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Abstract

The *acid rain’ problems in forests in The Netherlands are largely due to excessive acrial inputs of NI,
and NH{ from intensive livestock farms. Nitrification is slow under acid soil conditions. so a large part
of the N available to the trees is in the ammonium form. In pot experiments the response of Douglas-fir
to various NH{ : NO; ratios was tested, using a nitrification inhibitor. Rhizosphere pH was measured

with microclectrodes.

If nitrate contributed less than 20% to total N uptake, net carboxylate production was insufficient for
internal pH control and the tree died. If more than 65% of the N absorbed was taken up as nitrate, net

OH" excretion by the roots occurred, leading to alk
the root growth zone. Thus, root growth can conti
contributions to total N uptake, net proton excret

alization of the rhizosphere at the root tip and at
nue in strongly acid soils. At intermediate nitrate
ion occurred, leading to rhizosphere acidification

along almost the entire root. Root growth and functioning can then be impeded duc to severe

rhizosphere acidity.

Douglas-fir appeared to preferentially absorb ammonium. Soil water content strongly affects the
ammonium/nitrate uptake ratio, through its effect on NH mobility in the soil.

Introduction

In recent decades, intensification of farming sys-
tems has led to an increase in the number of
livestock farms, at which enormous amounts of
manure are produced. The volatilization of am-
monia from the manure gave rise to an increased
deposition of NH, (i.e. NH, + NH}) onto the
surrounding ficlds and woodlands. It has been
postulated that the increased N supply to trees
may account for (part of) the forest decline
obscrved recently, due to its effect on soil acidifi-
cation through nitrification (Van Breemen et al.,
1982; 1984) or through proton excretion resulting
from ammonium uptake (Van Diest, 1989). Most
Dutch woodlands are situated on poor sandy
soils, oftén in arcas with heavy concentrations of

intensive livestock farms. It was found that not
only was the N availability in the soil relatively
high, but also that a strong acidification had
occurred, with pH values down to 3.0 in the
topsoil.

In 1985 the Dutch Priority Programme on
Acidification was initiated in order to unravel the
mechanisms involved in forest decline, and to
indicate what measures should be taken to stop
soil acidification and to preserve the forests for
the future. Since N input by deposition was scen
as a major detrimental factor, a considerable
part of the research was aimed at the direct and
indirect effects of N deposition  on  the
ecosystem,

When the NH, deposited is converted into
nitratc by nitrification, the bulk soil will acidify
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due to H' production, while subsequent uptake
of the nitrate formed will result in alkalization of
the rhizosphere. If no nitrification occurs, the pH
of the bulk soil may rise slightly due to buffering
by NH,, or may drop slightly due to the weakly
acidic naturc of NH, . Subsequent uptake of the
ammonium will lead to acidification of the
rhizosphere. Therefore, in studies relating soil
acidification to plant growth, it is necessary to
know in what form N is absorbed by the plant
and to consider the actual rhizosphere pH to
which the plant root is exposed rather than the
butk soil pH.

This paper gives a synthesis of the research on
the cffect of N source on the ionic uptake bal-
ance of Douglas-fir (Pseudotsuga menziesii) and
on the resulting H'/OH™ excretion and rhizo-
sphere pH.

Materials and methods

All experiments were carried out with 2- or
3-year old Douglas-fir seedlings (Pseudotsuga
menziesii) [Mirb.] Franco, provenance Arlington
202). The soil used was taken from the research
site of the Dutch Priority Programme on Acidifi-
cation at Kootwijk, The Netherlands. It was a
sandy soil of pH-H,O 3.87 (pH-KCI 3.28), con-
sisting for over 90% of particles >50um. The
organic matter content was 32 g per kg air-dry
soil (loss-on-ignition method). Additional char-
acteristics of the soil were given by Gijsman
(1990b) and Tiktak et al. (1988).

For explanation of the experimental design of
the various experiments, see earlier publications
(Gijsman, 1990a; b; c).

Results and discussion
Preference for ammonium or nitrate

The literature on N nutrition of Douglas-fir is
contradictory concerning N uptake preference
and gréwth response to either N source. In most
experiments on nutrient solution or on sand
irrigation culture, ammonium was taken up at a
faster rate than nitrate, while growth was also

better in the case of ammonium (Littke, 1982;
McFee and Stone, 1968; Rygicwicz ¢t al.,
1984a; b; Van den Driessche, 1971). In experi-
ments on (non-irrigated) soil, however, nitrate
was taken up more rapidly and gave a better
growth response (Bigg and Daniel, 1978; Gijs-
man, 1990b; c; Krajina ¢f al., 1973). It was dem-
onstrated that this apparent contradiction could
be accounted for by the difference in mobility of
ammonium and nitrate in the soil, due to adsorp-
tion of ammonium onto the cation exchange
complex (Gijsman, 1990). By comparing the
contribution of ammonium to total N uptake
with the ammonium /nitrate ratio in the soil
solution, it was shown that ammonium was taken
up preferentially to nitrate. However, under dry
soil conditions ammonium could not reach the
roots sufficiently fast, so the preference for am-
monium could not express itself, Nitrate being
much more mobile, was taken up instead.

Physiological effects of ammonium nutrition

The fact that ammonium is prefercntially ab-
sorbed by Douglas-fir does not mean that the
tree grows best when only ammonium is taken
up. It was shown that, when nitrogen was mainly
taken up in the ammonium form, a strong reduc-
tion in stoichiometric surplus of cation over
anion concentration (C-A) in the plant had taken
place, resulting in a low carboxylate concen-
tration in the plant (Gijsman, 1990b). Figurc 1
shows calculated minimum and maximum nect
carboxylate production by the plant, in relation
to the contribution of nitrate uptake to total N
uptake. The net carboxylate production by the
plant is drastically reduced when less than 10 to
20% of the nitrogen is absorbed in the nitrate
form (i.e. NH;/NO; uptake ratio>4). Since
carboxylates are needed for the regulation of the
cytoplasmic pH of the plant, a severe reduction
can lead to inability to control cytoplasmic pH.
With ammonium nutrition under acid soil condi-
tions, there is a heavy demand for carboxylates
to eliminate protons from ammonium assimila-
tion and from passive proton influx from the soil
solution. A shortage of carboxylates will then
result in internal acidification of the plant, and
(possibly) high concentrations of NHj-ions in
the plant.
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Fig. 1. Calculated net carboxylate production per unit N
uptake (mmol mmol '), as a function of the relative contri-
bution of nitrate to total N uptake. The nitrate contribution
could not be determined exactly and is therefore expressed as
a maximum (squares) and a minimum (asterisks) value. The
solid lines represent the exponential regression lines for the
dwo situations. The broken lines encompass the range of
meperimental points around the exponentially derived plateau
value.

H*/OH™ excretion and rhizosphere pH

Besides internal acidification of the plant, the
rhizosphere will also become acidified when am-
monium is the predominant N source absorbed
(Gijsman, 1990c). Using the data of Fig. 1, the
proton excretion per unit N absorbed can be
calculated, as shown in Fig. 2 (calculation ac-
cording to Troelstra (1983)). If less than about
65% of the amount of N absorbed consists of
nitrate, the roots will excrete protons and the
rhizosphere as a whole will thus be acidified.
When the nitrate contribution to N uptake is
more than about 65% (NH;/NO; uptake
ratio<<0.5), OH™ ions are excreted and the
rhizosphere as a whole will be alkalized. Differ-
pnces in excretion pattern among root zones can
not be deduced from this figure.

More important than this difference in average
rhizosphiere pH (pH,) is the difference in the
pattern of pH, along the root axis. Detailed
measurements with a microelectrode showed
(Gijsman, 1990a) that the rhizosphere was
acidified along almost the whole root axis when
ammonium natrition was predominant; only the
root tip was slightly alkaline compared with the
buik soil. When more nitrate was absorbed, a
stronger alkalization occurred at the root tip and
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Fig. 2. Calculated proton excretion per unit N uptake (mmol
mmol '), as a function of the relative contribution of nitrate
to total N uptake. The solid lines represent the proton
excretion as calculated from the exponential regression on
the carboxylate production in Fig. 1. The broken lines cn-
compass the range of proton excretion, if the measured
maximum and minimum valucs are used in the calculations
rather than the exponentially derived plateau value of the
carboxylate production.

the length of the alkalinc zone was much greater.
This alkalization could be as high as 0.75 pH unit
at the root tip, while the length of the alkaline
zone was at most 25 mm. This means that, by
absorbing nitrate, the plant is able to increasc
the rhizosphere pH along its root growth zone,
which is the most sensitive part of the root and
which is essential for new root formation. The
fact that with ammonium-but not with nitrate—
root growth was restricted and root tips had a
poor, claviform appearance, was possibly con-
nected with the acid conditions in the rhizo-
sphere of ammonium-fed plants.

Consequences of low rhizosphere pH for the
roots

In very acid soils, small changes in the rhizo-
sphere pH can determine whether or not a plant
can survive. Although no attempt will be made
to assess the effects of differences in rhizosphere
pH on all factors or processes mentioned, one
effect deserves special attention, viz., that of
increased aluminium concentration on root
growth. Aluminium is often scen as a major
detrimental factor in acid soils because of its
effect on root cell membrancs. Since it was
noticed that rhizosphere pH differences werc
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most pronounced along the root growth zones,
the effect of aluminium on root growth and its
implications for the plant will be discussed, with
emphasis on the water and nutrient uptakc
capacity of the roots.

Several authors found a negative cffect of high
aluminium concentrations or high Al/Ca ratios
on longitudinal growth of conifer roots (Godbold
et al., 1988; Smit et al., 1987). Olsthoorn (1990)
found that the specific root length of Douglas-fir
(i.e. root length per unit root dry weight) was
negatively correlated with the aluminium con-
centration in the soil solution. The much lower
rhizosphere pH along the root zones of am-
monium-fed plants compared with nitrate-fed
plants will lead to- higher aluminium concen-
trations in the soil solution, which may result in
thicker and-assuming a constant carbohydrate
investment in the roots—~shorter roots. Both phe-
nomena were indeed observed in plants with
diffcrent N nutrition. _

A reduction in root length may have important
consequences for the nutrient uptake capacity of
the roots, especially for less mobile nutrients as
phosphorus. Since the transport rate of these
nutrients towards the roots is low, a high root
length density is needed to create a low nutrient
demand per unit root length and to reduce the
transport distance of the nutient towards the
roots (Van Noordwijk and De Willigen, 1979;
De Willigen and Van Noordwijk, 1987). Also
mycorrhizae, with their fine network of fungal
hyphae, may increase soil penetration, contribut-
ing to nutrient uptake. However, it has been
found that several mycorrhizal fungi of Douglas-
fir are very sensitive to low pH and to a high
aluminium concentration in the rooting medium
(Jongbloed and Borst Pauwels, 1987; Kamminga-
Van Wijk and Prins, 1988). The uptake capacity
of the roots for nutrients of low mobility may
thus be reduced by increased acidity in the
rhizosphere.

In many Dutch coniferous forests, water avail-
ability is a critical factor for the trees, so changes
in rooting pattern or in root functioning may be
of vital importance. The water uptake capacity
of the’ roots depends on several morphological
and physiological root parameters, viz., root
length, root resistance to water entry and longi-
tudinal hydraulic conductivity of the root xylem.

Root length density in the soil is the decisive
factor in water uptake capacity of thc roots,
insofar as water availability is restricted by water
transport limitations in the soil (D¢ Willigen and
Van Noordwijk, 1987). Furthermore, it was
shown that for Norway Sprucc the water uptake
rate is highest in the root apical zone (Hiussling
et al., 1988), so a change in morphology of this
zone can have a profound cffect on the water
uptake capacity of the root. Thickening of the
roots means that water molccules have to travel
a greater distance within the roots to reach the
root xylem, from where they are transported
upwards to the shoot. This will cause a greater
root resistance to watecr entry. Effccts of
aluminium on entry resistance of the root xylem
were only recently demonstrated by Kruger and
Sucoff (1989). They found that prolonged expo-
sure of Quercus rubra roots to high Al/Ca ratios
resulted in increased entry resistance of its roots.
It can thus be concluded that a lower rhizosphere
pH along the root growth zone of ammonium-
fed plants can reduce the water uptake capacity
of the root through changes in root morphology.

Synthesis and conclusions

The present investigation was carried out with 2-
or 3-year old Douglas-fir scedlings, under (semi-)
controlled experimental conditions. Older trecs
may show a different physiological responsc to
external conditions and, morecover, will often
have a higher ‘buffer capacity’ for temporarily
unfavourable conditions. For instance, older
trees are likely to have a much higher carboxy-
late content than young trets, and thus will be
able to longer endure a situation with a high
carboxylate demand but a low carboxylate pro-
duction. Under forest conditions the root system
is much more extensive than in the experimental
pots, so that the plant can avoid spots with
adverse soil conditions by reducing root growth
in one place and increasing it in another. Car-
boxylates originating from nitrate-absorbing
roots may be decarboxylated by ammonium-
absorbing roots, which leads to OH™ excretion
and thus a smaller pH reduction along am-
monium-absorbing roots. The results thercfore
have to be interpreted with some caution for
trees in a forest situation.
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The effect of N source on carboxylate concen-
trations and on the rhizosphere pH can be sum-
marized for threc situations shown in Fig. 3 (in
rcality the boundaries between zones will not be
as sharp as suggested here).

1. If more than about 65% of the N absorbed
is taken up as nitrate, the carboxylate concen-
tration in the plant is at a proper level and the
roots excretc OH™ ions. This is a favourable
situation for plants in acid soils, as the rhizo-
sphere is alkalized, cspecially along the root
growth zones.

2. If nitrate contributes about 20 to 65% of
total N uptake, the net carboxylate production
by the plant is still high enough, but with de-
creasing nitrate contribution the roots excrete
increasing amounts of H" ions. This will lead to
acidification of the rhizosphere along most parts
of the roots. Only at the root tip may a slight
alkalization remain.

3. If less than about 20% of the amount of N
absorbed consists of nitrate, the carboxylate pro-
duction in the plant decreases and physiological
disorders may occur. The roots excrete H' ions
and thus acidify the rhizosphere. Judging from
the poor appearance of the root tips, root growth
and functioning are probably disturbed.

It may be concluded that Douglas-fir, although
it preferentially absorbs ammonium compared to
nitrate, requires part of its N in the form of
nitrate. Since deposition occurs in ammonium
(or ammonia) form, the source of N available to
the plant depends on the rate of nitrification.
When little nitrification occurs, nitrogen is main-
ly available to the roots in the ammonium form.
This situation is detrimental for the plant. As
long as part of the NH, is nitrified, the roots
have an opportunity to absorb some nitrate as
well. Nitrification, therefore, is a crucial factor in
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Fig. 3. Schematic represcntation of the conclusions of the
present research on the response of Douglas-fir to am-
moniuth and nitrate nutrition. Numbers represent the relative
contribution of nitrate uptake to total N uptake.

the prospects for survival of Douglas-fir in situa-
tions with high NH_ input.

Even if both N sources are present in the soil,
it is still questionable whether or not the roots
will absorb some nitrate. In the case of an abso-
lute preference for ammonium compared to ni-
trate, no nitrate will be taken up at all if suffici-
ent ammonium is available to mect total N de-
mand. The plant will then, through its am-
monium preference, create its own detrimental
situation. Expcrimental results from Keltjens
and Van Loenen (1989) and Gijsman (1991),
however, suggest that there is no absolute am-
monium preference, so there might be some kind
of sclf-protecting mechanism cnsuring that the
plant absorbs at least some nitrate, if available.

Given a certain concentration of ammonium
and nitrate in the bulk soil, their availability at
the root surface is controlled by soil water condi-
tions and ammonium adsorption onto the cx-
change complex. Under dry soil conditions the
mobility of ammonium may be so low that it
cannot reach the roots in sufficicnt amounts to
meet the plant’s N demand. Some nitrate will
then be taken up also. A wetter soil will incrcasc
ammonium mobility, leading to a reduced contri-
bution of nitrate to total N uptake. Since in a
forest most of the ammonium will be concen-
trated in the dry upper soil layer, a flush of
ammonium uptakc may be cxpected after a
shower. From the point of vicw of N nutrition,
relatively dry soil conditions may thercfore be
favourable for the plant when NH, input is high.
However, this conflicts with the fact mentioned
earlier that, in the forest soils considered, water
availability is often critically low.

For good growth and functioning of Douglas-
fir forests a substantial reduction of NH_ input is
required, to a level where most of the N depos-
ited can be nitrificd, so that the larger part of the
N taken up by the plant consists of nitrate.

References

Bigg L W and Danicl T W 1978 Effects of nitrate, am-
monium and pH on the growth of conifer secdlings and
their production of nitrate reductase. Plant and Soil 50,
371-385.

De Willigen P and Van Noordwijk M 1987 Roots, plant
production and nutricnt usc cfficiency. Ph.D. Thesis,
Agric. Univ. Wageningen, The Netherlands.



186  Critical ammonium: nitrate uptake ratios for Douglas-fir

Gijsman A J 1990a Rhizosphere pH along different root
zones of Douglas-fir (Pseudotsuga menziesii), as affected
by source of nitrogen. Plant and Soil 124, 161-167.

Gijsman A J 1990b Nitrogen nutrition of Douglas-fir (Pseu-
dotsuga menziesii) on strongly acid sandy soil. I. Growth,
nutrient uptake and ionic balance. Plant and Soil 126,
53-61.

Gijsman A J 1990c Nitrogen nutrition of Douglas-fir (Pseu-
dotsuga mentziesii) on strongly acid sandy soil. II. Proton
excretion and rhizosphere pH. Plant and Soil 126, 63-70.

Gijsman A J 1991 Soil water content as a key factor de-
termining the source of nitrogen (NH, or NO; ) absorbed
by Douglas-fir (Pseudotsuga menziesii) and the rhizosphere
pH along its roots. Can. J. For. Res. accepted.

Godbold D L, Dictus K and Hiittermann A 1988 Influcnce of
aluminium and nitrate on root growth and mineral nutri-
tion of Norway spruce (Picea abies) seedlings. Can. J. For.
Res. 18, 1167-1171.

Hiussling M, Jorns C A, Lehmbecker G, Hecht-Buchholz
Ch and Marschner H 1988 Ion and water uptake in relation
to root development in Norway Spruce (Picea abies (L.)
Karst.). J. Plant Physiol. 133, 486-491.

Jongbloed R H and Borst Pauwels G W F H 1987 Effects of
Al’* and NH, on growth and uptake of K* and H,PO; by
three ectomycorrhizal fungi in pure culture. /n Air Pollu-
tion Research Report 12. Proc. of the Workshop on Ec-
tomycorrhiza/expert meeting, Berg en Dal, The Nether-
lands, 10-11 Dec. 1987. Eds. A E Jansen, J Dighton and
A H M Bresser, pp 47-52.

Kamminga-Van Wijk J and Prins H B A 1988 The influcnce
of pH on ectomycorrhizal development of Pseudotsuga
menziesii inoculated with Laccaria bicolor on hydroculture.
Proceedings of the 2nd European Symposium on Mycor-
rhizae, Prague, 14-19 August 1988 (In press).

Keltjens W G and Van Loenen E 1989 Effects of aluminium
and mineral nutrition on growth and chemical composition
of hydroponically grown seedlings of five different forest
tree species. Plant and Soil 119, 39-50.

Krajina V J, Madoc-Jones S and Mellor G 1973 Ammonium
and nitratec in the nitrogen economy of some conifers
growing in Douglas-fir communities of the Pacific north-
west of America. Soil Biol. Biochem. 5, 143-147.

Kruger E and Sucoff E 1989 Aluminium and the hydraulic
conductivity of Quercus rubra L. root systems. J. Exp.
Bot. 40, 659-665.

Littke W R 1982 Nitrogen uptake by mycorrhizal fungi and

mycorrhizal Douglas-fir. Ph.D. Thesis, Univ. Washington.

McFee W W and Stone E L 1968 Ammonium and nitrate as
nitrogen sources for Pinus radiata and Picea glauca. Soil
Sci. Soc. Am. Proc. 32, 879-884.

Olsthoorn A F M 1990 Wortclontwikkeling van bomen in
door luchtverontreiniging belaste milicus. Voortgangsver-
slag projekt 103 voor het Se symposium verzuringsonder-
zock, RIVM, Bilthoven.

Rygiewicz P T, Bledsoe C S and Zasoski R J 1984a Effect of
ectomycorrhizae and solution pH on [ISN]ammonium up-
take by coniferous scedlings. Can. J. For. Res. 14, 885~
892.

Rygiewicz P T, Bledsoe C S and Zasoski R J 1984b Effect of
ectomycorrhizac and solution pH on [ISN]nitrate uptake
by coniferous scedlings. Can. J. For. Res. 14, 893-899.

Smit H P, Van Brecmen N and Keltjens W G 1987 Effects of
soil acidity on Douglas fir seedlings. 1. Rooting characteris-
tics of natural regeneration of Douglas fir in strongly acid
forest soils. Neth. J. Agric. Sci. 35, 533-536.

Tiktak A, Konsten C J M, Van der Maas M P and Boutean W
1988 Soil chemistry and physics of two Douglas-fir stands
affected by acid atmospheric deposition on the Veluwe,
The Netherlands. Dutch Priority Programme on Acidifica-
tion, Report 03-01, RIVM, Bilthoven.

Troelstra S R 1983 Growth of Plantago lanceoluta and I’Iun
tago major on a NO/NH, medium and the cstimation of
the utilization of nitrate and ammonium from ionic-balance
aspects. Plant and Soil 70, 183-197.

Van Breemen N, Burrough P A, Veldhorst E J, Van Dobben
HF, De Wit T, Ridder T' B and Reijnders H F R 1982 Soil
acidification from atmospheric ammonium sulphate in for-
est canopy throughfall. Naturc 299, 548-550.

Van Breemen N, Mulder J and Driscoll C T 1984 Acidic
deposition and internal proton sources in acidification of
soils and waters. Nature 307, 599-604.

Van Diest A 1989 Eintrag von NO; und NH; in niederlin-
dische Waldbestinde und deren Auswirkungen auf dic
N-Ernihrung und den Vitalitatszustand. Kali-Briefe (Biin-
tehof) 19, 391-401.

Van den Driessche R 1971 Response of conifer scedlings to
nitrate and ammonium sources of nitrogen. Plant and Soil
34, 421-429.

Van Noordwijk M and De Wllhg,en P 1979 Calculation of the
root density required for growth in soils of different P-
status. /n The Soil-Root Interface. Eds. J 1. Harlcy and R
Scott Russell. pp 381-390. Academic Press, London.



