogen regimes.
6.1 Introduction
During the course of the field studies described (Chapters 3 
and 4) it was observed in some species that the time of day at 
which leaf samples were collected strongly influenced the 
level of NR activity. Such diurnal fluctuations may have 
important implications in the maximization of nitrate
reduction. For this reason, diurnal variations were
investigated in two pioneer and two climax species.

6.1.1 Diurnal variations exist in NR activity.
Diurnal fluctuations in NR activity were observed for the 
first time in corn (Hageman et al., 1961). Similar
fluctuations (i.e. higher activity during the day and lower at 
night) were later shown in field pea (Wallace and Pate, 1965), 
rice seedlings (Shibata et al., 1969), Lolium (Bowerman and 
Goodman, 1971), soybean (Harper and Hageman, 1972), expanding 
leaves of various species (Steer, 1973; 1974), Capsicum annuum 
(Pearson and Steer, 1977), Lemna (Devi and Maheshwari, 1979), 
wheat, oat and barley (Lillo, 1984a; 1984b; Lillo and
Henrikson, 1984) and herbaceous species of woodland, woodland 
edge and open (ruderal) communities (Hipkin et al., 1984).
More recently, diurnal variations in NR activity have been 
observed in tobacco (Deng et al., 1989, 1990) and spinach
(Riens and Heldt, 1992).
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À few studies have examined the effects of light on woody 
plant development. An early study by Wareing (1956) examined 
photoperiodism in woody plants, and later Schaedle (1975) 
reviewed tree photosynthesis. A few other studies have 
examined the effects of different light qualities and 
intensities on growth of tree seedlings: oak (Jarvis, 1964; 
Axelsson et al., 1979) and peach (Erez and Kadman-Zahavi, 
1972). Other workers have looked at relationships between 
light and nitrogen metabolism in higher plants: Sinclair and 
Horie (1989) reviewed data that demonstrated a high 
correlation between leaf CO^ assimilation rate and leaf 
nitrogen content. Dickson (1987), noted diurnal cycling of 
nitrogen storage and utilization in cottonwood. More recently, 
Fredeen et al. (1991) studied effects of light quantity and 
quality on NR activity in Piper, and Tuohy et al. (1991) 
examined photosynthesis in relation to leaf nitrogen content 
in Zimbabwean trees. Friemann et al. (1992) investigated the 
light-dependent induction of NR and nitrite reductase 
activities in Betula pendula. Despite substantial research 
into diurnal variations in herbaceous species, little 
information is at present available regarding diurnal 
fluctuations with respect to nitrogen metabolism in woody 
plants. This dearth of information prompted the present 
investigation.

6.1.2 Energetic considerations of shoot and root assimilation 
of nitrate.
Energetic considerations suggest that leaf nitrate 
assimilation carries a lower energy cost than root
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assimilation (Sprent, 1980; Gutschick, 1981; Schrader and 
Thomas, 1981; Pate, 1983; Smirnoff and Stewart, 1985; Raven, 
1985; Raven et al., 1992). Nitrate reduction is energetically 
expensive; approximately 81% of the energy required to
synthesize protein is used for nitrate reduction and synthesis 
of the constituent amino acids (Johnson, 1990). In green 
organisms, nitrate reduction, nitrite reduction, and the
subsequent assimilation of ammonium into glutamate are 
essentially photosynthetic reactions since they use, either 
directly or indirectly, a high proportion of the total of the 
reducing power photogenerated in the chloroplast (Oaks et al., 
1980; Abrol et al., 1983; Wallsgrove et al., 1983b; Maldonado 
and Aparicio, 1987; Oaks et al., 1988). In leaf cells, the 
reductant and ATP for nitrate reduction can be generated 
directly by the light reactions of photosynthesis (Stewart et 
al., 1989). If photosynthesis is light-saturated, as is likely
for pioneer species, then there will be sufficient reductant
and ATP to support nitrate reduction and CO^ assimilation. 
Thus, in open environments where competition for nutrients and 
shading are minimal, leaf assimilation may predominate 
(Stewart et al., 1986). Results discussed in Chapter 3, and in 
previous studies of herbaceous and woody species (Stewart et 
al., 1987, 1988) support the idea that shoot nitrate reduction 
is a characteristic of pioneer species, of both temperate and 
tropical habitats.

Understorey plants and overstorey species early in their 
growth, inhabit situations where light is limiting. In such 
conditions, plants may gain little energetic advantage from
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leaf nitrate assimilation, since nitrate ions will compete 
with CO2 for photochemical energy (reductant and ATP; Canvin 
and Atkins, 1974). Thus the spatial separation of nitrate 
reduction in roots provides a mechanism which allows greater 
control over the use of limited light between the assimilatory 
reactions of carbon and nitrogen metabolisms (Smirnoff et al., 
1984; Stewart et al., 1989). Low foliar NR activities observed 
in climax species (Chapters 3, 4 and 5) could, thus, be
indicative of root-based nitrate assimilation.

Field studies were carried out to look at nitrate assimilation 
rates in open and shaded environments. Diurnal variation 
experiments were then performed on seedling trees to examine 
daily fluctuations in metabolites and enzyme activities.

6.2. Results and discussion

6.2.1 Field survey of foliar nitrate assimilation in mature 
trees from shaded and open environments.
6 .2.1.1 Experimental detail.
Leaf samples were collected in triplicate, (section 3.2), from 
climax overstorey species, understorey woody trees and shrubs, 
and woody pioneers, from closed (shaded) and gap (open) 
environments at Bencroft Wood, Boxhill and Tooting Graveney 
Common. Foliar NR activity was determined as described in 
Chapter 2. Experiments were performed during spring and summer 
of 1989, and repeated in spring/summer 1990.
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6 .2.1.2 Results and discussion.
The results of this survey are presented in Table 6.1. It can 
be seen clearly from this table that species growing in gaps 
tended to have higher NR activities than those occupying 
shaded situations. These results are in accordance with the 
earlier findings of Duke and Duke (1984) and Oaks et al. 
(1988). These workers found that levels of NR activity in 
higher plants were generally very low in darkness compared 
with those in the light.

Pioneers in open environments had approximately two- to three
fold greater foliar NR activities than those in shaded 
habitats. Climax species, however, showed only slightly higher 
activities at the open sites than at the shaded sites and in 
some cases (e.g. Quercus robur and Carpinus betulus at Tooting 
Graveney Common) foliar NR activity was greater in the shade. 
This response appears to be characteristic of climax species 
(Smirnoff and Stewart, 1985; Stewart et al., 1988) and would 
seem to place considerable restriction on the ability of 
climax species to compete effectively in more open and 
disturbed habitats.

6.2.2 Diurnal variation experiments.
6 .2.2.1 Experimental detail.
Diurnal variation studies were performed in August 1989, and 
repeated in August 1990. Plants were maintained under two 
different nitrogen regimes: nitrogen-fed and nitrogen-
starved. For nitrogen-fed diurnal experiments, potted 1 to 2 
year old seedlings of two pioneer species: Populus deltoides
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Table 6.1 Mean foliar NR activity of woody plants growing in 
closed (shaded) and gap (open) environments at Bencroft Wood, 
Boxhill and Tooting Graveney Common.

Site and Species Climax (C) 
or Pioneer (P)

Nitrate reductase activity
(pkat g"̂  f.wt.).

Closed Gap
Bencroft Wood
Betula pubescens P
Populus tremula P
Rabus fruticosus P
Sambucus nigra P
Carpinus betulus C
Fagus sylvatica C
Ilex aquifolium C
Quercus robur C

Overall pioneer mean 
Overall climax mean
Boxhill
Betula pubescens P
Rubus fruticosus P
Sambucus nigra P
Fagus sylvatica C
Ilex aquifolium C
Quercus robur C
Overall pioneer mean 
Overall climax mean

129* 496
213 333
60 157

462 713
61 75
35 65
75 226

1 0 1 80
216.00 424

6 8 . 0 0 1 1 1

165 243
75 229

145 717
83 107
91 145
23 6 8

128.33
65.67

396.33
106.67

Tooting Gravenev Common 
Betula pubescens P
Crataegus monogyna P
Hedera helix P
Rubus fruticosus P
Sambucus nigra P
Acer pseudoplatanus C
Carpinus betulus C
Fagus sylvatica C
Ilex aquifolium C
Quercus robur C

Overall pioneer mean 
Overall climax mean

274
44
38
47

133
29

129
73

158
122
107.20
102.20

311
76
58

173
621
108
51
83

185
81

247.80
101.60

Values represent the means of three replicates
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and Betula pendula; and two climax species: Quercus petraea 

and Fagus sylvatica were placed in an open situation outside 
( see Chapter 2 ). Plants were maintained with periodic watering 
of half-strength Long Ashton solution, either nitrogen-free 
(nitrogen starvation was for 8  weeks prior to the experiment) 
or containing nitrogen (KNO3, 2 mM; ( NH^ ) , 2 mM). In
addition, 24 h before the start of the experiment, a 6  mM KNO, 
solution was supplied to the nitrogen-fed plants.

Sunrise was at approximately 6  am, and sunset at approximately 
8  pm. Sampling began at 6  am and continued at 3 to 4 h 
intervals over a 24 h period. Measurements were made of foliar 
NR activity, soluble amino acid concentrations, total nitrogen 
and total phosphorus. Measurements of net photosynthetic rates 
and transpiration rates were made using a portable infra-red 
gas analysis system (Chapter 2).

6 .2.2.2 Results and discussion: NR activitv.
Leaf NR activity was detectable at all sampling times 
throughout the day, in all species studied. Greatest diurnal 
fluctuations were observed in foliar NR activity of the two 
nitrogen-fed pioneer species studied: Populus deltoïdes and 
Betula pendula (Figure 6.1a). NR was approximately two- to 
three-fold higher during the day than at night. This is 
consistent with findings of earlier diurnal studies (see e.g. 
Steer, 1973; 1974; Harris and Whittington, 1983; Hipkin et
al., 1984; Lillo and Henrikson, 1984; Campbell, 1987; Deng et 
al., 1989; 1990). In the present study, in both nitrogen-fed 
pioneer species, the enzyme activity increased during the
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Figure 6-1 Diurnal variations in foliar NR activity in 
four nitrogen-fed woody species. (a) Pioneer species: 
(0) Populus deltoïdes; (□) Betula pendula. (b) Climax 
species: ( a ) Quercus petraea; (O) Fagus sylvatica. Error 
bars show 95% confidence limits.
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morning, showed a peak at 2 pm (Populus) and 6  pm (Betula), 
and decreased as darkness fell. Daily peaks in NR activity 
corresponded with periods of maximum light availability (see 
Table 6.2). This suggests that light has an important role in 
stimulating NR activity.

Tcüale 6.2 Photosynthetic photon flux densities (PPFD) over the 
24 hour sample period.

Time____________PPFD fitmol m'̂  s~̂ )

07.00 135.4 ± 27.5*
11.00 295.1 ± 44.2
14.00 827.8 ± 76.3
17.30 624.8 ± 24.7
18.30 252.8 ± 13.1
20.30 1.1 ± 0.001
02.45 1.0 ± 0.000
06.30 111.4 ± 12.2

Values represent means of 10 measurements (±SE).

Results obtained in the open/shade field survey (Table 6.1) 
suggested that foliar NR activities of climax species would be 
little influenced by available light when compared with 
pioneer species. No clear diurnal fluctuations were observed 
in nitrogen-fed Quercus petraea and Fagus sylvatica with NR 
activity remaining more or less constant throughout the 
sampling period (Figure 6.1b). Also, the climax species were 
found to exhibit levels of foliar NR activity up to 80% lower 
than the pioneers (similarly Chapter 3, Table 3.4).

NR activities in nitrogen-starved pioneers (100 pkat g“̂ f.wt.) 
were 60-75% lower than in nitrogen-fed plants (Figure 6.2a). 
No diurnal variations in NR activities were observed in 
nitrogen-starved poplar plants. However, a two-fold increase
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Figure 6.2 Diurnal variations in foliar NR activity in 
four nitrogen-starved woody species, (a) Pioneer species: 
(0) Populus deltoïdes; (□) Betula pendula. (b) Climax 
species: ( a )  Quercus petraea; (O) Fagus sylvatica. Error 
bars show 95% confidence limits.
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in activity was observed in nitrogen-starved birch plants at 
approximately 2 pm (Figure 6.2a). Total nitrogen was 
significantly lower in leaves of nitrogen-starved plants than 
in nitrogen-fed plants (Table 6.3). No variations in leaf 
phosphorus content were observed between nitrogen-fed and 
nitrogen-starved plants (Table 6.3).

Table 6.3 Effects of nitrogen-feeding on mean leaf nitrogen 
content (mg g*̂  d.wt.) and leaf phosphorus content (mg g'̂  
d.wt.). (All leaves were collected at 6  am).
Species Nitrogen-starved Nitrogen-fed
__________________ Total N Total P_______ Total N Total P
P. deltoïdes 12.81(1.7)* 1.23(0.4) 39.61(6.7) 1.30(0.7)
B. pendula 11.72(1.1) 1.24(0.2) 36.21(7.4) 1.21(0.3)
Q. petraea 13.28(2.6) 1.35(0.1) 18.00(3.6) 1.35(0.06)
P. sylvatica 11.29(0.9) 1.18(0.08) 18.76(2.9) 1.26(0.09)
* Values represent means f±SD) of 10 replicates._____________

Figure 6 .2 b shows foliar NR activities of the two nitrogen- 
starved climax species (oak and beech) over the 24 h sampling 
period. A similar pattern to that of the nitrogen-fed plants 
was observed (Figure 6.1b), with NR activities between 25-50% 
lower than those measured in nitrogen-fed plants. The 
reduction in mean NR activity of the climax species in the 
absence of a nitrogen source, is much less than that observed 
in the nitrogen-starved pioneer species (see above).

It appears that at low levels of nitrogen supply, the climax 
species are better able to maintain their levels of foliar NR 
activity compared with the pioneers. This could be due to 
slower growth rates of climax species which make them less 
nitrogen-demanding, and perhaps, more capable of surviving in 
nitrogen-poor soils. Many previous studies have found that
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climax species often grow in areas where nitrification is very 
low, and ammonium is the main form of available nitrogen (Rice 
and Pancholy, 1972; 1973; 1974; Vitousek and Matson, 1985;
Lavoie at al., 1992).

Pioneers, however, are characteristic of forest margins and 
gaps where soil nitrification accelerates in the exposed soil, 
resulting in greater nitrate supply (Vitousek et al., 1979; 
Chandler, 1981; Stewart et ai., 1987; 1988; Jobidon et ai., 
1989a; 1989b). In a recent study, birch growth rates were
positively correlated with nitrogen supply (Koike and Sanada, 
1989). The present results for birch (and also for poplar) 
agree with the findings of these workers with the pioneers 
appearing to be more nitrogen-demanding than the climax 
species (cf Table 6.3).

6 .2.2.3 Net photosynthetic rate.
Diurnal variations in net photosynthetic rate were clearly 
seen in all the species examined under both nitrogen regimes 
(Figures 6 .3 and 6.4). The highest net photosynthetic rates 
were found in nitrogen-fed pioneer species {Populus, 4.71 ± 
0.352 /imol m"̂  s"̂ ; Betula, 4.69 ± 0.514 /imol m"̂  s‘̂ ; Figure 
6.3a). Maximum photosynthetic rates were lower in the 
nitrogen-fed climax species {Quercus, 3.408 ± 0.658 pmol m"= 
s"i; Fagus, 2.2 ± 0.476 /imol m"̂  s"̂ ; Figure 6.3b). The
nitrogen-starved pioneer species, despite very low NR activity 
(see Figure 6.2a), maintained relatively high net 
photosynthetic rates (Figure 6.4a). However, maximum levels of 
photosynthetic activity (A_.̂ ) were significantly lower
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Figure 6.3 Diurnal variations in net photosynthetic rate 
in four nitrogen-fed woody species, (a) Pioneer species: 
(0) Populus deltoïdes; (□) Betula pendula. (b) Climax 
species: ( a ) Quercus petraea; (O) Fagus sylvatica. Error 
bars show 95% confidence limits.
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(poplar, A..x=3.958 ± 0.229 jLtmol s~̂ , P<0.05; birch,
.170 ± 0.514 /Limol s"̂ , P<0.01). The climax species

similarly showed slightly lower photosynthetic rates in 
nitrogen-starved plants than in nitrogen-fed plants, with 
significant differences in of oak (oak, A.*x=1.492 ± 0.535 
/imol m"̂  s"i, P<0.001). Although A..̂  of nitrogen-starved beech 
was lower than Â x̂ of the nitrogen-fed plants, the decrease 
was found to be insignificant (beech, A..^=l. 8 8 6  ± 0.472 /xmol 
m-̂  s-1).

Previous studies have shown a close dependency between 
photosynthetic capacity and nitrogen content of leaves 
(DeJong, 1982; Field and Mooney, 1986; Ghashghaie and Saugier, 
1989; Koike and Sanada, 1989; Smolander and Oker-Blom, 1989; 
Tuohy at al., 1991). Nitrate and light are necessary for 
maximal development of NR activity in leaves (Beevers and 
Hageman, 1969; 1980). The effects of light on activity of NR 
in plants are complex (Hipkin et al., 1984). The quantity of 
photosynthetically active radiation available to a population 
will determine the supply of fixed carbon and hence the 
synthesis and turnover of enzymes such as NR (Kannangara and 
Woolhouse, 1967; Aslam et al., 1973). In the present study, 
the diurnal peaks in NR activity of the pioneer species birch 
and poplar corresponded with high levels of PPFD (Figure 6.1a; 
Table 6.2). In birch, the peak in net photosynthetic rate (2 
pm) preceded the peak in NR activity ( 6  pm). The high rate of 
net photosynthesis may be limiting the supply of reducing 
equivalents necessary for nitrate reduction (Aslam et ai., 
1979). As the photosynthetic rate decreases, NR activity of
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Figure 6.4 Diurnal variations in net photosynthetic rate 
in four nitrogen-starved woody species, (a) Pioneer 
species: (0) Populus deltoïdes; (□) Betula pendula.
(b) Climax species: ( a )  Quercus petraea; (O) Fagus
sylvatica. Error bars show 95% confidence limits.
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the birch plants reaches a peak. It appears that the 
competition between COg and nitrate for photochemical energy 
is reduced, and NR activity is able to proceed at a maximum 
rate (Smirnoff and Stewart, 1985).

Leaves may be able to increase the capacity of the light 
reactions of photosynthesis in response to increased nitrate 
supply (Smirnoff and Stewart, 1985). This would lead to an 
increase in the amount of photochemical energy available, in 
effect, decreasing competition between nitrate and CO^ for 
this energy. Experiments by Marques et al. (1983) and 
Smolander and Oker-Blom (1989) suggest the possibility of this 
response in Phaseolus vulgaris seedlings and pine needles 
respectively. It is possible that such a mechanism could exist 
in the pioneer species poplar. Nitrogen-fed poplar were shown 
to have significantly higher (P<0.05) maximum rates of 
photosynthesis (4.71 ± 0.352 /nmol m"̂  s"̂ ) than nitrogen-starved 
plants (3.958 ± 0.229 /imol m"̂  s"̂ ). It appears that nitrogen 
supply is directly influencing photosynthetic rate. Further, 
it was found that, in nitrogen-fed plants, NR activity and 
photosynthetic rate peaked at the same time of the photoperiod 
(2 pm). This may be the result of an increased supply of 
photochemical energy, generated as a result of high nitrogen 
supply providing sufficient energy for NR activity and CO2  

assimilation to proceed at maximum rates (Marques et al., 
1983, Smirnoff and Stewart, 1985). Further, if this mechanism 
was in operation, the peak rates of photosynthesis and NR 
activity would be likely to occur in the middle of the 
photoperiod, when light intensity and nitrogen uptake were at
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maximum levels (Hipkin et al., 1984). This, indeed, was the 
case in nitrogen-fed poplar.

It is clear from Figures 6 .3 and 6 .4 that net photosynthetic 
rates of pioneers exceed those of climax species. Beech and 
oak seem to be incapable of the higher photosynthetic rates of 
poplar and birch, even when placed in unshaded, competition- 
free environments (Figure 6.3). This could reflect the 
differences in the growth strategies of pioneer and climax 
species. Pioneers are first colonizers of disturbed ground. 
Such species, which grow under high light intensities in their 
native habitats, have light-adapted foliage (Schaedle 1975) 
with a high capacity for photosynthesis at a saturating light 
intensity. However, at low light intensities, pioneers have 
been found to show lower rates of net photosynthesis than 
shade plants (Rabinowitch, 1945; Bohning and Burnside, 1956; 
Boardman, 1977). Conversely, climax species have shade-adapted 
foliage, since they usually need to establish under a canopy, 
eventually developing to become the dominant forest species 
(Boardman, 1977). It is known that plants which occupy shaded 
habitats are incapable of very high photosynthetic rates, but 
they can perform efficiently at lower light intensities.

Light response curves for nitrogen-fed plants of Betula and 
Quercus show that the pioneers reached light saturation at 
approximately 600 /imol m"̂  s"̂ , whereas the climax species 
reached light saturation at a slightly lower photon flux 
density (Figure 6.5). The light compensation point (light 
intensity at which the rate of CO^ release is equal to COg
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Figure 6.5 Photosynthetic light response curves for nitrogen- 
fed (■) Betula pendula and (+) Quercus petraea.
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uptake) is lower in the climax species than in the pioneers 
(in agreement with Bjorkman, 1968; Bjorkman and Ludlow, 1972). 
Characteristically, shade-adapted foliage of trees usually has 
a much lower compensation point than light-adapted foliage, 
reflecting the ability of climax species to maintain good 
photosynthetic rates at low light intensities (Heath, 1969; 
Schaedle, 1975, and references therein). The present findings 
appear to agree with the results of these workers.

6 .2.2.4 Transpiration rate.
The flushing action of the transpiration stream releasing 
solutes to the shoot, may accentuate variations in the supply 
of inorganic nitrogen from root to shoot (Pate, 1980). 
Transpiration rates were measured in nitrogen-fed plants. In 
the pioneers birch and poplar, transpiration rates (Figure 
6 .6 a) followed a similar pattern to photosynthetic rates 
(Figure 6.3a) and were observed to reach a maximum 
approximately two hours before the peak in NR activity (Figure 
6.1a). The transpiration rate of the climax species oak 
reached a maximum level at 2 pm (Figure 6 .6 b). However, unlike 
the pioneer species studied, no peak in NR activity was 
observed. In poplar, birch and oak, transpiration rates were 
significantly lower in the dark period. Beech had highly 
variable transpiration rates which were lower (but not 
significantly), than those found in the light. Maximum 
transpiration rates of beech, found during daylight, did not 
appear to influence NR activity in the leaves.

It has been shown previously that increases in external
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Figure 6 . 6  Diurnal variations in transpiration rates of 
four nitrogen-fed woody species, (a) Pioneer species:
(0) Populus deltoïdes; (□) Betula pendula. (b) Climax 
species: ( a )  Quercus petraea; (O) Fagus sylvatica. Error 
bars show 95% confidence limits.
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nitrate supply result in increases of NR activity in leaves 
(see e.g. Shaner and Boyer, 1976). Since nitrate may be 
required to stabilize leaf NR activity (Tischler et al., 

1978), daily changes in the flux of nitrate from root to shoot 
may play an important role in the regulation of oscillations 
in leaf NR activity. Experiments here, showed that a peak in 
transpiration rate in both pioneer species studied was 
followed, after a lag period, by the peak in NR activity. The 
diurnal pattern of transpiration rate could ensure a high flux 
of nitrate to the leaves in the middle of the photoperiod. The 
high level of substrate thus provided to the leaves could 
account for the maximal induction of NR activity observed just 
following peak rates of transpiration. These findings are in 
agreement with earlier findings in herbaceous ruderals (Hipkin 
et al., 1984).

Other evidence suggests the importance of light intensity on 
both the transpiration stream and nitrogen metabolism. A study 
by Gastal and Saugier (1989) found that, in most cases, an 
increase of photon flux density led to increases in 
transpiration, net daily carbon assimilation, and nitrogen 
uptake in tall fescue. Bobay and Saugier (1989) found that 
transpiration was approximately equal to sap flow in chestnut 
coppices, and that sap flow increased as net radiation 
increased. Riens and Heldt (1992) concluded that nitrate 
transferred to spinach leaves by the transpiration stream had 
to be utilized there, since nitrate is not transported in the 
phloem (Ziegler, 1975; Lea and Miflin, 1980). Utilization of 
nitrate would lead to an increase in NR activity. Such
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evidence is consistent with the present findings in pioneer 
species. In birch and poplar, increasing PPFD (Table 6.2) 
appeared to lead to increases in transpiration, net daily 
carbon assimilation, and NR activity. However, a different 
pattern was observed in climax species.

Transpiration and CO2 assimilation in the climax species 
reached their highest rates between 1 0  am and 2  pm, when light 
intensity was high (Table 6.2; Figure 6 .6 b). However, no 
increases in NR activities were observed (Figure 6.1b). The 
lack of a foliar NR activity peak in the climax species 
studied, could be indicative of the absence of nitrate 
transport from root to shoot. Many studies have shown that 
nitrate is rarely transported from root to shoot in the xylem 
sap of climax species (Pate, 1980; Dickson, 1989; Martin and 
Ben Driss Amraoui, 1989). Such species tend to assimilate 
nitrate in their root systems, and transport nitrogen in the 
form of organic nitrogen compounds such as the amides, 
asparagine and glutamine. The amino acid pools of pioneer and 
climax species were subsequently investigated.

6 .2.2.5 Amino acid pools.
Diurnal variations in the pool of total soluble amino acids 
were measured in the nitrogen-fed (Figure 6.7) and the 
nitrogen-starved plants (Table 6.4). The concentration of 
amino acids in leaves of nitrogen-fed Betula, started to 
increase in the morning, reaching a maximum at 6  pm, after 
which time the pool began to decrease (Figure 6.7a). This peak 
corresponded to the diurnal maximum in NR activity, and
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Figure 6.7 Diurnal variations in amino acid pools in nitrogen- 
fed woody plants, (a) Betula pendula, (b) Populus deltoïdes,
(c) Fagus sylvatica, (d) Quercus petraea.
(O) Total pool; (0) Alanine; (x) Asparagine; (+) GABA;
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followed peaks in PPFD (Table 6.2), photosynthesis (Figure 
6.3a) and transpiration rate (Figure 6 .6 a).

Table 6.4 Mean (±SE) total soluble amino acid concentration in 
the leaves of plants from the nitrogen-starved study. Values 
represent the means of analyses from 5 replicate plants per 
species, at seven times throughout the day.
Species Total amino acid pool
___________________________nmol q~̂  f.wt._________________________
Populus deltoïdes 1629.43 ± 157
Betula pendula 2339.00 ± 263
Quercus petraea 2226.54 ± 480
Fagus sylvatica 1722.57 ± 432

These findings are in agreement with earlier diurnal variation 
studies of amino acid pools in various herbaceous species 
(Noguchi and Tamaki, 1962; Berner, 1971; Steer, 1973). Diurnal 
changes in the activity of glutamine synthetase, NR and 
alanine amino-transferase with a maximum at the middle of the 
photoperiod have also been found in some species (Lillo, 
1984a). Changes such as these may restrict the majority of 
daily nitrate assimilation to the midday period, when light 
intensity is highest (Smirnoff and Stewart, 1985).

In nitrogen-fed poplar plants, maximum amino acid levels were 
reached early in the photoperiod, and fell as light intensity 
decreased (Table 6.2; Figure 6.7b). Although the concentration 
of the total soluble pool of amino acids is clearly raised 
during the light period, a definite peak in amino acid level 
was not as obvious in poplar as it was in birch (Figure 6.7a). 
Also, no definite peaks in transpiration rate (Figure 6 .6 a) or 
net photosynthetic rate were found in poplar (Figure 6.3a). 
The reason for this was not resolved, but it is possible that
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poplar is more photosynthetically efficient than birch, and 
is, therefore, more able to utilize the lower photon flux 
densities of the early morning and late afternoon (Table 6.2).

The incorporation of nitrate into amino acids, using carbon 
skeletons from photosynthetically fixed carbon, may account 
for the elevated concentrations of amino acids observed in the 
nitrogen-fed birch and poplar during the photoperiod. Light is 
essential for the assimilation of nitrate into amino acids 
(Klepper et ai., 1971). Ammonium incorporation into amino 
acids was shown to be five times greater in light than dark 
(Klepper et ai., 1971; Canvin and Atkins, 1974). Amino acids 
are significant 'photosynthetic' products with the 
chloroplasts being the major site of amino acid biosynthesis 
in the leaf (Wallsgrove et ai., 1983a; 1983b). Therefore, the 
maximal levels of NR activity, measured in the middle of the 
photoperiod, could reflect an increased availability of 
reduced nitrogen for amino acid synthesis in the leaves of 
these pioneer species.

It is also possible that the midday increase in total amino 
acids in the leaves of the two nitrogen-fed pioneer species, 
is a result of increased organic nitrogen-transport into the 
leaves via the xylem sap, suggesting some root assimilation. 
Glutamate and alanine, the two major constituents of the amino 
acid pools of the pioneer species studied, are of key 
importance in growth and development since they can donate or 
transfer their nitrogen to precursors of nucleic acids and 
proteins (Durzan and Steward, 1983; Anderson and Beardall,
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1991). The glutamate pool showed diurnal variations in both 
pioneer species, with its highest concentration following 
maximal transpiration rates (Figure 6.7a,b). Vogelmann et al. 
(1985) found that glutamate in Populus deltoïdes moved with 
the xylem sap into leaves, where it was either metabolized or 
loaded into the phloem for retranslocation. Glutamate has also 
been found in the xylem sap of Betula (Margolis and Vézina, 
1988). Other studies have suggested that import of glutamate 
into leaves via transpiration during the day occurs at a 
faster rate than export via translocation (Hocking et al., 
1978). Therefore, in the present study, it is possible that 
increased glutamate concentrations following peaks in 
transpiration rates indicate increased movement of this 
compound in the sap flow prior to phloem retranslocation. 
Glutamate may be of more importance as a transport compound 
than the amides when nitrate, rather than ammonium, is the 
dominant form of available nitrogen (Ivanko and Ingversen, 
1971). The high concentrations of glutamate observed in 
nitrogen-fed pioneer species are interesting since the plants 
were fed additional nitrate 24 hours prior to the start of the 
experiment.

Alanine was the other major constituent of the leaf amino acid 
pool of the two pioneer species. Vogelmann et al. (1985) found 
that alanine was taken up and retained in stems of Populus 
deltoïdes, with little transport to either phloem or 
developing leaves. These findings suggest that alanine would 
not be present in poplar leaves as a result of increased sap 
flow. Therefore, it seems more likely that the high

169



concentration of alanine observed in the poplar leaves is a 
product of leaf-based nitrogen assimilation. This is 
consistent with the earlier findings of Hatch and Slack (1970) 
who observed that alanine was relatively rapidly formed from 

fixation in leaves of C3 plants.

Nitrogen-fed climax species also showed diurnal variations in 
amino acid pools. Beech showed a similar pattern to that of 
birch and poplar, with the maximal pool size during the 
photoperiod at 2 pm. This pool then decreased to very low 
levels during the dark period (Figure 6.7c). Beech expressed 
no peaks in NR activity (Figure 6.1b). Therefore, the peak in 
amino acid concentration does not seem to be a result of leaf- 
based nitrate assimilation. In beech, GABA, alanine, serine 
and glutamate were the dominant amino acids (Figure 6.7c). 
High concentrations of GABA have been associated with stress 
(Stewart and Larher, 1980). Since nitrogen supply, water and 
temperature were not limiting, it seems unlikely that the 
beech plants should be under any stress. Interestingly, 
however, in open/shade seedling experiments (Chapter 7) it was 
observed that beech seedlings grown at high light had 
significantly higher concentrations of GABA than shade-grown 
seedlings. This perhaps suggests that an accumulation of GABA 
is a result of high light availability. In this diurnal study, 
GABA peaked when light intensity was at a maximum. It has been 
shown that beech is incapable of high photosynthetic rates, 
even when light is not limiting (Figures 6.3 and 6.4), and has 
little ability to compete effectively in more open habitats 
(section 6.3.1). These results seem to suggest that this
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climax species would be stressed under high light, possibly 
accumulating GABA as a result. A recent study found that jack 
pine seedlings accumulated GABA and had reduced growth rates 
in response to nitrate feeding rather than ammonium-nitrogen 
feeding (Lavoie et al., 1992). Beech has also been found to 
prefer ammonium-nitrogen as a source of nitrogen (Martin and 
Ben Driss Amraoui, 1989). In the present study, ammonium and 
nitrate were supplied together to the plants. However, it is 
possible that the addition of 6  mM KNO 3 , 24 h before the 
start of the experiment, may have caused GABA to accumulate in 
the beech leaves.

Berner (1971) pointed out that differences in the diurnal 
timing of maximal amino acid pools are possible. The amino 
acid pool of oak had a maxima in the dark period, and minimal 
levels from 6  am to 2 pm (Figure 6.7d). A similar pattern was 
observed by Carr and Pate (1967) in an early diurnal study of 
Pisum arvense. In nitrogen-fed oak leaves (Figure 6 .7d), the 
main constituents of the amino acid pool at 6  pm, when it 
reached its maximum, were glutamine (61.17%) and asparagine 
(21.97%). Since no peak of foliar NR activity occurred in oak, 
these amides do not appear to be the result of leaf-based 
nitrate assimilation. It is more likely that glutamine and 
asparagine have been utilized by the oak plants as the main 
nitrogen-transporting compounds. Glutamine and asparagine are 
major transport compounds in trees and many other plants, and 
move readily in both xylem and phloem (Bollard, 1958; Pate, 
1980; Dickson at al., 1985, Schubert, 1986). Increased 
transpiration rates during the day could help to ensure the
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movement of these amino acids from roots to leaves, resulting 
in high levels of these amino acids by the end of the 
photoperiod. When the plants stopped photosynthesizing during 
the dark period (Figure 6.3b), glutamine concentration 
declined. This suggests dark incorporation of glutamine when 
photosynthesis was no longer demanding energy. Although 
similar in many ways (Chapter 4) oak and beech may not be 
representative of climax species as a whole, which could 
explain the differences found between them here. The inclusion 
of more species in this study would perhaps have highlighted 
any trends more clearly.

Mean total soluble amino acid pools were significantly lower 
in nitrogen-starved pioneer and climax species than in 
nitrogen-fed plants (Table 6.4; Figure 6.7). Diurnal 
variations in the amino acid pools were not observed in any of 
the nitrogen-starved plants. The concentration of the total 
pools either remained more-or-less constant throughout the 
experiment (Betula pendula, Populus deltoïdes), or decreased 
slightly from the beginning of the experiment to the end 
(Fagus sylvatica, Quercus petraea). Decreasing pools may 
indicate that, in the absence of an external nitrogen source, 
nitrogen reserves are being used up in these species. The 
greatly reduced pools, and the lack of diurnal variations, 
lead to the conclusion that nitrogen supply, rather than light 
intensity, is the more important factor controlling the 
concentrations of, and diurnal variations in, soluble amino 
acids.
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6.2.2.6 Conclusion.
The growth of plants may be more limited by competition for 
nutrients than by any other factor (Shaver and Chapin, 1980; 
Shaver, 1981; Schulze, 1982; Smirnoff and Stewart, 1985). 
These results suggest that in the leaf a tight coupling exists 
between NR activity and nitrogen supply in pioneer species, 
with high levels of induction of foliar NR activity in 
nitrogen-fed plants. However, only a loose coupling was 
apparent in leaves of climax species, with little induction of 
NR in nitrogen-fed plants. Transpiration rates of nitrogen-fed 
pioneer species appear to strongly influence induction of NR 
activity, possibly by (a) controlling nitrogen uptake, and/or 
(b) controlling the movement of nitrate, via the xylem sap, to 
the leaves.

Diurnal variations in net photosynthetic rate in Betula 

pendula appear to indicate that a decrease in photosynthesis 
in the afternoon leads to a reduction in the competition 
between CO^ and nitrate for photochemical energy. It appears 
that the increase in reducing equivalents allows nitrate 
reduction to proceed at maximum rates in birch, while light 
intensity is still high. In the other pioneer species 
examined, however, a different sort of control mechanism 
appears to operate. The leaves of Populus deltoïdes may be 
able to increase the capacity of the light reactions of 
photosynthesis in response to increased nitrate supply 
(Smirnoff and Stewart, 1985).

Despite high levels of nitrogen feeding in this diurnal study,
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only low rates of nitrate reduction were detected in the 
leaves of the climax species. The low levels of activity 
prevailed in the climax species despite the fact that 
transpiration and photosynthesis were proceeding at relatively 
high levels. Induction of activity was not observed even when 
conditions were considered to be optimal (high nitrogen 
supply, high light, ample watering). The activity of leaf NR 
is dependent on the ability of transported nitrate to induce 
activity (Smirnoff and Stewart, 1985). It has been observed 
that species with a limited potential for leaf NR induction 
tend to translocate very little nitrate in the xylem sap 
(Beevers and Hageman, 1969; Smirnoff et al., 1984). Results of 
the present study suggest that the climax species may be 
assimilating nitrate in their root systems, and translocating 
nitrogen compounds such as glutamine and asparagine to the 
leaves (as appeared to be the case in Quercus petraea). 

Alternatively, the climax species may be utilizing other 
nitrogen sources, such as ammonium (Martin and Ben Driss 
Amraoui, 1989; Chapter 8 ).
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CHAPTER 7 ; Effects of light and shade on the allocation of 
nitrate metabolism,
7.1 Introduction
In Chapter 6 , it was found that foliar NR of pioneers was 
induced in response to high nitrogen supply and high light. 
Climax species, however, appeared to have a preference for 
root nitrate assimilation (indicated by low leaf nitrate 
reduction, and the presence of certain amino acids). This 
indicated that the leaf may not always be the most important 
site for nitrate reduction. This prompted the following 
seedling trials which were performed in an attempt to clarify 
the roles of light and shade on the allocation of nitrate 
metabolism.

7.1.1 Distribution of nitrate reduction between roots and 
shoots is a characteristic of the species.
The partitioning of nitrate assimilation between root and 
shoot of higher plant species is indicated by the relative 
proportions of total plant NR activity in the two plant parts 
and the relative concentrations of nitrate and reduced 
nitrogen in the xylem sap (Andrews, 1986a). Many studies have 
examined the partitioning of nitrate assimilation between 
roots and shoots: (Bollard, 1956, 1957, 1960; Wallace and
Pate, 1967; Pate, 1972, 1980, 1983; Stewart et ai., 1973;
1974; 1986;1987;1988;1992; Lee and Stewart, 1978; Deane-
Drummond et ai., 1979; Chandler, 1981; Martin et ai., 
1981;1986; Lewis et ai., 1982b; Andrews, 1986a; Gebauer et 
ai., 1988; Agüera et ai., 1990; Caba et ai., 1990; Pate and 
Layzell, 1990; Oaks, 1992; Stadler and Gebauer, 1992). Other
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workers have examined xylem sap nitrogenous compounds (e.g. 
Ivanko and Ingversen, 1971; Lorenz, 1976; Kirkman and Miflin, 
1979; Pate, 1980; Durzan and Steward, 1983; Ferguson et al., 
1983; Suzuki and Kohno, 1983; Andrews, 1986b; Martin and Ben 
Driss Amraoui, 1989). In addition, much data is available on 
leaf NR activity per g f.wt. for species growing under natural 
or semi-natural conditions where it is more difficult to
quantify root NR activity and to obtain xylem sap.

Following the work of Pate and others, three groups of plants 
have been recognized on the basis of the contribution to 
nitrate reduction made by roots:

(1) Species in which the ROOT is the major site of
nitrate reduction with little or no nitrate present in
xylem sap;
(2) Species exhibiting the capacity for both ROOT and 
SHOOT nitrate reduction, in which nitrate ions as well as 
reduced forms of nitrogen are present in the xylem sap;
(3) Species where little or no nitrate reduction occurs 
in the roots, the SHOOT being the major site of nitrate 
reduction.

Andrews (1986a) suggested that temperate perennial species are 
predominantly root nitrate assimilators whereas tropical 
perennial species are predominantly leaf assimilators. 
However, in recent studies of inorganic nitrogen assimilation 
in Australian rainforest (Stewart at al., 1988) and open-
forest plants (Stewart et al., 1990) it was found that while 
pioneer or colonizing tree species did exhibit a large
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capacity to assimilate nitrate ions in their leaves, under
and overstorey species had low levels of foliar NR and showed 
little capacity to utilize nitrate even when nitrate ions were 
readily available. The results presented in Chapters 3, 5 and 
6 , of NR activity in perennial woody climax and pioneer 
species agree with these findings.

A comparative study by Fredeen et al. (1991) of six rainforest 
species of Piper showed that while gap species had higher 
levels of, and a greater capacity to, induce NR than those of 
shade, none of them had any marked capacity to reduce nitrate 
in their roots. Leaf NR activity was, however, strongly 
correlated with average daily photosynthetically active photon 
flux, and photosynthetic photon flux density had a greater 
effect on NR activity than soil nitrate availability.

7.1.2 Woody species exhibit differences in their capacity to 
utilize nitrate and ammonium ions.
Ammonium is the most reduced form of nitrogen, while nitrate 
is the most oxidized; therefore, absorption of these ions is 
affected differently by pH, temperature, ion composition of 
the soil solution, carbohydrate supply in the roots and many 
other factors (Rice and Pancholy, 1972; Dickson, 1989). The 
absorption and utilization of ammonium versus nitrate has 
important ecological and energetic implications. The 
functioning, location, carbon costs and energetics of the NR 
system have been the focus of many studies in crop plants and 
weeds (Smirnoff and Stewart, 1985; Andrews, 1986a; Rufty and 
Volk, 1986; Mackown, 1987). A few studies have focused on
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woody species: fruit trees (Titus and Kang, 1982; Kato, 1986) 
and in forest trees (Blacquiere and Troelstra, 1986; Wingsle 
et al., 1987; Margolis et al., 1988; Friemann at al., 1992). 
However, basic information in these areas is severely lacking 
for forest trees (Dickson, 1989).

Woody species exhibit differences in their capacities to
utilize nitrate and ammonium ions (e.g. see Gigon and Rorison, 
1972; Haynes and Goh, 1978; Chandler, 1981; Ullrich, 1987;
Vézina et al., 1992). These differences relate in part at
least to the prevalent form of available nitrogen. The
assimilation of ammonium and nitrate ions carries different 
potential costs with respect to energy and water requirements, 
with ammonium ions being the more cost-effective nitrogen
source (Hageman, 1980; Raven, 1985). For example, a study of 
marine phytoplankton, grown in culture on either nitrate or 
ammonium, at different photon flux densities suggested that 
use of ammonium rather than nitrate was more beneficial at 
limited light levels (Thompson et al., 1989). Such differences 
in cost effectiveness of nitrate and ammonium ions may be
important with respect to the growth of understorey shrubs in
light- and water-limited environments, particularly since 
these species have high maintenance costs. The labeling
experiments discussed in Chapter 8  highlight the importance of 
nitrate ions to pioneer species, and the preference that 
climax species appear to have for ammonium ions.

7.2 Experimental detail.
2  m plots containing germinating seeds were marked out in open
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and shaded environments at Boxhill in the spring of 1990. The 
canopy over the shaded sites was fully developed, and 
germinating seedlings were growing in dense shade. Acer 

pseudoplatanus and Fagus sylvatica seeds within the plots were 
gently lifted from the surface. Seeds with up to 3 mm of root 
growth were replaced in the plots, and all other seedlings 
were discarded. The germinated seeds remaining in the plots 
were assumed to be of a similar age due to their similar stage 
of development. In the case of Betula pendula, all B. pendula 
seedlings with over 2 0  mm shoot growth were removed from 
marked 2 m plots in both open and shaded environments. For the 
purposes of this study, the Betula seedlings remaining in the 
plots were assumed to be of a similar age due to their similar 
stage of development.

Seedlings were collected from the understorey (shade) and gap 
(open) plots at intervals after plot establishment. On each 
sampling date a minimum of 5, and a maximum of 12 replicate 
plants were collected. Root, stem, cotyledon and leaf material 
were harvested on each occasion. The tissues were washed and 
blotted dry. Fresh weights of all organs were determined. The 
different tissues were then amalgamated to give enough 
material for analysis of NR activity, total nitrogen and total 
phosphorus. Soluble amino acid pools were also analysed.

Calculating shoot:root NR activity ratios.
Since complete seedlings were harvested, and both fresh 
weights and NR activities (pkat g~̂  f.wt) were known for each
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of the different organs, it was possible to calculate shoot to 
root NR ratios on an organ basis. The following calculation 
was performed for each organ to give NR activity per organ:

f.wt * nitrate reductase activity = nitrate reductase activity 
(g) (pkat g“̂ f.wt) (pkat organ"^)

The NR activities (pkat organ"^) for leaf, cotyledon and stem 
were added together to give a total value for shoot NR 
activity. This total shoot value was then divided by the NR 
activity calculated for root tissue, to give a shoot to root 
NR activity ratio.

7.3 Results and discussion.
7.3.1 Acer pseudoplatanus,
Description of Acer pseudoplatanus growth categories:
The understorey and gap plots were established on 21st 
February, 1990. Seedlings were collected on five occasions, at 
two week intervals. Throughout the text, seedlings collected 
on the first, second, third, fourth and fifth sampling dates 
are referred to as growth categories 1 to 5 respectively. A 
brief description of the appearance of seedlings follows: 
Category 1: Earliest developmental stage, collected 7th

March, 1990. Cotyledons present but no leaves. 
Single root with no fine roots.

Category 2: Collected 21st March, 1990. First leaves just
emerging. Root elongating.

Category 3: Collected 4th April, 1990. First leaves
opening and expanding. Fine side root buds
appearing on main root.
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Category 4: Collected 18th April, 1990. First leaves 90%
expanded. Stem beginning to extend. Fine roots 
in early stage of extension.

Category 5: Collected 2nd May, 1990. First leaves fully
expanded. Cotyledons showing signs of 
senescence. Stems extending and roots becoming 
branched and elongated.

Biomass distribution in Acer pseudoplatcmus,
Biomass distribution between organs of Acer pseudoplatanus 

seedlings from open and shaded environments was investigated 
(Figure 7.1; Table 7.1). At the earliest harvest (category 1), 
sycamore seedlings growing in shade had significantly greater 
(P<0.01) total fresh weights than those growing in the open 
(0.4173 ± 0.020 and 0.230 ± 0.004 g for shade and open plants 
respectively). However, as the seedlings developed, an 
increase in the fresh weight, predominantly of leaf tissue, of 
plants from the open site, resulted in significantly greater 
(P<0.001) total fresh weights in category 5 seedlings than for 
those of shaded situations (Table 7.1; Figure 7.1).

As fresh weights of the first leaves of seedlings from open 
environments began to increase, the cotyledons began to 
senesce and the biomass fell from 0.292 g in category 2 (64.0% 
of total biomass of seedling) to 0.1879 ± 0.064 g (25.5%) in 
category 5 (Figure 7.1; Table 7.1).

The pattern was less obvious in shade-grown plants where
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Figure 7.1 Distribution of fresh weight between 
different organs of Acer pseudoplatanus seedlings, 
growing in (a) open, and (b) shaded, environments.
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Table 7.1 Mean biomass and percentage total biomass of 
different organs of Acer pseudoplatanus seedlings, from shaded 
and open environments.

Growth Tissue 
Category

Biomass 
(g f.wt)

Percentage 
of total biomass

Shade Open Shade ODen
1 Root

Stem
Cotyledon

0.0825*c
0.1226b
0 .2 1 2 2 a

0.0300d
0.0596c
0.1404b

19.8 
29.4
50.8

13.0 
25.9
61.1

Total 0.4173b 0.2300c 1 0 0 . 0 1 0 0 . 0

2 Root
Stem
Cotyledon
Leaf

0.0936c
0.1326
0.2357a
0.0119c

0.0510d
0 . 1 0 1 0

0.2920b
0 .1 2 0 0 d

19.8 
28.0
49.8 
2.5

1 1 . 2

2 2 . 2

64.0
2 . 6

Total 0.4739 0.4560 1 0 0 . 0 1 0 0 . 0

3 Root
Stem
Cotyledon
Leaf

0.0789c
0.1450
0.2636a
0.0129c

0.0495d
0.1136
0.2174b
0.0762d

15.8
29.0
52.7

2 . 6

1 0 . 8

24.9
47.6
16.7

Total 0.5004 0.4567 1 0 0 . 0 1 0 0 . 0

4 Root
Stem
Cotyledon
Leaf

0.1087
0.1137a
0.2382b
0.0582c

0.0938
0.1753b
0.1834c
0.1127d

2 1 . 0

2 2 . 0

45.9
1 1 . 2

16.6
31.0
32.5
19.9

Total 0.5188b 0.5652c 1 0 0 . 0 1 0 0 . 0

5 Root
Stem
Cotyledon
Leaf

0.0926
0.1158a
0.1612
0.1662c

0.1145
0.1595b
0.1879
0.2743d

17.3
2 1 . 6

30.1
31.0

15.6
21.7 
25.5 
37.3

Total 0.5358c 0.7362d 1 0 0 . 0 1 0 0 . 0

♦Values represent means of 5 - 12 replicate plants. Pooled S]
— 0 .021.
Values in the same row having different letters are 
significantly different:
a is significantly different from b (P<0.05)
b is significantly different from c (P<0.01)
c is significantly different from d (P<0.001)
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cotyledons maintained a more constant weight during the 
development of the first leaves. In the shade, cotyledon 
biomass fell from 0.2357 g (49% of total biomass) in category 
2 to 0.1612 g (30.1%) by category 5 (Figure 7.1; Table 7.1), 
a reduction of 0.074 g compared to 0.104 g in the open. In the 
shade, leaves did not begin to show significant increases in 
biomass until growth category 4 (Table 7.1).

Stem biomasses were significantly greater in open seedlings of 
categories 4 and 5 than in the shade (P<0.05; Figure 7.1; 
Table 7.1). Root biomasses of shade-grown plants were 
significantly greater than the open plants in the first, 
second and third growth categories. However, by categories 4 
and 5, root biomasses were no longer significantly different 
in shade or open plants.

NR activity and free soluble amino acid concentrations in Acer 
pseudoplatanus

In shaded plants, NR activity was predominantly located in the 
roots (Table 7.2; Figure 7.2b). In growth category 5, 35%
(72.8 pkat g"̂  f.wt) of total NR activity was located in roots 
of shade-grown plants compared with only 12% (41.4 pkat g"̂  

f.wt) in roots of open plants. Conversely, leaf NR activity 
represented 55.8% (192.2 pkat g"̂  f.wt) of total NR activity 
in category 5 open plants compared with only 28.3% (58.9 pkat 
g~̂  f.wt) in shade plants (Figure 7.2; Table 7.2). Mean NR 
activities for whole seedlings (category 5) were 344.4 and
208.1 pkat g“̂ f.wt. for open and shaded environments 
respectively. These rates of nitrate reduction are
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Table 7.2 NR activity and percentage distribution of NR 
activity in different organs of Acer pseudoplatanus seedlings, 
growing in shaded and open environments.

Growth Tissue 
Category

Nitrate reductase 
activity

Percentage nitrate 
reductase activity

(pkat g-i 
Shade

fwt)
open Shade Open

1 Root 59.2* 64.7 41.2 52.4
Stem 27.7 23.3 19.3 18.9
Cotyledon 56.7 35.6 39.5 28.7
Total 143.6 123.6 1 0 0 . 0 1 0 0 . 0

2 Root 41.1 42.5 27.5 23.9
Stem 23.5 2 2 . 8 15.7 1 2 . 8

Cotyledon 47.2 51.4 31.6 28.9
Leaf 37.8c 61. 4d 25.2 34.5
Total 149.6a 178.1b 1 0 0 . 0 1 0 0 . 0

3 Root 89.20 32. 2d 44.6 11.5
stem 25.0 26.1 12.5 9.4
Cotyledon 46. 4c 118.Id 23.2 42.8
Leaf 39.40 1 0 2 .8 d 19.7 36.8
Total 2 0 0 .Go 279.2d 1 0 0 . 0 1 0 0 . 0

4 Root 77.80 27. 8 d 35.1 1 1 . 2

Stem 46.1a 24.9b 2 0 . 8 1 0 . 0

Cotyledon 47.5b 68.30 21.5 27.5
Leaf 50. Oo 127.8d 2 2 . 6 51.4
Total 221.4b 248.80 1 0 0 . 0 1 0 0 . 0

5 Root 72.80 41.4d 35.0 1 2 . 0

Stem 23.6a 36.9b 11.3 10.7
Cotyledon 52.8b 73.90 25.4 21.5
Leaf 58.90 192.2d 28.3 55.8
Total 208.10 344.4d 1 0 0 . 0 1 0 0 . 0

♦Values represent means of 5 - 12 replicate plants 
= 12.3.

Pooled SE

Values in the same row having different lettera are 
significantly different:
a is significantly different from b (P<0.05)
b is significantly different from c (P<0.01)
c is significantly different from d (P<0.001)
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Figure 7.2 NR activity in different organs of Acer 
pseudoplatanus seedlings, growing in (a) open, and 
(b) shaded, environments.
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significantly different (P<0.001).

The distribution of NR activity within Acer pseudoplatanus 
seedlings appeared to differ in response to light intensity. 
The pattern appeared to be established early in the 
development of the seedlings. On the third sampling date 
(category 3) NR activity in cotyledons and leaves of open 
seedlings clearly exceeded the activity in the same organs of 
shade-grown plants. Activity in shade-grown seedlings was 
predominantly root-based, with lower levels of induction in 
above-ground organs compared with open seedlings. Shoot to 
root NR activity ratios for open and shaded seedlings of 
growth category 5 were 15.29 and 3.13 respectively. These 
results appear to demonstrate a requirement for high light 
intensity in order to induce high nitrate assimilation rates 
in leaves.

As discussed in Chapter 3, Acer pseudoplatanus, although 
usually classified as a climax species, exhibits 
characteristics of both climax and pioneer growth strategies. 
From these results it would seem that Acer pseudoplatanus 
seedlings are less tolerant of shade than perhaps other climax 
species might be (compare Fagus sylvatica, 7.3.3). Mature Acer 
pseudoplatanus trees examined in the open/shade field survey 
(Table 6.1) were found to be capable of much higher rates of 
nitrate reduction in open sites. This again demonstrates the 
similarity of Acer pseudoplatanus to pioneer species.

Free amino acid concentrations in root, stem, cotyledon and
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leaf tissues were examined in open and shade grown seedlings. 
Results for growth category 5 are presented (Table 7.3). 
Comparison of the soluble amino acid pools of open- and shade- 
grown Acer pseudoplatanus seedlings appears to help explain 
the observed differences in the allocation of nitrate 
assimilation. The high rates of leaf NR activity observed in 
open plants suggest the translocation of nitrate, via the 
xylem sap, to the leaves for assimilation. In contrast, the 
low rates of leaf nitrate reduction observed in the shade 
grown plants, accompanied by higher rates of root nitrate 
reduction, suggest that only very low levels of nitrate are 
translocated to the shoot, with transport compounds being 
utilized for the translocation of root-assimilated nitrogen.

The present results showed significantly higher concentrations 
of asparagine (P<0.001) in tissues of shade-grown plants than 
in open-grown plants, with the highest levels being found in 
stem tissue (1097 ± 43 nmol g"̂  f.wt.). No asparagine was 
detected in stems of open-grown seedlings. Asparagine is an 
important nitrogen-transport compound of both herbaceous and 
woody plants (Martin and Ben Driss Amraoui, 1989; Anderson and 
Beardall, 1991). Therefore, it would seem that in the shaded 
Acer pseudoplatanus seedlings asparagine is used to transport 
root-assimilated nitrogen to the shoot.

The major constituent of the soluble amino acid pool in leaf 
and cotyledon tissues of open-grown Acer pseudoplatanus 

seedlings was alanine. Alanine was previously found to form 
the major constituent of birch and poplar amino acid pools at

188



Table 7.3 Free soluble amino acids expressed as (i) 
concentrations (nmol g~̂  f.wt.), and (ii) percentages, in Acer 
pseudoplatanus seedlings from open and shaded sites. The 
results shown are for growth category 5.
(i) Concentrations: 
Amino Open site Shaded site
acid (nmol g-̂  f.wt.) (nmol g ̂ f.wt.)

root stem cot. * leaf root stem cot. leaf
ALA 863 255 2900 2053 580 820 287 425
ARG - 37 - 113 1 0 0 197 47 131
ASN - - - 153 393 1097 563 436
ASP 230 60 187 373 177 397 137 272
GABA 137 1 2 0 - 893 123 2 0 0 - 253
GLN - - - 240 80 37 - 8 6

GLU 1087 156 1140 813 57 167 37 381
GLY 437 126 320 - 177 207 183 72
HIS 60 17 - - 87 130 47 -
ILE 507 363 431 642 413 720 207 833
LEU 720 189 127 - 387 227 203 195
LYS 80 18 - - 170 270 - 56
PHE 303 42 130 247 160 113 1 0 0 114
SER 233 307 133 1033 187 593 157 172
THR 350 162 207 893 167 590 140 206
TYR 2 0 0 41 193 173 1 0 0 87 37 28
VAL 723 166 693 880 617 407 377 247
Tot. 5930 2059 6461 8506 3975 6259 2522 3907
Pool
*Cot .=cotyledon.

(ii) Percentages of total pool:
Amino Open site Shaded site
acid (Percentage) (Percentage)

root stem cot. leaf root stem cot. leaf
ALA 14.6 12.4 44.9 24.1 14.6 13.1 11.4 10.9
ARG - 1 . 8 - 1.3 2.5 3.1 1.9 3.4
ASN - - - 1 . 8 9.9 17.5 22.3 1 1 . 2

ASP 3.9 2.9 2.9 4.4 4.5 6.3 5.4 7.0
GABA 2 . 2 5.8 - 10.5 3.1 3.2 - 6.5
GLN - - - 2 . 8 2 . 0 0 . 6 - 2 . 2

GLU 18.3 7.6 17.6 9.6 1.4 2.7 1.5 9.8

GLY 7.4 6 . 1 5.0 - 4.5 3.3 7.3 1 . 8

HIS 1 . 0 0 . 8 - — 2 . 2 2 . 1 1.9 -
ILE 8.4 17.6 6 . 6 7.6 10.4 11.5 8 .2 21.3
LEU 1 2 . 1 9.2 2 . 0 - 9.7 3.6 8 . 0 5.0
LYS 1 . 2 0.9 - - 4.3 4.3 - 1.3
PHE 5.1 2 . 0 2 . 0 2.9 4.0 1 . 8 4.0 2.9
SER 4.0 14.9 2 . 1 1 2 . 1 4.7 9.5 6 . 2 4.4
THR 5.9 7.9 3.2 10.5 4.2 9.4 5.5 5.3
TYR 3.8 2 . 0 3.1 2 . 0 2.5 1.4 1.5 0.7
VAL 8.4 8 . 1 1 0 . 6 10.4 15.5 6.5 14.9 6.3
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maximal light intensity (Chapter 6). Alanine has been observed 
to be taken up and retained in stem tissue, with little 
transport to either phloem or developing leaves (Vogelmann et 
al., 1985; Chapter 6). Therefore, if the transport of alanine 
into leaves is unlikely, high concentrations of alanine in 
cotyledon and leaf tissue would indicate that production of 
this amino acid has occurred in these organs. Analysis of the 
amino acid pools from category 5 seedlings at the open site 
showed particularly high concentrations of alanine in 
cotyledon and leaf tissue (2900 and 2053 nmol g“̂ f.wt, 
representing 44.9 and 24.1% of total cotyledon and leaf pools 
respectively). These high concentrations of alanine 
corresponded with high rates of nitrate reduction observed in 
these tissues. This suggested that alanine had been formed as 
a result of leaf-based nitrate assimilation in the open 
plants. Earlier studies of Pate (1976) suggested that 
photosynthesis is important in generating exportable carbon in 
the form of alanine in leaves. In the same study, serine was 
also found to be generated as a result of photosynthesis. This 
may help to explain high levels of serine observed in leaf 
tissue of category 5 open seedlings. Lower concentrations of 
alanine found in cotyledon (287 nmol g“̂ f.wt.; 11.4% of total 
cotyledon pool) and leaf tissues (425 nmol g"̂  f.wt.; 10.9%) 
of shade-grown seedlings suggest that only low rates of 
nitrate assimilation occur in these tissues. Analysis of NR 
activity in leaves and cotyledons of shade-grown seedlings 
would appear to confirm this.

190



7.3.2 Betula pendula.
Description of growth categories of Betula pendula.
The Betula pendula plots were established on 2nd May, 1990. 
Seedlings were collected on three sampling dates, at three 
week intervals. The appearance of seedlings on each sampling 
date is described:
Category 1: Earliest growth stage examined. Collected 23rd

May, 1990. Cotyledons absent. Stems under 40 
mm long. Roots branched, and fine roots 
developing.

Category 2: Collected 13th June, 1990. Cotyledons absent.
Stems 40 - 60 mm long. Root system elongating. 

Category 3: Collected 4th July, 1990. Cotyledons absent.
Stems over 60 mm long. Most extensive root 
system. Fine roots present on the branches of 
the main root.

Biomass distribution in Betula pendula.
Biomass distribution of Betula pendula seedlings is shown in 
Figure 7.3 and Table 7.4. As seedlings developed, a large and 
highly significant increase (P<0.001) in biomass of leaf 
material at the open site was observed (category 3; Table 7.4; 
Figure 7.3). This increase was also reflected in total biomass 
of open-grown seedlings of category 3, which were found to 
have significantly greater total fresh weights than shade- 
grown seedlings.

The open-grown seedlings of category 3, were also found to 
have significantly greater fresh weights of roots and stems
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than shade-grown seedlings (P<0.01; Table 7.4; Figure 7.3). 
Relative contributions of each organ to total biomass also 
differed between open and shaded seedlings. In open seedlings 
of category 3, roots, stems and leaves formed 19.7%, 23.1% and 
57.2% of the total fresh weight respectively. However, in 
shaded seedlings, relative contributions of both root and stem 
tissue were greater than observed in the open seedlings (24.2% 
and 30.6% of the total respectively; Table 7.4) with leaves 
contributing only 45.2% of the total biomass.

Table 7.4 Mean biomass and percentage total biomass of 
different organs of Betula pendula seedlings, from shaded and 
open environments at Boxhill.
Growth Tissue 
Category

Biomass 
(g f.wt)

Percentage 
of total biomass

Shade Open Shade Ooen
1 Root 0.117* 0.091 18.3 12.2

Stem 0.205 0.173 32.1 23.2
Leaf 0.317a 0.483b 49.6 64.6
Total 0.639 0.747 100.0 100.0

2 Root 0.234 0.285 23.1 24.3
Stem 0.307 0.354 30.3 30.2
Leaf 0.472a 0.534b 46.6 45.5
Total 1.013 1.173 100.0 100.0

3 Root 0.465b 0.594c 24.2 19.7
Stem 0.588b 0.696c 30.6 23.1
Leaf 0 .868c 1.723d 45.2 57.2
Total 1.921b 3.013c 100.0 100.0

♦Values 
= 0.09.

represent means of 5 - 1-2 replicate plants. Pooled SE

Values in the same row having different letters are
significantly different:
a is significantly different from b (P<0.05)
b is significantly different from c (P<0.01)
c is significantly different from d (P<0.001)
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Figure 7.3 Distribution of fresh weight between 
different organs of Betula pendula seedlings, 
growing in (a) open, and (b) shaded, environments.
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The biomass of leaf tissue showed the most significant 
increase at high light intensities (Table 7.4). The average 
shoot/root fresh weight ratio for seedlings was 3.13 at low 
light availability, increasing to 4.07 at high light intensity 
(category 3). The decrease in fresh weights observed in the 
shade is consistent with the earlier findings of Chandler 
(1981). Such findings support the necessity for higher light 
in the early life of pioneer species. A similar change in 
shoot/root ratios was observed in Betula verrucosa seedlings 
in response to nitrogen stress (Ingestad, 1969; 1980; 1981). 
The similarity of the ratio shift may thus, be indicative of 
a reduced availability of nitrate ions at the shaded site 
(section 7.4).

NR activity and free soluble amino acid concentrations in 
Betula pendula.

In the three growth categories examined, the leaves of the 
open seedlings were found to have threefold greater NR 
activities than those seedlings growing in the shade (Table 
7.5; Figure 7.4). NR activities of stem tissue of the open 
seedlings were found to be approximately twofold greater than 
in shaded seedlings.

Root NR activities of shaded and open seedlings did not differ 
significantly (Table 7.5; Figure 7.4). However, when expressed 
as a percentage of the total activity, roots of shaded 
seedlings contributed 21.5%, compared with a contribution of 
only 9.2% by the open seedlings. The relative contribution of 
leaf activity formed the largest percentage of the total
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activity in both shaded and open seedlings (57.1% and 72.1- 
respectively; Table 7.5; Figure 7.4).

Table 7.5 NR activity and percentage distribution of NR 
activity in different organs of Betula pendula seedlings, from
shaded and open environments at Boxhill.
Growth Tissue Nitrate Reductase Percentage nitrat<
Category activity reductase activity

(pkat g 1 f.wt.).
Shade Open Shade Open

1 Root 21.4* 18.5 15.3 5.0
Stem 52. 9a 139.0b 37.8 37.6
Leaf 65. 7a 212.4b 46.9 57.4
Total 140.0a 369.9b 1 0 0 . 0 1 0 0 . 0

2 Root 34.9 42.8 17.2 8.5
Stem 61. 2 a 141.6b 30.1 28.3
Leaf 107.0a 316.6b 52.7 63.2
Total 203.1a 501.0b 1 0 0 . 0 1 0 0 . 0

3 Root 47.3 48.9 21.5 9.2
Stem 47.1a 99.5b 21.4 18.7
Leaf 125.6a 383.5b 57.1 72.1
Total 2 2 0 .0 a 531.9b 1 0 0 . 0 1 0 0 . 0

*Values represent means of 5 - 12 replicate plants. Pooled SE 
= 13.1.
Values in the same row having different letters are 
significantly different (P<0.001).

The most obvious difference between open- and shade-grown 
Betula pendula seedlings was the dramatic increase in shoot NR 
activity at high light intensities. Shoot/root NR ratios 
increased significantly from 6.22 in the shade to 25.13 in the 
open (category 3). As with Acer, high levels of leaf NR 
activity in open-grown seedlings appears to reflect the fact 
that leaf nitrate assimilation has lower energy costs than
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Figure 7.4 NR activity in different organs of Betula 
pendula seedlings, growing in (a) open, and (b) 
shaded, environments.
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root assimilation when light is not limiting (Gutschick, 1981; 
Smirnoff et al., 1984).

Free amino acid concentrations were measured in open and field 
grown seedlings. Results for growth category 3 are presented 
(Table 7.6). The amino acid pool sizes of leaf and stem tissue 
of seedlings growing in the open were much larger than in the 
shade-grown seedlings. It had previously been observed that, 
in early growth, leaves build up substantial pools of soluble 
nitrogen (Pate, 1980). This implies that any nitrogen which a 
leaf receives in excess of its current requirements for 
protein synthesis is preferentially drawn off into vacuoles 
rather than being cycled through the leaf via the outgoing 
phloem stream (see also discussion of arginine later). Such a 
phenomenon could help to explain the high soluble amino acid 
pool in the leaves of open seedlings exhibiting high rates of 
nitrate reduction.

As found in open seedlings of Acer pseudoplatanus, alanine was 
the main constituent of the free amino acid pools of open- 
grown Betula pendula (577, 1170 and 1163 nmol g"̂  f.wt in root, 
stem and leaf tissue respectively). Alanine was also a major 
component of the amino acid pools of the shaded seedlings, but 
concentrations were significantly lower in the shaded plants 
than in the open plants (340, 247 and 283 nmol g"̂  f.wt for 
root, stem and leaf tissue respectively; P<0.001). The 
presence of high alanine concentrations in leaves of open 
seedlings may reflect leaf-based nitrate assimilation 
(Vogelmann el al., 1985). The lower concentrations of alanine
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Table 7.6 Free soluble amino acids expressed as (i) 
concentrations (nmol f.wt.), and (ii) percentages, in
Betula pendula seedlings from open and shaded sites. The 
results shown are for growth category 3.
(i) Concentrations:
Amino Open site
acid (nmol g“̂ f.wt.)

root______stem leaf
Shaded site 

(nmol g“̂ f.wt.) 
root stem leaf

ALA 577 1170 1163 340 247 283
ARG - - 933 - 37 -

ASN - - 321 - - -

ASP 40 270 397 23 37 47
GABA 97 143 562 490 323 347
GLN 50 50 297 60 187 43
GLU 17 900 642 30 60 43
GLY - - 54 - - 67
ILE - 27 - 57 33 40
LEU - 33 70 33 27 67
PHE - - 63 40 57 93
SER 57 430 227 63 50 77
THR 362 517 842 597 1040 113
TYR 373 350 690 - - 50
VAL 24 37 42 53 43 77
Total 1597 3927 6303 1786 2141 1347

(ii) Percentages of total pool:
Amino Open site Shaded site
acid (Percentage) (Percentage)

root stem leaf root stem leaf
ALA 36.1 29.9 18.6 19.0 11.5 2 1 . 0

ARG - - 14.8 - 1.7 -

ASN - - 5.1 - - -
ASP 2.5 6.9 6.3 1.3 1.7 3.5
GABA 6 . 1 3.6 8.9 27.4 15.1 25.8
GLN 3.1 1.3 4.6 3.4 8.7 3.2
GLU 1 . 1 22.9 1 0 . 2 1.7 2 . 8 3.2
GLY - - 0.9 - - 5.0
ILE - 0.7 - 3.3 1.5 3.0
LEU - 0 . 8 1 . 1 1 . 8 1.3 5.0
PHE - - 1 : 0 2 . 2 2.7 6 . 8

SER 3.6 10.9 3.6 3.5 2.3 5.7
THR 22.7 13.2 13.4 33.4 48.6 8.4
TYR 23.3 8.9 1 0 . 8 - - 3.7
VAL 1.5 0.9 0.7 3.0 2 .1 5.7
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in the leaves of shaded plants suggest low rates of nitrate 
reduction in these leaves. Measurements of NR activity 
appeared to confirm this hypothesis (125.6 pkat g“̂  f.wt in 
shaded leaves, compared with 383.5 pkat g'̂  f.wt in open 
leaves).

Considerable concentrations of arginine may accumulate if 
nitrogen uptake exceeds growth demands of the plant (Stewart 
and Larher, 1980; Titus and Kang, 1982; Pate, 1983; Kato, 
1986; Dickson, 1989). The rate of nitrate uptake has been 
shown to increase with increasing light intensity (Beevers et 
al., 1965; Gastal and Saugier, 1989). Therefore, the presence 
of arginine in Betula pendula category 3 seedlings (14.8% of 
total pool) could indicate the storage of excess nitrogen at 
high rates of nitrate uptake and reduction at high light 
intensities. It has been inferred, from changes in the 
concentrations of the individual amino acids, that, as leaves 
develop, arginine may be converted to asparagine and glutamine 
for transport to other organs (Tromp and Ovaa, 1979; 
Sieciechowicz et al., 1988). This could account for the 
appearance of asparagine, and the slight increase in the 
concentration of glutamine observed in the leaf tissue of 
category 3 seedlings.

Although GÀBÀ was found in the open seedlings, the percentage 
contribution made to the total pool in the open was never 
greater than 8.9%. This compares with a minimum contribution 
of 15.1% and a maximum of 27.4% made by GABA to the total pool 
of shade-grown seedlings. GABA is known to accumulate in
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response to stress (Stewart and Larher, 1980; Lavoie et al., 
1992). High levels of GABA, lower biomasses, lower NR 
activity, and smaller total soluble amino acid pools in shade- 
grown seedlings than in open-grown plants, all appear to 
indicate that shaded birch plants are growing under some 
degree of stress.

7.3.3 Faaus sylvatica.
Description of Fagus sylvatica growth categories.
The Fagus sylvatica plots were established on 2nd May, 1990. 
Seedlings were collected on three sampling dates, at three 
week intervals. The appearance of seedlings on each sampling 
date is described:
Category 1: Earliest growth stage examined. Collected 23rd

May, 1990. Fan-shaped cotyledons present. 
First leaves just emerging. Roots branching, 
with root buds present.

Category 2: Collected 13th June, 1990. Cotyledons absent.
First leaves expanding. Root system 
elongating, and further branching observed. 

Category 3: Collected 4th July, 1990. Cotyledons absent.
First leaves fully expanded, and second leaf 
buds present. Root system extending.

Biomass distribution in Faaus sylvatica•
Unlike Acer pseudoplatanus and Betula pendula, fresh weight 
gain of Fagus sylvatica seedlings was not significantly 
greater in the open than in the shade. In growth category 1 
(Table 7.7; Figure 7.5), fresh weights of the cotyledons of
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Figure 7.5 Distribution of fresh weight between 
different organs of Fagus sylvatica seedlings, 
growing in (a) open, and (b) shaded, environments.

201



shaded seedlings (0.182 g ± 0.025; 31.7% of fresh weight) were 
significantly greater than those of open seedlings (0.114 g ± 
0.032; P<0.05; 16.9%). In growth categories 2 and 3, roots had 
increased substantially in both the open and the shade, and 
were the major contributors to fresh weight of the seedlings, 
forming approximately 40% and 50% of fresh weight in 
categories 2 and 3 respectively in both open and shade (Table 
7.7). Stems contributed an average of 38.55% to the total 
biomass of category 2  seedlings in both open and shade, and 
approximately 30% to category 3 seedlings. In categories 2 and 
3, only approximately 20% of the total seedling fresh weight, 
in open and shaded conditions, was leaf tissue.

Table 7.7 Mean biomass and percentage total biomass of 
different organs of Fagus sylvatica seedlings, from shaded and 
open environments at Boxhill.
Growth Tissue 
Category

Biomass 
(g f.wt)

Percentage 
of total biomass

Shade Onen Shade Open
1 Root 0.131* 0.181 22.9 26.9

Stem 0.142 0.191 24.8 28.4
Cotyledon 0.182a 0.114b 31.7 16.9
Leaf 0.118a 0.187b 2 0 . 6 27.8
Total 0.573 0.673 1 0 0 . 0 1 0 0 . 0

2 Root 0.291a 0.422b 40.0 41.7
stem 0.266a 0.410b 36.6 40.5
Leaf 0.170 0.180 23.4 17.8
Total 0.727 1 . 0 1 2 1 0 0 . 0 1 0 0 . 0

3 Root 0.597 0.673 48.7 49.5
stem 0.371 0.434 30.2 31.9
Leaf 0.259 0.253 2 1 . 1 18.6
Total 1.227 1.360 1 0 0 . 0 1 0 0 . 0

*Values represent means of 5 - 12 replicate plants. Pooled SE 
=  0 . 05 .
Values in the same row having different letters are 
significantly different (P<0.05).
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The distribution of biomass within plants of Fagus sylvatica 
was relatively constant irrespective of light regime. In this 
respect, Fagus seedlings differed from the other species 
studied, which were found to have increased shoot to root 
fresh weight ratios at higher light intensities. A rainforest 
climax species, Syzygium floribundum was found to grow no 
faster under high light intensities than low light (Chandler, 
1981). similarly, Fagus sylvatica seedlings appeared to gain 
no particular advantage from high light intensities. This may 
be a feature of species which must endure extremely low light 
intensities as seedlings, but which are eventually emergent 
(Chandler, 1981).

NR activity and free soDubTe amino acid concentrations in 
Fagus sylvatica.

In growth category 1, roots of shaded seedlings exhibited the 
highest rates of nitrate reduction (126.9 ± 34.5 pkat g“̂ 
f.wt.; 52.5%), whereas in open seedlings, leaves exhibited the 
highest NR activities (103.1 ± 27.2 pkat g“̂ f.wt.; 34.0%; 
Table 7.8; Figure 7.6). In categories 2 and 3, leaves of open 
seedlings continued to be important sites for nitrate 
reduction. However, root nitrate reduction increased, and 
approximately equalled the rate of leaf nitrate reduction by 
category 3 (Table 7.8). In shaded seedlings of categories 2 
and 3, roots continued to be the most important sites for 
nitrate reduction, always possessing over 50% of the total NR 
activity (Table 7.8).

Total rates of nitrate reduction did not alter significantly
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Figure 7.6 NR activity in different organs of Fagus 
sylvatica seedlings, growing in (a) open, and (b) 
shaded, environments.
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between the growth categories examined, and no overall 
increase in activity was observed in category 3 (Table 7.8; 
Figure 7.6). However, overall, a slightly (but not 
significantly) higher total level of activity was found in 
open seedlings.

Table 7.8 NR activity and percentage distribution of NR 
activity in different organs of Fagus sylvatica seedlings, 
from shaded and open environments at Boxhill.
Growth Tissue 
Category

Nitrate Reductase 
activity 

( pkat g‘̂ f.wt. ) .
Percentage nitrate 
reductase activity

Shade Open Shade Coen
1 Root 126.9*b 6 6 . 9c 52.5 2 2 . 1

Stem 40.0a 75.0b 16.5 24.8
Cotyledon 25.8b 57.8c 10.7 19.1
Leaf 49. 2c 103.Id 20.3 34.0
Total 241.9b 302.8c 1 0 0 . 0 1 0 0 . 0

2 Root 124.4 93.9 51.4 37.2
Stem 57.8 47.7 23.9 18.9
Leaf 60.0c 1 1 0 .6 d 24.8 43.9
Total 242.2 252.2 1 0 0 . 0 1 0 0 . 0

3 Root 144.0 111.9 53.3 39.9
Stem 52.7 61.7 19.5 2 2 . 0

Leaf 73.5a 107.0b 27.2 38.1
Total 270.2 280.6 1 0 0 . 0 1 0 0 . 0

♦Values represent means Of 5 - 12 replicate plants. Pooled SE
= 21.2.
Values in the same row having different letters are 
significantly different:
a is significantly different from b (P<0.05)
b is significantly different from c (P<0.01)
c is significantly different from d (P<0.001)

Allocation of NR activity in Fagus sylvatica seedlings was 
guite different from patterns observed in either Acer 

pseudoplatanus or Betula pendula. As growth progressed, root
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biomass and root nitrate reduction became increasingly 
dominant. Fagus roots formed up to 49.5% of the total biomass, 
whereas in Acer and Betula the roots contributed a maximum of 
only 21% and 24.3% respectively. This would appear to indicate 
the importance of root development in Fagus seedlings. With 
only one exception, shoot to root NR activity ratios were 
always less than one (Table 7.9) indicating the high capacity 
for root nitrate reduction in this climax species.

Table 7.9 Shoot to root NR activity ratios for Fagus sylvatica 
seedlings growing in open or shaded conditions. Ratios were 
calculated on an organ basis (section 7.2).
Growth category Shoot to root

nitrate reductase activity ratio 
_________________________________ shade___________open___________

1 0.973 3.319
2 0.706 0.996
3 0.449 0.715

However, results show that seedlings occupying open sites in 
the earliest stage of growth (category 1 ) express relatively 
high levels of shoot nitrate reduction (Table 7.9). This 
suggests (i) that the root system was less developed at this 
early stage (as indicated by low root biomass); (ii) that 
open-grown beech seedlings early in their development have a 
capacity to absorb and transport nitrate, and reduce it in 
leaves. As the seedlings developed however, the shoot:root NR 
ratios decreased substantially, and a percentage increase in 
the relative contribution of root-based nitrate reduction was 
observed (from 22.1% in category 1 to 39.9% in category 3). 
The decreasing preference for shoot NR activity observed in 
open-grown seedlings of categories 2 and 3 corresponded with
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an increase in the relative weight of the root systems in 
these categories. When light is not limiting, it has been 
estimated that the energy cost of leaf nitrate assimilation is 
between a half and a quarter of the cost of root assimilation 
(Gutschick, 1981). Such an estimate would appear to favour 
leaf nitrate assimilation at the open site. However, the 
priority of root growth and root nitrate assimilation favoured 
by developing seedlings in the open would appear to indicate 
that Fagus sylvatica seedlings have a low capacity to utilize 
light energy for the induction of leaf NR activity. It is 
possible that development of the root system of Fagus 

seedlings provides a larger surface area for the absorption of 
nitrogen and allows greater penetration of the soil in climax 
habitats that are often nitrogen-limiting. A similar 
observation was made in nitrogen-starved birch seedlings 
(Ingestad, 1981).

Free amino acid concentrations were measured in Fagus 

sylvatica seedlings from open and shaded environments. Results 
for growth category 1 are presented (Table 7.10). Amino acid 
analysis showed that asparagine was the dominant amino acid of 
root, stem and cotyledon tissues of both open and shaded 
plants (Table 7.10). Arginine concentrations were also high in 
both root and stem tissue. Asparagine and arginine are the 
major forms of nitrogen translocated from assimilating roots 
to sink organs, such as young leaves and buds in trees (Martin 
and Ben Driss Amraoui, 1989; Chapter 3). The results presented 
here appear to be consistent with the view that asparagine and 
arginine are important compounds in the translocation of root
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Table 7.10 Free soluble amino acids expressed as (i) 
concentrations (nmol g~̂  f.wt.), and (ii) percentages, in Fagus 
sylvatica seedlings from open and shaded sites. The results 
shown are for growth category 1 .
(i) Concentrations:
Amino Open site
acid (nmol g"̂  f.wt.)

Shaded site 
(nmol g“̂ f.wt.)

root stem cot. * leaf root stem cot. leaf
ALA 2717 1133 453 570 570 250 204 353
ARC 3200 1973 - - 240 513 - 53
ASN 5667 2687 1067 2 2 0 1493 1337 2054 380
ASP 1 0 0 207 53 53 270 83 704 83
GABA 3667 1987 193 1093 490 237 71 180
GLN - - 60 127 207 863 - 633
GLU - - 33 97 1 1 0 130 242 403
HIS - - - - - 57 - -
ILE 1 0 0 87 - 67 33 27 - 77
LEU 167 160 2 0 130 43 27 - 73
LYS - 227 - - - 90 - -
PHE - 1 0 0 - 170 - - - 37
SER 283 187 40 207 2 0 0 90 113 147
THR 383 167 50 127 113 113 - 63
TYR - 1 0 0 - 193 - 30 - 47
VAL 350 180 50 163 67 — 50 130
Tot. 16984 9335 2076 3317 3836 3847 3438 2659
Pool
*Cot.=cotyledon.

(ii) Percentages of total pool:
Amino Open site Shaded site
acid (Percentage) (Percentage)

root stem cot. leaf root stem cot. leaf
ALA 16.0 1 2 . 1 2 1 . 8 17.2 14.8 6 . 6 5.9 13.2
ARG 18.8 2 1 . 1 - - 6.3 13.3 - 2 . 0

ASN 33.4 28.8 51.4 6 . 6 38.9 34.8 59.7 14. 2

ASP 0 . 6 2 . 2 2 . 6 1 . 6 7.0 2 . 2 20.5 3 .0
GABA 2 1 . 6 21.3 9.3 33.0 1 2 . 8 6 . 2 2 .1 6 . 6

GLN - - 2.9 3.8 5.4 22.4 - 23 .7
GLU - - 1 . 6 2.9 2.9 3.2 7.0 15.0
HIS - - - - - 1 . 6 - -
ILE 0 . 6 0.9 - 2 . 1 0.9 0.7 - 2 . 8

LEU 0.9 1.7 1 . 0 3.9 1 . 1 0.7 - 2.7
LYS - 2.4 - - - 2.3 - -
PHE - 1 . 1 - 5.1 - - - 1.4
SER 1.7 2 . 1 1.9 6 . 2 5.2 2.3 3 . 3 5.4
THR 2.3 1 . 8 2.4 3.8 2.9 2.9 - 3.4
TYR - 1 . 1 - 5.8 - 0 . 8 - 1 . 6

VAL 2 . 0 1.9 2.4 4.9 1 . 8 1.5 4.8
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assimilated nitrate in Fagus sylvatica seedlings. High 
concentrations of asparagine in cotyledons may also indicate 
asparagine synthesis via asparagine synthetase activity. 
Asparagine synthetase is responsible for the transfer of the 
amide-N in glutamine to aspartate to form asparagine (Miflin 
and Lea, 1977; Vézina et al., 1992). This pathway has been 
reported as being active in cotyledons during germination, 
where it could assist in the assimilation of ammonium produced 
by degradation of storage proteins (Lea et al., 1990). High 
concentrations of glutamine present in stem tissue of shaded 
plants may indicate that this amide is also involved in the 
translocation of assimilated nitrogen.

Interestingly, concentrations of arginine observed in root and 
stem tissue of beech from the open site (3200 ± 89 and 1973 ± 
57 nmol g~̂  f.wt respectively) far exceeded concentrations 
found in equivalent seedlings in the shade (240 ± 12.4 and 513 
± 25.4 nmol g"̂  f.wt respectively; Table 7.10). High
concentrations of arginine are typical in response to 
environmental stress when nitrogen uptake exceeds the rate of 
usage in growth (Stewart and Larher, 1980; Nasholm and 
McDonald, 1990). Soils of open habitats have been found to 
have higher rates of nitrification, and are more nutrient-rich 
than soils of closed climax communities (Lee and Stewart, 
1978; Vitousek et ai., 1979; Hipkin et ai., 1984). It is 
therefore possible that the high concentrations of arginine 
observed in roots and stems of open-grown seedlings could 
indicate that nitrogen uptake from the more nutrient-rich, 
open site has exceeded the demand for nitrogen required for
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growth. Moreover, phosphorus content of roots, stems and 
leaves of open-grown beech seedlings were found to be 
significantly lower than in shaded plants (Table 7.11). 
Phosphorus deficiency is known to promote arginine 
accumulation in several species and may account for the high 
arginine concentrations observed here (Achituv and Bar-Akiva, 
1978; Stewart and Larher, 1980; Nemec and Meredith, 1891; Rabe 
and Lovatt, 1984; 1986; Nasholm and Ericsson, 1990).

The results of the diurnal variation study (Chapter 6 ) 
suggested that beech may be stressed under high light 
intensities. GABA is usually associated with stress conditions 
(Stewart and Larher, 1980), and, interestingly, in the diurnal 
study, the concentration of GABA was found to peak in Fagus 
sylvatica leaves when light reached a maximum intensity 
(Chapter 6 ). Similarly, in the open-grown beech seedlings of 
the present study, GABA concentrations were high in all 
organs. This perhaps suggests that the accumulation of GABA is 
a stress-induced response to high light intensity. 
Accumulations of GABA have also been observed in jack pine 
seedlings in response to nitrate-feeding (Lavoie et al., 
1992). Thus, high concentrations of GABA present in open-grown 
beech seedlings could indicate an increased supply of nitrate 
at the open site. Thus, the present results appear to support 
the earlier findings of Vitousek et al. (1979), that higher 
levels of nitrate exist in open communities than in climax 
situations.
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7.4 Conclusion.
This study examined a pioneer (Betula pendula), a climax 
(Fagus sylvatica) and an 'intermediate' species (Acer 

pseudoplatanus). The results indicated increased growth rates 
and an increased capacity for leaf nitrate reduction by the 
pioneer and intermediate species at high light intensities. 
The rapid growth rates of herbaceous ruderals and woody 
pioneer species produce a high demand for nitrogen, and 
consequently a need to reduce nitrate rapidly (Stewart et al. , 
1987). In order to maximise growth, pioneer seedlings would 
obviously benefit from growing in areas where light (and thus, 
photochemical energy) is not limiting, and leaf nitrate 
reduction can proceed at high rates (Gutschick, 1981). It is 
probable, at the open sites, that photosynthesis is often 
light-saturated, and minimal competition for photochemical 
energy exists between CO^ and nitrate (Stewart et al., 1989). 
Pioneer and 'intermediate' seedlings appear to take advantage 
of high light availability, and are able to maximise leaf 
nitrate reduction.

High rates of leaf nitrate reduction in pioneer and 
intermediate seedlings at open sites may also reflect 
differences in the availability of nitrate in woodland and 
more open, nutrient-rich habitats (Lee and Stewart, 1978; A1 
Gharbi and Hipkin, 1984; Hipkin et ai., 1984; Lavoie et ai., 
1992). It is possible that increased availability of nitrate 
ions in open, disturbed habitats, leads to higher rates of 
nitrate reduction in the plants occupying such habitats.
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Pioneer and intermediate seedlings in shade exhibited lower 
growth rates and reduced NR activities. The capacity for leaf- 
based nitrate reduction appeared to be greatly reduced in 
these shade-grown seedlings. The intolerance of Acer 

pseudoplatanus and, especially, Betula pendula to shade may be 
due to the depletion of photosynthetically produced electron 
donors and ATP (Smirnoff and Stewart, 1985). The results would 
appear to demonstrate a requirement for light energy in the 
growth maintenance of these species, as found previously in 
pioneers (Chandler, 1981; Hipkin et al., 1984; Stewart et al., 
1986; Stewart et ai., 1987; Fredeen et ai., 1991).

Relatively high rates of root NR activity were accompanied by 
increased concentrations of the nitrogen transport compound 
asparagine in shaded tissues of Acer pseudoplatanus. This 
suggests that nitrate reduction, nitrite reduction and the 
subsequent assimilation of ammonium into organic nitrogen 
compounds such as asparagine has occurred in roots. However, 
the increased rates of root nitrate reduction did not appear 
to compensate for the large losses of leaf-based nitrate 
reduction. This could possibly indicate that low illumination 
has reduced the uptake rates of nitrate by the birch and 
sycamore roots. A similar response has been observed in corn 
seedlings (Beevers et al., 1965) and nitrate uptake by roots 
has been implicated as the rate-limiting step in growth of 
Pinus seedlings (Lavoie et ai., 1992).

In Acer and Betula seedlings the leaf nitrogen and leaf 
phosphorus contents were found to be significantly greater in
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open grown plants than in shade (Table 7.11). This appears to 
reflect the high nitrogen status of the open-grown seedlings. 
Conversely, the shade-grown beech seedlings were found to have 
higher nitrogen contents than plants from open sites. The 
shade-tolerant climax species Fagus sylvatica was found to 
have very low levels of leaf NR activity in the shade, with 
the higher proportion of NR activity being located in the 
root. These results are in agreement with the earlier findings 
of Stewart et ai. (1986) and may demonstrate an adaptation to 
low availability of light (Canvin and Atkins, 1974). It is 
also possible that a more usable nitrogen source than nitrate 
is available to beech seedlings at the shaded site.

Table 7.11 Nitrogen (mg g"̂  d.wt) and phosphorus content (mg 
g'̂  d.wt) in different organs of category 1  seedlings from 
shaded and open sites at Boxhill.
Species Organ Nitrogen content Phosphorus content

shade open shade onen
Acer root 

stem 
cot. *

15.01
38.02 
53.39a

16.03
30.42
65.21b

1.655
1.266
0.930

1.323
1.135
1.077

Betula root
stem
leaf

10.09
22.06
19.44b

12.89
23.52
38.24c

1.433
1.094
0.721a

0.984
0.652
1.064b

Fagus root
stem
cot.
leaf

20.48b
16.96b
12.65
23.92b

11.99c 
8 .44c 
9.83 

13.59c

0.532a
0.595b
0.199
0.360a

0.433b
0.490c
0.231
0.235b

*cot.= cotyledon
For each parameter in the same row, values having different 
letters are significantly different: 
a is significantly different from b (P<0.05) 
b is significantly different from c (P<0.01)

Root-based nitrate reduction was common in open-grown beech 
seedlings. Stewart at al. (1989) found that when nitrate ions
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were available, many under- and over-storey species 
assimilated nitrate in their roots. Amino acid analyses showed 
that the transport compounds asparagine and arginine are 
prominent in root and stem tissues of both shaded and open 
beech plants, suggesting the transport of nitrogen reduced in 
roots, to other parts of the plant. Present findings 
apparently reflect (i) a relatively low capacity for leaf 
nitrate reduction, even at high light intensities, and (ii) a 
reduced ability to utilize photochemical energy for nitrate 
reduction. These findings are in agreement with the results of 
the mature tree open/shade field survey (Table 6.1), and are 
consistent with the view of Smirnoff and Stewart (1985), that 
shade-adapted plants gain the least energetic advantage from 
leaf nitrate assimilation.

The production, size, and dispersal methods of seeds of climax 
species may help to explain their shade-tolerance. Climax 
species tend to have large seeds with high nutrient reserves. 
Since these seeds often have few adaptations for wind 
dispersal, they tend to fall straight down from the tree, 
inevitably often landing directly beneath the climax canopy. 
The shade-tolerant features of these seeds (e.g. large 
nutrient reserves in the seeds, large penetrating root 
systems, and predominantly root-based NR activity) therefore 
appear to be necessary survival adaptations. Thus, light may 
not be the most dominant factor regulating nitrogen 
assimilation in beech. Availability of a usable nitrogen- 
source may be more important (Stewart et al., 1987; 1989).
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In contrast to climax species, pioneers and intermediates such 
as Acer produce large quantities of small seeds, often adapted 
for wind dispersal. Such seeds will tend to be dispersed over 
very wide areas, in both open and shaded environments. Not all 
seeds need to survive to guarantee the continued survival of 
the species. As a result, it appears that pioneer species have 
not developed adaptations for tolerating shade in the same way 
as climax species. Acer appears to have a higher capacity to 
develop in the shade than Betula, possibly due to its larger 
seed reserves. However, the level of shade tolerance of Acer 
did not appear to be as advanced as that observed in beech, 
which gained no benefit from growing in open habitats.

A few notes of caution are worthy of mention. Although the 
removal of Acer and Fagus seedlings from the field plots did 
not appear to cause any physical damage to the root systems, 
it is possible that this disturbance did cause some 
physiological disruptions that could have affected the nitrate 
or ammonium absorption or assimilation differently. Also, 
although disturbance to the plots was minimal, the removal and 
subsequent replanting of seedlings may have caused alterations 
in the availability of inorganic nitrogen sources in the soil 
(Vitousek et al., 1979). Thus it is possible that results 
partially reflect physiological damage and/or reactions that 
occur when plants are placed under conditions of changed 
nitrogen availability. Further, in the case of Fagus (and to 
a certain extent, Acer) it is possible that the large reserves 
of the seeds over the short period of the present study may be 
more significant to growth and development than light,
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nitrogen supply, or indeed any other factor. The results of 
the beech (and sycamore) study may therefore partially or 
wholly reflect the allocation of seed-stored nutrients within 
the seedlings rather than influences of light or nitrogen 
supply on seedling development.

It appears that light is not the only factor affecting nitrate 
assimilation of understorey and open plants. Availability of 
a usable nitrogen source, may affect rates and allocation of 
NR activity to a greater extent than light. There is perhaps 
insufficient evidence to generalize too broadly about the 
relationship between the site of nitrate assimilation and the 
habitats in which a species occurs. However, Stewart et al. 
(1987) suggest that the most evident relationship is that 
between light regime and NR localization, with shade species 
tending towards root assimilation and sun species tending 
towards leaf assimilation. Results of the present study 
support this conclusion.
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CHAPTER 8 : Estimation of nitrogen allocation in pioneer and 
climax species usina tracing.

8.1 Introduction
This final results chapter attempts to clarify a point raised 
a number of times throughout this thesis. Often, when low 
rates of leaf nitrate reduction have been observed, it has 
been suggested that the plant may be utilizing ammonium in 
preference to nitrate. The complex problem of the effect and 
form of inorganic nitrogen on plant growth has been under 
investigation for many years (Hageman, 1980). In the early 
stages of succession, the process of nitrification in well 
aerated and disturbed soils, makes nitrate ions readily 
available (Vitousek et ai., 1979; Beevers and Hageman, 1980). 
However, closed climax communities often exhibit very low 
rates of nitrification, with nitrogen released by 
decomposition of organic matter remaining in the form of 
ammonium (Rice and Pancholy, 1972). Cole (1981) states that 
"specific uptake rates, sources of uptake, and the ionic form 
of uptake are specific to a given ecosystem and ecosystem 
condition". In the same work it was suggested that trees which 
evolved in a high ammonium/low nitrate soil environment appear 
to take up ammonium over nitrate selectively.

The main objectives of this work were to investigate effects 
of different “N nitrogen sources on uptake and partitioning 
of nitrogen in pioneer and climax species. These experiments 
involved the use of ANCA-mass spectrometry (ANCA-MS) to 
examine the allocation patterns of nitrogen after feeding.
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ANCA-MS has been used previously to trace following
exogenous feeding (Jônsdôttir and Callaghan, 1990; Cliguet et 
al., 1990a,b; 1991). However, no reports have come to light 
using this procedure to compare movement of in pioneer and 
climax tree seedlings.

Labeling experiments are inherently difficult to design 
because of technical and physiological constraints (Rufty et 
ai., 1990). Plants must be exposed to ^N-labeled solutions 
long enough for to be accumulated in reduced-N fractions 
in the root and shoot in adequate amounts for (a) accurate 
measurement of the stable isotope, and (b) to establish a 
whole plant distribution pattern representative of different 
treatment conditions (Rufty at al., 1990). However, extending 

exposure periods increases the possibility that reduced-^®N 
formed from exogenously supplied assimilation in the shoot 
can be transported back to the root and accumulated there, 
confounding results (Vessey and Layzell, 1987; Rufty et al., 
1990).

However, induction experiments can establish the approximate 
length of time needed to induce foliar NR activity after 
feeding with nitrate. This period would apparently represent 
at least the approximate amount of time required for 
exogenously supplied nitrate to reach the leaves. Such a 
period would therefore be a reasonable ®̂N exposure time, 
although it provides no guarantees that shoot to root cycling 
has not occurred.
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8.2 Experimental detail
Two pioneer species, Betula pubescens and Populus deltoïdes, 
the climax species Quercus petraea, and the conifer Pinus 

sylvestris were used for this study. The plants were 
acclimatized in a growth chamber for three weeks prior to the 
start of the experiment. The chamber was maintained at 21 “c 
(dewpoint 20 °C), with light intensity at leaf surface of 280 
pmol m'̂  s~̂  (400 - 700 nm) from 06.00 - 20.00 h.

8.2.1 Induction of NR activity.
Identical plants to those in the labeling studies were used. 
Leaves were collected at 10 am each day for an 8  d period, and 
NR activity was determined. On day 8 , 5 mM KNO3 (300 mL) or 5 
mM NH4NO3 (300 mL) was applied to the soil. Foliar NR activity 
was monitored for a further 8  days. In addition to these 
induction studies, further experiments were performed on Pinus 
sylvestris using 1, 5, and 10 mM KNO3 solutions over 6  days.

8.2.2 Plant labeling
Three plants of each species were sampled as controls. The 
other plants were fed in triplicate with four different ®̂N- 
enriched (99%) nitrogen solutions:

(1) K^^N0 3 , 5 mM, pH 6.0;
(2) (^^NH4 )2 S0 4 , 2.5 mM, pH 6.0;
(3) NH/^N0 3 , 5 mM, pH 6.0;
(4) ^^NH4N0 3 , 5 mM, pH 6.0.

The solutions (300 mL) were supplied to the plants through the 
soil at time zero (10 am). The plants were watered with 
distilled water 24 hours following feeding, and were harvested
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24 h later. Plants were separated into roots, stems and 
leaves. All tissues were washed with de-ionized water and 
blotted dry. The roots were also rinsed with 1 M KCl to remove 
residual nitrate or ammonium. Fresh and dry weights for each 
organ were determined. Samples of each tissue were then ground 
to form fine homogeneous powders. The nitrogen isotope ratios 
were determined using ANCA-MS (section 2.13).

8.2.3 Parameters of nitrogen distribution after plant 
exposure.
Heavy isotope contents are expressed as atom percent (A%), 
defined as: A% = (heavy)/(heavy + light isotope)*100. The
difference between absolute contents in heavy isotopes is 
defined as A% excess due to labeling in treated plants:

A% excess = A% treated plants - A% control plants.

A% excess in the tissue represents the incorporation of the 
heavy isotope (Cliquet et al., 1990a). Partitioning of the 
total nitrogen inputs in different organs is expressed as %P„ 
(adapted from equations defined by Cliquet et al, 1990a):

%P„ = fA% excess organ’)*fd.wt. oraan’)*f%N organ^
(A% excess plant)*(d.wt. plant)*(%N plant)

The quantity of new nitrogen in an organ after feeding (̂ ®N 
organ; mg) was calculated using equations adapted from 
Jônsdôttir and Callaghan (1990) and Garten and Hanson (1990). 
The calculation uses the organ dry weight (mg), the nitrogen 
proportion (%N) and its relative amount in the organ (A%
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excess organ) :
New N = d.wt. organ * I %N organ \ * j A% organ

\ 100 I \ 100

The total nitrogen content of the plant organs was determined 
by ANCA-MS.

8.3 Results and discussion.
8-3.1 Induction of NR activity-
Foliar NR activity is substrate induced (Beevers and Hageman, 
1969). It was decided that the most suitable time to examine 
the partitioning of a labeled nitrogen supply should 
correspond approximately with the time that maximum activity 
is induced in the leaf. Preliminary experiments revealed that 
maximum induction of NR activity in leaves of Betula 

pubescens, Populus deltoïdes and Pinus sylvestris occurred 
approximately 48 h after application of KNO3 (5 mM) to the 
soil (Figure 8.1). Induction of foliar NR activity in the 
climax species Quercus petraea was not clear (Figure 8.1c). 
However, a slight increase in activity did appear to occur 
approximately 48 hours after feeding. Similarly, a 48 h period 
was required to induce NR activity after feeding the four 
species with 5 mM NH4NO3 (data not shown). Thus, 48 h was 
chosen as the exposure time to the labeled nitrogen sources.

8.3.2 Nitrogen allocation between leaves, stems and roots.
The mean natural ®̂N content of control plants (without 
exogenous label) was 0.364% ± 0.0005 (SE). This was subtracted 
from all treatment values to give values for A% excess. The 
application of the different "N-labeled nitrogen sources
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Figure 8.1 NR induction in four woody species, (a) 
Populus deltoïdes; (b) Betula pubescens; (c) Quercus 
petraea; (d) Pinus sylvestris: ( a ) Control; (□) 5 mM
nitrate applied to the soil on day 8  (A).Error bars 
represent 95% confidence limits.
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produced enrichments in all the species studied.

8 .3.2.1 Pioneer species: Betula pubescens and Populus

deltoïdes.

Similar allocation patterns of were seen in both the
pioneer species after feeding with or NH/^NO^. After
feeding with ^^N-nitrate, the shoots of Populus and Betula were 
major sinks for labeled nitrogen, with 48.74% and 40.31% of 
the being partitioned to the leaves of Betula pubescens and 
Populus deltoïdes respectively (Tables 8.1a,c and 8.2a,c). 
From 31.82 to 34.39% of was allocated to stems, and only 
19.43 to 27.87% was located in the roots. Within species, 
uptake rates of after or feeding were not
significantly different. However, significantly greater 
amounts of (new N, mg) were taken up by Populus deltoïdes
than by Betula pubescens after feeding with either or
NH/^NOa (Tables 8.1 and 8.2). Feeding with any of the four 
labeled nitrogen sources resulted in significantly greater 
relative amounts of labeled nitrogen (mg g"̂ ) in Populus than 
in Betula due to greater uptake rates and to the significantly 
smaller size of the Populus plants (Tables 8.1 and 8.2; 
P<0.01).

After ( ) 2 SO4 feeding, both uptake and export of labeled 
nitrogen was significantly lower in the two pioneers than 
after feeding (P<0.01; Tables 8.1 and 8.2). Uptake of
labeled nitrogen (indicated by the amount of new ^N-nitrogen, 
mg g"̂  d.wt.) was approximately two-fold greater when pioneers 
were fed than when ( was provided (Tables 8.1
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Table 8.1 Dry weight, isotopic composition expressed as A% 
excess and % partitioning of total nitrogen inputs in the 
different organs of Betula pubescens after feeding with four 
labeled nitrogen sources (a) ; (b) ( ;  (c) ;
(d) ^̂ NH.NÔ .
(a) K^̂ NOai
Organ Dry wt. 

fa)
A% excess

15n
; %N New N 

fma)
New N 

ma/a dwt %Ph

Leaf
Root
Stem

8.93
2 0 . 8 8

2 0 . 0 0

2.0957
0.5183
1.1581

1.1366
0.8423
0.6170

2.3014
0.7761
1.2566

0.2577
0.0372
0.0628

48.74
19.43
31.83

Total 49.81 1.0968 0.8038 4.3341 0.0870 1 0 0

(b) (isNHJzSO,: 
Organ Dry wt.

fa)
A% excess %N

I S R
New N 
fma)

New N 
ma/a dwt %P«

Leaf
Root
Stem

9.71
16.66
24.16

0.3256
1.0325
0.4449

1.4006
0.7875
0.5258

0.4428
1.3554
0.5651

0.0456
0.0814
0.0234

18.75
57.34
23.92

Total 50.53 0.5993 0.7802 2.3633 0.0468 1 0 0

(c) NH/SNO3 :
Organ Dry wt.

fa)
A% excess %N

I S R
New N 
fma)

New N 
ma/a dwt %Ph

Leaf
Root
Stem

6.07
14.62
14.56

1.2773
0.4789
0.9590

1.2236
0.8477
0.7553

0.9236
0.5160
0.7537

0.1522
0.0353
0.0518

41.89
23.72
34.39

Total 35.25 0.8157 0.8014 2.1933 0.0622 1 0 0

(d) isNĤ NO,:
Organ Dry wt.

fa)
A% excess %N

I S R
New N 
fmg)

New N 
ma/a dwt %Pn

Leaf
Root
Stem

6.16
26.16
14.78

0.8592
0.7932
1.0193

1.0105
0.9665
0.6368

0.5072
1.9600
0.9250

0.0823
0.0749
0.0626

15.30
57.33
27.37

Total 47.11 0.8392 0.8638 3.3922 0.0720 1 0 0

All values represent means of 3 replicate plants. In the case 
of A% excess, %N, New N and %P„, values are means of 
triplicate samples for each replicate plant.
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Table 8.2 Dry weight, isotopic composition expressed as A% 
excess and % partitioning of total nitrogen inputs in the 
different organs of Populus deltoïdes after feeding with four 
labeled nitrogen sources (a) ; (b) ( ;  (c) ;
(d) ^^NH,N0 3 .
(a) K̂ ^NO^:
Organ Dry wt. 

f d)
A% excessISR %N New N 

fmd)
New N 

md/d dwt %Ph

Leaf
Root
Stem

4.15
10.28
7.87

5.6805
2.7243
7.6591

1.0065
0.5856
0.3107

2.3728
1.6401
1.8726

0.5717
0.1595
0.2379

40.31
27.87
31.82

Total 22 . 30 4.6554 0.5669 5.8855 0.2639 1 0 0

(b) ("NHJzSO,:
Organ Dry wt.

ici)
A% excess

i=N
%N New N 

fmd^
New N 

md/d dwt %Pn

Leaf
Root
Stem

2.77
8.39
7.43

2.0293
4.4044
2.5071

0.8465
0.2886
0.4758

0.4305
1.0094
0.8807

0.1554
0.1203
0.1185

18.55
43.55 
37.90

Total 18.59 2.7911 0.4847 2.3206 0.1248 1 0 0

(c)
Organ

NO3 :
Dry wt. 
fdl

A% excessISR %N New N 
fmd)

New N 
md/d dwt %P«

Leaf
Root
Stem

2.73
7.52
8.45

4.7399
2.6494
6.0417

1.3667
0.5395
0.2870

1.6858
1.0550
1.4368

0.6175
0.1403
0.1700

40.32
25.64
34.04

Total 18.70 4.0172 0.5596 4.1776 0.2234 1 0 0

(d) î NH^NO,:
Organ Dry wt.

fd)
A% excess %NX5n New N 

fmdl
New N 

md/d dwt %Pm

Leaf
Root
Stem

3.66
14.59
9.15

3.2159
3.9033
3.2012

0.8642
0.4940
0.4800

1.0172
2.8133
1.4059

0.2779
0.1928
0.1537

19.43
53.73
26.84

Total 27.40 3.5472 0.5388 5.2364 0.1911 1 0 0

All values represent means of 3 replicate plants. In the case 
of A% excess, %N, New N and %P„, values are means of 
triplicate samples for each replicate plant.
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and 8.2). In Betula and Populus respectively, 57.34% and 
43.55% of the heavy isotope remained in the root tissue 2 d 
after (^®NH4 )2S0 4  feeding (Tables 8.1b and 8.2b). The 
distribution patterns of the heavy isotope in the pioneers 
after feeding were similar to patterns observed after
( ) 2SO4 feeding (53.73 and 57.33% of label remaining in 
roots of Populus and Betula respectively; Tables 8.1 and 8.2). 
Similar to the reduced uptake rates seen after (^®NH4 )2 S0 4  

feeding, rates of uptake following feeding were
significantly lower than rates after feeding (Tables 8 . 1

and 8 .2 ).

The accumulation of in leaf tissue after ^N-nitrate feeding 
was quite different from the pattern seen after ammonium 
feeding (where greater amounts accumulated in the root 
tissues). Uptake rates of the pioneers were greater when 
nitrate was supplied than when was supplied as ammonium. 
Translocation rates of nitrogen from root to shoot may be 
different when supplied in either of the two forms because of 
their different sites of principal assimilation (Jônsdôttir 
and Callaghan, 1990). A large proportion of nitrate may be 
translocated in the xylem before it is assimilated (Rorison et- 
ai., 1983). In the present study the results do not indicate 
the form in which the label has been transported from root to 
shoot, but maximum induction rates observed in leaves of the 
pioneers 2 d after nitrate feeding (Figure 8.1) would suggest 
the influx of substrate nitrate into the leaves. The greater 
allocation of to leaves of pioneers after ^N-nitrate
feeding corresponds with maximum induction of foliar NR
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activity. This would suggest that nitrate has been transported 
from the roots to the leaves to be assimilated in the sink 
organ. NR activity in roots of pioneer species has previously 
been observed to be insignificant when compared with the 
activity in the leaves (Rice and Pancholy, 1972; Smith and 
Rice, 1983; Stewart et al., 1992; Chapter 7). This further 
highlights the probability that newly absorbed ^®N-nitrate is 
transported to the leaves, where assimilation can proceed at 
high rates.

The greatest proportion of label remained in the roots of 
pioneer species after ^^N-ammonium feeding, with only 15.30 to 
19.43% of the label reaching the leaves. Assuming that the 
label has been taken up in the form of ammonium (i.e. that 
nitrification processes in the soil have not allowed the 
transformation of ammonium to nitrate, with its conseguent 
absorption and uptake), and knowing that ammonium is rarely 
transported in the xylem (Pate, 1983), the presence of small 
amounts of in the leaves would appear to suggest that at 
least some of the ammonium has been assimilated in the roots 
of the pioneers. Organic compounds formed from ammonium 
assimilation would subsequently appear to have been 
translocated from the root to the shoot, to account for the 
labeling in the pioneer stems and leaves.

Ammonium was taken up by pioneers after ^®N~ammonium feeding, 
but at reduced rates when compared with uptake after 
nitrate application. However, unlike previous reports that 
ammonium can inhibit nitrate uptake in wheat (Minotti et al.,
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1968) and corn (Mackown et ai., 1982; Rufty et ai., 1982; see 
also Haynes and Goh, 1978 for review), the present results did 
not indicate significant reductions in ^N-nitrate uptake rates 
when both ions were available. Further, foliar NR activities 
after NH4 NO3 feeding of pioneer species (data not shown) were 
not significantly lower than after KNO 3 feeding. This suggests 
that ammonium has not inhibited nitrate uptake. These results 
are in agreement with the findings of Smith and Rice (1983) 
who found no significant decrease in foliar NR activity when 
both ammonium and nitrate were supplied to the pioneer 
Helianthus annus. Further, a study of NR activity induction 
kinetics in leaves and roots of Betula pendula, has shown that 
NR activity in birch is induced significantly faster in leaves 
than in roots after ammonium-nitrate feeding (Friemann et al., 
1992). These workers postulated that this was due to the 
inhibitory effect of ammonium on NR induction detectable only 
in roots. In the present study, it is a possibility that when 
both ions are taken up by pioneer species, the inhibition of 
root NR activity in the presence of ammonium results in the 
translocation of nitrate to leaves where NR activity can 
proceed at high rates.

The ®̂N results suggest that ammonium can be absorbed by 
pioneer roots. Since the uptake of ammonium seems to be a 
passive process which does not require metabolic energy this 
would be expected (Higinbotham, 1973; Ullrich, 1987). However, 
reports that ammonium uptake generally occurs at a greater 
rate than nitrate uptake (Lee and Stewart, 1978) do not appear 
to agree with the present findings for pioneers. Significant
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reductions in uptake rates were observed when ^®N-ammonium 
was provided, whether as sole nitrogen source or when provided 
with unlabeled nitrate. These results suggest the selectivity 
of pioneer roots for uptake of nitrate rather than ammonium, 
and are in agreement with the earlier findings of Smith and 
Rice (1983).

Nitrate, thus, appears to be the preferred form of nitrogen 
for uptake by the pioneer species studied. This selectivity 
occurs despite findings that uptake of nitrate by roots has 
active as well as passive components (Breteler and Hanisch ten 
Cate, 1980; Ullrich, 1987). Pioneer species usually occupy 
habitats where nitrate is the major form of available nitrogen 
(Smith and Rice, 1983; Stewart et al., 1988). Therefore, the 
ability of pioneer species to utilize nitrate rather than 
ammonium as their primary nitrogen source suggests an 
adaptation to use this ion, since it is the form pioneers are 
most likely to encounter (Cole, 1981). It would appear that 
the major allocation of to the leaves after ^N-nitrate 
feeding, probably still in the form of nitrate, allows cost 
efficient leaf nitrate reduction to proceed. The energy saved 
by leaf as opposed to root nitrate reduction, could allow the 
recuperation of energy that may be lost as a result of active 
nitrate uptake.

8 .3.2.2 Climax species: Ouercus petraea,
Quercus petraea showed a clear preference for ^®N-ammonium 
rather than ^N-nitrate (P<0.01; Table 8.3). Not only was more 
label taken up when ^N-ammonium was supplied as the sole

229



Table 8.3 Dry weight, isotopic composition expressed as A% 
excess and % partitioning of total nitrogen inputs in the 
different organs of Quercus petraea after feeding with four 
labeled nitrogen sources (a) ; (b) ( ;  (c) NH/^NOa,*
(d) ^̂ NH,N0 3 .
(a) K̂ N̂Oa:
Organ Dry wt. 

fcr)
A% excess

15n %N New N 
fmcr)

New N 
|ma/a dwt %Ph

Leaf
Root
Stem

3.10
8 . 8 8

7.07
0.6202
0.7131
0.6175

1.3820
1.0293
0.6887

0.2669
0.6297
0.2977

0.0861
0.0709
0.0421

22.40
52.43
25.17

Total 19.05 0.6615 0.9710 1.1943 0.0627 1 0 0

(b) (isNHJzSO,: 
Organ Dry wt.

(Q)
A% excess

15n %N New N 
fmcf)

New N 
ma/a dwt %Pn

Leaf
Root
Stem

3.29
7.27
4.11

1.7637
0.7536
1.3654

1.4444
0.9196
0.6734

0.8689
0.5217
0.4088

0.2641
0.0718
0.0995

48.36
30.35
21.29

Total 14.67 1.2038 0.9631 1.7994 0.1227 1 0 0

(c) NH/=N0 3 :
Organ Dry wt.

(C()
A% excess

15n ; %N New N 
fma)

New N 
ma/a dwt %Ph

Leaf
Root
Stem

2.34
6.08
4.60

0.5937
0.6265
0.6048

1.5452
1.1433
0.6573

0.2092
0.4106
0.1838

0.0894
0.0675
0.0400

25.94
51.80
22.26

Total 13.02 0.6141 1.0466 0.8036 0.0617 1 0 0

(d) "
Organ

NH4NO3:
Dry wt excess ;N New N New N

Leaf 2.39 1.4341 1.2954 0.7563 0.3164 46.19
Root 8.43 0.5875 1.0840 0.4672 0.0554 27.19
Stem 5.13 1.0248 0.7600 0.4301 0.0838 26.62
Total 15.95 0.9465 1.0178 1.6536 0.1037 1 0 0

All values represent means of 3 replicate plants. In the case
of A% excess, %N, New N and %?*, values are means of
triplicate samples for each replicate plant.
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nitrogen source; further, when both forms of nitrogen were 
available, Quercus preferentially took up more of the 
ammonium (Table 8.3). When ^W-ammonium was supplied, between 
46.19% and 48.36% of the label was allocated to leaves of 
Quercusf compared with only 22.40 to 25.94% in the leaves of 
^W-nitrate fed plants (Table 8.3). Only 27.19 to 30.35% of the 
heavy isotope was allocated to the root system of Quercus 

following ^^N-ammonium feeding, whereas the roots were major 
sinks for after feeding with ^N-nitrate (retaining over 50% 
of the label; Table 8.3). Assuming that the label has been 
taken up from the soil in the form of ammonium, and bearing in 
mind that ammonium is rarely exported from roots before being 
assimilated (Pate, 1983), the high level of found in leaves 
of Quercus after ^^N-ammonium feeding could be accounted for 
by translocation of newly formed organic nitrogen compounds 
from roots into above-ground parts.

The reduced ability to utilize nitrate as a nitrogen source 
may be due to:
(1 ) less efficient membrane-transport proteins in root cells;
(2 ) a less efficient enzyme system for reduction and 

assimilation of nitrate in roots;
(3) problems in transporting nitrate within the plant 

towards an efficient reduction site;
(4) a higher carbon cost for assimilating nitrate versus 

ammonium (Vézina et al., 1992); or
(5) a combination of all, or several factors leading to a 

genetic and/or a physiological preference for ammonium 
(John Pearson, personal communication).
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The studies demonstrate that nitrate absorption rates by 
roots of Quercus petraea are significantly lower than rates Of 
ammonium absorption. Lavoie et al. (1992) found similar 
absorption preferences in jack pine seedlings. These workers 
also found that the nitrate taken up did not accumulate in the 
form of nitrate, but was converted into nitrogen compounds 
such as GÀBÀ and arginine, amino acids commonly associated 
with stress conditions (Stewart and Larher, 1980). From the 
present results it is not possible to determine the form 
of nitrogen which accumulates in the roots of Quercus petraea 
after ^®N-nitrate feeding, but it possible that similar 
conversions may occur to those seen in the jack pine seedlings 
studied by Lavoie and colleagues. Moreover, although amino 
acid concentrations have not been assessed here in Quercus 
petraea, another climax species Fagus sylvatica (Chapter 7) 
was found to have high concentrations of GABA and arginine in 
roots when growing in an open, nutrient-rich environment.

The preferential uptake of ^N-ammonium rather than ^M-nitrate 
by Quercus petraea, even when both forms of nitrogen were 
available, would suggest that ammonium is the more usable form 
of nitrogen for this climax species. These results are 
consistent with the findings of Smith and Rice (1983), who 
measured shoot dry weights of pioneer and climax species grown 
on different nitrogen treatments, and were able to demonstrate 
a greater preference for ammonium by climax species than by 
pioneers. Experiments conducted in the course of this thesis, 
similar to the findings of many other studies (see Chapter 3 
for references) have shown that rates of nitrate reduction are
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significantly lower in climax species than in pioneers. Also, 
it has often been documented that climax species dominate 
habitats where rates of nitrification are low, and ammonium 
ions are the available form of nitrogen (see e.g. Cole, 1981; 
Rice and Pancholy, 1972). Cole (1981) stated that "trees that 
evolved in a high low NOa" soil environment appear to take
up NH/ over NO3" selectively". The results of the present 
study would therefore appear to further confirm the adaptation 
of climax species to take up and utilize ammonium in 
preference to nitrate, thus providing an efficient method for 
nitrogen reduction in climax species. Assimilation of 
ammonium, compared with nitrate could in theory effect a four
fold energy saving for nitrogen assimilation (Pate, 1986) 
which may be of considerable advantage to climax species 
(Stewart et al., 1992) and, especially to climax seedlings 
establishing in nutrient-poor environments. Root based 
ammonium assimilation may be of particular importance when 
shade is also a dominant factor (as may often be the case in 
climax communities) when no advantage is to be gained by leaf 
nitrate reduction (see Chapters 6  and 7).

8 .3.2.3 Coniferous species: Pinus sylvestris.
In preliminary experiments, it was found that foliar NR 
activity was induced after KNO3 (5 mM) feeding (Figure 8.1). 
High levels of activity in conifer needles, in response to 
nitrate (5 mM) feeding, have been demonstrated before 
(Smirnoff et al., 1984; Adams and Attiwill, 1982a). Smirnoff 
and colleagues found that 63% of the gymnosperms they studied 
had induced levels of activity after nitrate feeding.
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In a further series of experiments, attempts were made to 
induce NR activity in Pinus sylvestris using 1, 5 or 10 mM
nitrate solutions (Figure 8.2). It was observed that the 
highest rates of activity occurred when 5 itiM nitrate was 
supplied (Figure 8.2). Induction was particularly high in the 
current needles 2 days after application of 5 mM nitrate 
(282.5 ± 37.6 pkat g"̂  f.wt.). Lower levels of induction were 
seen when 10 mM nitrate was supplied (Figure 8.2). Results 
suggest that when nitrate is supplied at 10 mM concentrations, 
either less nitrate is absorbed and/or translocated than with 
5 mM nitrate. Similarly, Wingsle et al. (1987) had difficulty 
obtaining foliar NR induction after application of 8.5 mM and 
17 mM nitrate solutions to 11 month old Scots pine seedlings. 
Ingestad (1979a; 1979c) has suggested that at supra-optimum 
supply of nitrogen, salt injury to roots reduces cation uptake 
efficiency. Thus, in order to prevent possible root damage in 
the present ®̂N experiments, nitrogen was always provided at 
5 mM concentrations.

When ^^N-ammonium and "M-nitrate were supplied to Pinus 

sylvestris as sole nitrogen sources, the heavy isotope was 
taken up in both the ammonium and nitrate forms, at 
approximately equal rates (Table 8.4). This agrees with 
Ingestad (1979a) who observed that Pinus sylvestris utilized 
both nitrogen sources well. In the present study, when nitrate 
and ammonium were supplied to Pinus together, the conifer 
appeared to preferentially take up ̂ ^N-ammonium rather than ®̂N- 
nitrate (Table 8.4c,d). This is consistent with previous 
studies which have indicated that coniferous species favour
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the view of Smirnoff and Stewart (1985) that shade-adapted 
plants gain the least energetic advantage from leaf nitrate 
assimilation. However, results suggest that light may not be 
the most dominant factor regulating nitrogen assimilation in 
climax species. The availability of a usable nitrogen source 
(such as ammonia) may be more important (Stewart et al.,

1988) .

Results of studies have demonstrated uptake and utilization 
preferences by both climax and pioneer species for the forms 
of inorganic nitrogen which they would most likely encounter 
in the ecosystems in which they tend to grow. High 
nitrification rates in disturbed soils make nitrate ions 
readily available in these habitats (Vitousek et al., 1979). 
The preference shown by pioneers for "H-nitrate ions, and the 
partitioning of the majority of the label to the leaves after 
nitrate feeding, goes further towards explaining the high 
levels of foliar NR activity exhibited by pioneer species.

Conversely, nitrification rates are often inhibited in climax 
ecosystems making ammonium the dominant form of nitrogen 
available to climax species (Rice and Pancholy, 1972; Cole, 
1981; Smith and Rice, 1983). The conservation of energy also 
suggests that, especially in the case of shade-adapted 
species, a significant advantage may be gained from root 
assimilation of ammonium, with its theoretical 4-fold energy 
saving when compared with nitrate assimilation (Gutschick, 
1981). Low rates of nitrate reduction were observed in the 
majority of climax species studied, even when adequate
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ammonium as the main source of nitrogen (Flaig and Mohr, 1992; 
Lavoie et al., 1992; Vézina et al., 1992). Higher uptake of 
ammonium when both ions were present is consistent with the 
findings of Christersson (1972) who observed that conifers 
grew better on a mixture of the two nitrogen sources than on 
either one alone. However, in the present work variance was 
great, and the uptake rates of the different nitrogen sources 
were not significantly different.

When ^H-nitrate was supplied as the sole nitrogen source, 
41.41%, 40.37% and 18.22% of the label was allocated to
needles, roots and stems respectively (Table 8.4a). When Pinus 
was supplied with "H-nitrate together with unlabeled ammonium 
(Table 8.4c), the allocation of the heavy isotope to the leaf 
tissue (39.69%) was similar to that when "M-nitrate was 
supplied alone. However, the roots retained a smaller 
percentage of the label after this treatment (27.38%), and a 
greater amount of was allocated to the stems (32.93%; Table 
8.4c). Since NR activity was induced in pine needles as a 
result of KNO 3 (Figures 8.1 and 8.2) and NH 4NO3 feeding (not 
shown), it is probable that at least some of the found in 
the needles was there as a result of nitrate translocation 
from the root. This is consistent with the earlier findings of 
Martin et al. (1981) who showed that a small proportion of 
nitrate was translocated to the shoot of Pinus nigra seedlings 
to be reduced there. ®̂N partitioning after 2  days exposure to 
either ^^N-ammonium alone, or ^N-ammonium with unlabeled 
nitrate, did not appear to show any particular pattern. When 
^^N-ammonium alone was supplied, the roots formed a minor sink
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Table 8.4 Dry weight, isotopic composition expressed as A% 
excess and % partitioning of total nitrogen inputs in the 
different organs of Pinus sylvestris after feeding with four 
labeled nitrogen sources (a) ; (b) ( ;  (c) ;
(d) .
(a) RisNO,:
Organ Dry '

(q )

Leaf 28.27
Root 26.98
Stem 23.62
Total 78.87

excess ;N New N 
fma)

New N 
ma/a dwt %Ph

1.2295 0.0435 41.41
1.2039 0.0446 40.37
0.5362 0.0227 18.22
2.9696 0.0377 1 0 0

0.5646
0.8628
0.6213

0.7682
0.5457
0.3686

0.6685 0.5725

(b) (isNHJaSO,:
Organ Dry wt excess

isN
;N New N New N >Pn

Leaf
Root
Stem

18.32
19.86
24.47

0.6963
0.7064
0.8940

0.6265
0.3914
0.3597

0.7765
0.5802
0.7352

0.0424
0.0292
0.0300

37.68
26.23
36.09

Total 62.65 0.7557 0.4439 2.0919 0.0334 1 0 0

(c) NH/=NO,:
Organ Dry wt.

fa)
A% excess %N New N 

fma)
New N 

ma/a dwt %Pn

Leaf
Root
Stem

24.81
17.89
32.87

0.6288
0.6547
0.6846

0.6446
0.5952
0.3722

0.9950
0.6748
0.8312

0.0401
0.0377
0.0253

39.69
27.38
32.93

Total 75.57 0.6475 0.5136 2.5010 0.0331 1 0 0

(d) “NH4NO3 :
Organ Dry wt.

fa)
A% excess %N 

15N
New N 
fma)

New N 
ma/a dwt %Ph

Leaf
Root
Stem

25.15
28.60
25.10

0.6755
0.7699
0.7379

0.7106
0.7513
0.5697

1.1915
1.5817
1.0088

0.0474
0.0553
0.0402

31.76
40.87
27.37

Total 78.85 0.7275 0.6813 3.7820 0.0480 1 0 0

All values represent means of 3 replicate plants. In the case 
of A% excess, %N, New N and %P„, values are means of 
triplicate samples for each replicate plant.
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for the label (Table 8.4b). However, the ^^N-ammonium + nitrate 
treatment appeared to result in the root being a major sink 
for the (Table 8.4d).

The partitioning of dry matter between the organs of Pinus was 
not constant. In some cases, roots formed the greater part of 
the total dry weight of the plant. In others cases, the root 
was the smallest organ. The lack of clearly defined patterns 
in the distribution of after the various treatments may be 
a result of the varied dry weight distribution. Therefore, it 
is difficult to draw conclusions from partitioning results. 
However, despite problems in interpreting the data, it can be 
seen from the amounts of (mg g“̂ d.wt.) present in the
tissues after feeding, that Pinus sylvestris is capable of 
taking up both forms of nitrogen, although uptake rates were 
very low (Table 8.4). It is difficult to draw general 
conclusions about uptake rates from a labeling experiment 
lasting only two days, but it has previously been suggested 
that coniferous ecosystems need nearly 40% less nitrogen 
uptake than deciduous forests (Cole, 1981). This is due to the 
ability of conifers to retain their foliage, thereby 
minimizing the amount of nitrogen uptake per unit of biomass 
(Cole, 1981). This could possibly help to explain low rates of 
uptake seen here.

8.4 Conclusion.
The pioneers, although capable of taking up ^®N-ammonium, 
exhibited strong preferences for ^®N-nitrate ions. In the 
pioneer species, the leaves were major sinks for after
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nitrate application. Conversely, the climax species Quercus 
petraea preferentially took up ammonium ions in favour of 
nitrate. Leaves were major sinks for after ^®N-ammonium 
feeding. These results suggest uptake and utilization 
preferences of climax and pioneer species for the forms of 
nitrogen which they would most likely encounter in the 
ecosystems in which they tend to grow. Conservation of energy 
may also dictate the form of nitrogen utilized, especially in 
the case of shade-adapted species, which may gain little 
benefit from leaf nitrate reduction. Pinus sylvestris appeared 
to be capable of utilizing both forms of nitrogen, although 
this species appeared to show a slight preference for ammonium 
ions. The wide distribution of this dominant coniferous 
species may be the result of its apparent adaptation to 
utilize nitrate and ammonium.

These results help to confirm possibilities suggested earlier 
in this thesis. It has been postulated that different species 
may preferentially take up and utilize different inorganic 
forms of nitrogen. In view of the present findings, it seems 
likely that climax species may often take up and utilize 
ammonium in preference to nitrate. This would help to explain 
the low rates of nitrate reduction observed in the majority of 
climax species studied. Conversely, the preference of pioneers 
for nitrate ions, and the partitioning of the majority of 
to the leaves after nitrate feeding, goes further towards 
explaining their high levels of foliar NR activity.

It is important to remember, however, that these studies were
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conducted using 1 - 2  year old tree seedlings. It may be 
difficult to extrapolate the differential effects of ammonium 
and nitrate on the uptake and partitioning by seedlings, to 
mature trees. This may be especially important since there is 
evidence, at least for some plant species, that young plants 
absorb ammonium more readily than nitrate. Then, as the plant 
ages, relatively more nitrate than ammonium is taken up 
(Hageman, 1980). In addition, nitrification rates were not 
controlled or measured during the course of the experiment. 
The possibility that exogenously supplied ammonium has been 
converted to nitrate before absorption by roots cannot be 
overlooked. It has also been observed that application of 
ammonium and nitrate to soil can result in pH shifts (Dickson,
1989). Thus, responses of plants to different nitrogen sources 
may reflect, to a certain extent, response to extreme pH and 
the associated changes in cation and anion availability, 
rather than the plant's ability to assimilate different 
nitrogen sources.
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CHAPTER 9: Concluding remarks.
The leaves of woody species in climax stands and in open, 
disturbed communities at three English woodland sites have 
been shown to exhibit a wide range of NR activities, from 16.1 
to 1601.9 pkat g"̂  f.wt. Pioneer species showed the highest 
rates of foliar nitrate reduction while climax species 
exhibited medium to low leaf NR activities. In the field, 
hampered by uncontrollable variables, it is inherently 
difficult to obtain statistically viable results. Despite 
these difficulties, the present study has been able to 
establish that foliar NR activities in leaves of woody 
pioneers are significantly greater than in climax species. 
General trends in glutamate, alanine and asparagine in 
relation to NR activity were demonstrated in leaves of field- 
grown woody species.

It will be noticed that measurements of glutamine synthetase 
(GS) activities are unfortunately absent from this thesis. 
Numerous attempts were made to measure the activity of this 
key ammonia-assimilating enzyme in samples from trees, but to 
no avail. Miflin and Lea (1980) stated that even where an 
enzyme is well characterized, it is still possible that the 
correct amount may not be measured due to using the wrong 
extraction and assay conditions. Probably as a result of 
inadequate protectants in the extraction buffer (see Chapter 
2  for method used) the assay clearly did not work since it was 
frequently found that blanks exceeded sample measurements. 
Alterations made to the extraction buffer did not improve the 
situation, and, reluctantly it was finally decided that
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measurements of GS would have to be omitted from this thesis. 
More recently, through the persistent work of John Pearson and 
colleagues, the original assay method has been developed so 
that accurate measurements of GS activity can now be obtained 
from tree samples. Here, in the absence of GS measurements, it 
is difficult to relate rates of ammonia incorporation to amino 
acid biosynthesis. However, a high degree of understanding can 
still be obtained from NR activity and amino acid results.

A huge degree of seasonal variation in NR activity and amino 
acid concentrations, both temporal and among species, has been 
demonstrated in the woody species studied. Pioneer species 
exhibited the most varied seasonal patterns, with a tendency 
for early seasonal flushes of NR activity. Less pronounced 
seasonal trends were found in climax species, but a tendency 
for late seasonal flushes of activity was apparent. Variations 
in amino acid concentrations provide some insight on the 
nutrient status of the trees examined. Many factors seem to be 
important in determining seasonal variations in NR activity 
and amino acid concentration. As well as soil nitrate 
availability, light is likely to be a major factor regulating 
the level of NR. Patterns observed in the seasonal study 
appear to emphasize the importance of light intensity in 
determining seasonal trends in nitrate reduction. Results for 
some species also suggest that metabolites such as asparagine 
may be important in the regulation of NR activity.

Studies investigating the patterns of metabolic control 
regulating the activity of NR were not able to elucidate
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precise molecular mechanisms through which the control was 
mediated. However, it would appear that asparagine has a 
regulatory function in the climax species Quercus petraea. 

Inhibition of enzyme activity after asparagine misting of this 
species could be the result of end-product repression caused 
by accumulations of asparagine, aspartate and lysine in leaf 
tissue. Asparagine did not appear to repress NR activity in 
the pioneer species Sambucus nigra and Populus deltoïdes. It 
is possible that in pioneer species, alanine is formed from 
exogenously supplied asparagine, which may prevent the build
up of the amide to levels where it might become repressive.

It has been established that foliar mistings of nitrate can 
induce NR activity in pioneers. It is possible that foliar 
applications of nitrate in seasonal rainfall could further 
enhance the high capacity of pioneer species for foliar 
nitrate reduction. Studies on the effects of nitrogen-feeding 
after soil application have suggested that a tight coupling 
exists between NR activity and nitrogen supply in pioneer 
species, whereas only a loose coupling is apparent in climax 
species.

It has been established that diurnal variations in foliar NR 
activities, photosynthetic rates, transpiration rates and 
amino acid concentrations exist in woody pioneer species. 
Maximal rates of nitrate reduction occur in the middle of the 
photoperiod and correspond with high photosynthetic photon 
flux densities. Transpiration rates of nitrogen-fed pioneers 
appear to strongly influence the induction of NR activity,
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possibly by controlling uptake and/or movement of nitrate in 
the xylem sap to leaves. It has been demonstrated that climax 
species do not show high rates of, or diurnal variations in, 
NR activity, even when nitrogen supply is high. The lack of a 
diurnal peak in foliar NR activity, despite relatively high 
transpiration and photosynthetic rates, suggests that climax 
species assimilate nitrate (or an alternative nitrogen source) 
in their roots. Amino acid analyses suggest that the amides 
glutamine and asparagine are employed as nitrogen-transport 
compounds in some climax species.

A comparative study of field grown seedlings from shaded and 
open habitats has indicated that growth rates and leaf NR 
activities are greater in open-grown seedlings of the pioneer 
species Betula pendula and the intermediate species Acer 

pseudoplatanus than in shade-grown plants. The rapid growth 
rates of these species produce a high demand for nitrogen, and 
consequently a need to reduce nitrate rapidly. It appears that 
the pioneer and intermediate species are able to maximize leaf 
nitrate reduction by taking advantage of (i) high light 
availability (and thus, high levels of photochemical energy), 
and (ii) higher levels of nitrate generally found in open, 
disturbed habitats. Lower growth rates and reduced levels of 
NR activity were found in shaded pioneer and intermediate 
seedlings. This is perhaps due to depletion of photosyn- 
thetically produced electron donors and ATP.

A tendency towards root nitrate assimilation was apparent in 
the climax species Fagus sylvatica. This is consistent with
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the view of Smirnoff and Stewart (1985) that shade-adapted 
plants gain the least energetic advantage from leaf nitrate 
assimilation. However, results suggest that light may not be 
the most dominant factor regulating nitrogen assimilation in 
climax species. The availability of a usable nitrogen source 
(such as ammonia) may be more important (Stewart et al., 

1988).

Results of studies have demonstrated uptake and utilization 
preferences by both climax and pioneer species for the forms 
of inorganic nitrogen which they would most likely encounter 
in the ecosystems in which they tend to grow. High 
nitrification rates in disturbed soils make nitrate ions 
readily available in these habitats (Vitousek et al., 1979). 
The preference shown by pioneers for ^®N-nitrate ions, and the 
partitioning of the majority of the label to the leaves after 
nitrate feeding, goes further towards explaining the high 
levels of foliar NR activity exhibited by pioneer species.

Conversely, nitrification rates are often inhibited in climax 
ecosystems making ammonium the dominant form of nitrogen 
available to climax species (Rice and Pancholy, 1972; Cole, 
1981; Smith and Rice, 1983). The conservation of energy also 
suggests that, especially in the case of shade-adapted 
species, a significant advantage may be gained from root 
assimilation of ammonium, with its theoretical 4-fold energy 
saving when compared with nitrate assimilation (Gutschick, 
1981). Low rates of nitrate reduction were observed in the 
majority of climax species studied, even when adequate
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supplies of nitrate were available. The data finally helps 
to confirm the possibility suggested on numerous occasions 
throughout this thesis: that woody climax species have adapted 
to take up and utilize ammonium in preference to nitrate.
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