The copyright of this thesis vests in the author. No
guotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.




































higher plants (Waring and Schlesinger, 1985). The dominant N pollutant species are various
oxides of N, nitric oxide (NO), nitrogen dioxide (NO;) and nitrous oxide (N>O) and ammonia
(NH3) and their ionic derivatives, NOy and NH,". Nitric oxide (NO) is given off in the burning
of fossil fuels in power stations and by motor vehicles, but is rapidly converted to nitrogen
dioxide (NO3) (Hornung, 1994). The NO; is itself converted to nitric acid (HNO3).
Thunderstorm activity can produce NOx (NO and NO,) naturally. On a global scale this natural
production of NOx is much greater than the anthropogenic sources, but the latter generally
results in small areas having very high concentrations of NOys, while natural sources are more
widely dispersed (Galloway et al. 1994). Industrial sources of NH; include the manufacture of
fertilizers, nitric acid and explosives. Other sources include the burning of coal in power stations
and emissions from motor vehicle exhausts. Significant amounts of NH; are produced by
animals such as pigs and cattle and high concentrations of these animals in Western Europe have
lead to NHj being the dominant N pollutant. Ammonia is a weak base, easily soluble in water to
form NH," and a hydroxyl ion (Nihlgard, 1985). On a global scale, N pollutants are exceeded
only by sulphuric acid as the most important component of acid rain (Galloway ef ai. 1995).
Much of the anthropogenic N is deposited over various forest ecosystems in Europe and
North America since forest vegetation covers roughly one-third of the Earth’s land surface
(Waring and Schlesinger, 1985). The major portion is natural forest, ranging from boreal forests
in the arctic regions to tropical rainforests. In some countries natural forests are managed and
exploited for fuel and as a resource for industry, while fast growing plantation forests have been
established in various countries. With the demand for pulp and paper increasing in reaction to
the increase in world population, the current emphasis is to grow trees to harvesting age in the

shortest possible time. Over the last century huge tracts of land, especially in the Southern













































in base cations and have moderate to high acidity. The low base saturation and hence relatively
high acidity makes the soil of the area especially prone to damage from pollutants. Soils derived
from quartzites and shales, which make up an important part of soils in the Escarpment area, are
highly sensitive and moderately sensitive to pollution and acidification, respectively (Olbrich and
du Toit, 1993). In addition to the low base cation content and the high acidity, a substantial
portion of shale and quartzite soils are characterized by very shallow profiles. Pinus patula is
frequently planted on marginal shale and quartzite soils and therefore forms the focus of this
study. Portions of the forest are on areas where root growth is constrained due to limitations in
the effective rooting depth, either because of shallow soil or a large percentage of stones or other
obstructions in the soil horizon.

In the last decade it has become increasingly clear that the remaining land area in the
escarpment is not suitable for afforestation (Louw, 1997; 1999). Therefore, the focus is shifting
to strategies to optimise wood production in areas currently afforested. This strategy is taking
the form of increased focus on tree breeding and forest management, including fertilization with
N, phosphorus and potassium.

The impact of industrial activity on the Highveld and Drakensberg escarpment is reflected
in the figures for actual wet and dry deposition of NO3” and NH,™ on the soil of the Highveld and
the adjacent Drakensberg escarpment in Mpumalanga Province (Fig. 2.3). The rate of the
deposition of N species range from 15 kg N ha” yr' (wet deposition, NO3 and NH," combined)
(Tyson et al. 1988) on the Highveld in Mpumalanga to an estimated 24 to 41 kg N ha' yr' of N
as NOs™ (wet and dry deposition) at three sites on the Drakensberg escarpment adjacent to the
Highveld (Olbrich and du Toit, 1993). The ratio of NO;y” to NH," ranges from 3:1 to 6:1 (Tyson

et al. 1988; Olbrich and du Toit, 1993).





















Older stands of coniferous trees usually reach N saturation sooner than younger stands,
probably because of a reduced demand for N during this stage (Miller, 1981; Stevens et al. 1994;
Fenn et al. 1998) coupled with higher N capture due to higher filtering effect of mature canopies
as opposed to younger, open canopies (Stevens ef al. 1994). This aspect is especially important
in commercial forest plantations exposed to high N deposition, which are normally a tapestry of
stands of varying ages.

In South African commercial pine forests N is generally not strongly limiting to growth of
commercial forests, although strong responses to fertilizer N are sometimes encountered (Morris,
1986). This is mainly due to immobilization of N in thick litter layers in certain high lying areas.
In contrast, in the Drakensberg escarpment forestry area application of P usually leads to
significant growth increases, although these are generally relatively small (Morris, 1992).
Wienand and Stock (1995) found that application of P to stands of P. radiata in the Southern
Cape region of South Africa, a region with sandy soils and low P reserves, leads to substantial
growth increases, which in turn, leads to a deficiency of N in mid-rotation, suggesting an
imbalance in the N:P ratio. In contrast, nutritional problems in P. patula stands have been
mainly related to second rotation decline (Evans, 1978; Morris, 1986). This has been attributed
to P and K deficiency on gabbro-derived soils. A decrease in growth also resulted due to the
immobilisation of N, P and Ca in the forest floor, especially evident at higher elevation (Morris,
1986).

A review of available literature suggests that high levels of N are present in the P, patula
plantations in the Drakensberg escarpment area and that growth will not be affected by additional
N, suggesting that the second phase of N saturation may be present (Aber ef al. 1989). The aim

of this study was therefore to determine the responsiveness of P. patula plantations of different
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counted off. These were combined for each plot and the mass (in grams) determined to four
decimal points. The combined samples were then ground and total N, total P, K, Ca, Mg, Al, Mn
and Fe concentrations determined. Total P was determined using the method of Murphy and
Riley (1962) after acid digestion, while total N was determined using the Kjeldahl method
followed by colorimetric determination of the NHy" formed. Cation concentrations were
determined using the inductively coupled plasma spectrometer facility at the Chemistry
Department of the University of Cape Town. Freshly fallen litter was taken from the litter traps
(methodology described in Chapter 5, under Material and Methods, subsection Litterfall and
mass) in June 1997 and analysed for total N, total P, K, Ca, Mg, Al, Mn and Fe using the
methods described above.

Graphical vector analysis represents changes in the relationship between elemental
content, elemental concentration and growth of needles (represented by weight). This
relationship is used to depict trends in growth and nutrient relations, the effect of the understory
vegetation and forest sustainability (Proe ef a/. 1999). Timmer and Morrow (1984) found a good
correlation between graphical vector analysis predictions (Fig. 3.1 and Table 3.1) and actual
growth and nutritional responses in subsequent years. Interpretations of the direction of
responses (Table 3.1) are based on Timmer and Stone (1978) and Timmer and Morrow (1984).
For the vector analysis the nutrient content, concentration and mass of the needles were plotted
on a vector graph. Only data from the current needles of the three sites was used in the vector

analyses.

27
















































































































































































































for substrates that have high C:N ratios and have the capacity to immobilize incoming N.
Results presented in this study shows that additional N, although decreasing the C:N ratio of the
F- and H-layers slightly, was not sufficient to increase the rate of mass loss significantly on any
of the sites. This is probably due to the already low C:N ratios in these relatively N rich
ecosystems.

Cotton TSL was highest during the warm, wet, summer period. This translates well to the
seasonal pattern of actual decomposition that can be expected in these plantations and under
these climatic conditions (Meentemeyer, 1978). However, there appears to exist a lag phase in
decomposition rate of cotton strips that is independent of temperature and moisture availability.
This can be seen in the high rates of decomposition after the rainfall has already dropped to
below 30mm per month. This might reflect sustained high decomposer activity in soils, despite
the decrease in rainfall.

Although the cotton strip technique has come in for criticism for not representing actual
decomposition in the soil (Howard, 1988), it does provide researchers with an acceptable index
of environmental influences on decomposition in various ecosystems {Smith ef @/. 1993). It has
also shown good correlation with other methods of determining decomposition (Heal ef al. 1974;
1981). The cotton strip assay allows for the substrate to be standardized and for comparisons to
be drawn between different ecosystem types and different treatments. This method furthermore
allows for determination and comparison of relative decomposition potential at different soil
depths. 1t is thus a robust method to determine the decomposition potential of soils exposed to
different treatments. This conclusion is borne out by the results obtained in this study.
However, because of the differences in composition and substrate quality, results obtained

cannot be directly compared to those of litterbags.
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simulated N deposition (Persson et al. 1998), indicating that root growth at a stand level may
only respond to increased N availability in the medium to longer term. This is also consistent
with the stages described by Aber er al. (1989), where root biomass only decreases towards the
end of stage 2. This also confirms the conclusions of Gundersen et a/. (1998), in a review of the
hypotheses of Aber et al. (1989), that root biomass responses to elevated N in the rooting zone
are only significant over the long term and are not easily prone to short term changes in soil N
availability.

The root density inside the root bags is comparable to what was found in ingrowth cores in
other coniferous forests (Persson et al. 1998). The lack of significant differences in root growth
between the unfertilized plots of sites of different ages is surprising if the differences in growth
rate are taken into account. Older trees would be expected to exhibit lower rates of growth since
the biomass is already established and nutrient requirements is met mostly through
remobilization from senescing foliage (Miller, 1981; Waring and Schlesinger, 1985). In this
study, the rate of root growth is as high as that of the two younger sites. This may be related to
the low levels of P in the soil of the 22-year-old site. Although foliage P levels in the 22-year-
old site is as high as that of the other two sites (0.17 %; Chapter 3), proportionally more P is
recycled from older leaves, while the soil P levels are significantly lower that the other sites. It
has been shown that trees respond to nutrient deficiencies by increasing root biomass {Binkley,
1985). Phosphorus is also occasionally limiting to growth of P. patula in the Drakensberg
escarpment area and responses to P fertilizer are frequently found (Schutz, 1975).

It has been shown that root vitality decreases when an ecosystem reaches N saturation
(Gundersen et al. 1998). Although root vitality per se was not assessed during this study, the

specific root length showed a decrease in response to simulated N deposition. This general trend
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was evident especially in the older site. This indicates thinner roots and rootlets at high levels of
N supply. Such a trend has been observed before in forest systems exposed to high levels of N
deposition and is a first indication of root biomass decline (Persson, 1988; Majdi and Persson,
1995). Thinner roots reduce the absorbing surface of roots and contribute to the general decline
of the fine root biomass vitality that is seen towards the end of stage 2 of forest decline (Aber et
al. 1989).

The mycorrhizal densities of seven mycorrhizal root tips per cm of root was found in this
study are almost twice that normally found on European conifers and also higher than what was
found by Carlson (1994). This may be the result of the warmer climate and faster growth rate
attained with conifers locally (Carlson, 1994). The disparity in the relative abundance between
the current study and that of Carlson (1994) is possibly the result of differences in the timing of
sampling, which is related to the seasonal differences in growth rate. As many as seven
morphotypes have previously been found by Carlson (1992), while only four were found in a
later study by the same author (Carlson, 1994). The two studies differed in seasonal timing of
sampling, showing the effect on mycorrhizal population. Mycorrhizal densities will be higher in
the actively growing season when nutrient uptake rates are highest. This is reflected in the
current study where roots were sampled at the end of the growing season, while Carlson (1994)
sampled in the winter.

Carlson (1994) has documented mycorrhizal response of a P. patula stand after NPK
treatment. The work being presented in this study confirmed the conclusions of Carlson (1994)
that a change in the mycorrhizal species composition resulted from the change in nutrient
availability due to nutrient application to P. patula plantations. This can be seen as the first

indication of a change in mycorrhizal dynamics, which, with continued N inputs will eventually
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availability and mycorrhial biomass it was expected that this correlation would be high. In
addition, the P level in the upper mineral soil of the unfertilized plots of the 14-year-old site and
the 4-year-old site is significantly higher than the 22-year-old site and remained unchanged after
simulated N deposition (Table 4.4). Despite this, the number of mycorrhizal root tips was not
different from the two younger sites. In combination with the similar levels of P in the foliage of
the 22-year-old site, this suggests a decoupling of low soil P levels and high mycorrhizal
biomass, possibly due to higher internal recycling and uptake of organic P from the organic soil.
Results from this study of mycorrhizal reaction to simulated N deposition to P. patula
stands suggest that the likely medium to long term response to increased N availability will be
changes in mycorrhizal population structure, with possible associated changes in nutrient
relations. Seen in combination with the general trend of declining specific root length following
simulated N deposition, this suggests that additional inputs of N will lead to a decline in root

health and vitality associated with stage 2 of N saturation, as described by Aber et al. (1989).
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Fig. 8.4 Percentage difference of stem diameter increment from the control at the end of
12 months of treatment of P. patula seedlings grown in pots at different levels of N and

different ratios of NO 3 :NH4™. Error bars represent one standard error deviation from

the mean. A two-factor ANOVA was to test for differences between treatments,
followed by Duncan’s post hoc test to determine which values differed from each other.
Values with the same letters are not significantly different at p<0.05. The description of
the treatments is as follows: 50N1 = 50 kg N ha™ equivalent, 1:1 ratio; 50N2 = 50 kg N
ha' equivalent, 3:1 ratio; 50N3 = 50 kg N ha’ equivalent, 6:1 ratio; 150N1 = 150 kg N
ha™ equivalent, 1:1 ratio; 150N2 = 150 kg N ha™" equivalent, 3:1 ratio; 150N3 = 150 kg N
ha™ equivalent, 6:1 ratio.
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The basic tenets of thé N saturation hypotheses put forth by Aber et al. (1989) has been
tested in several ecosystem types exposed to elevated N and the basic concepts describing N
saturation has remained remarkably robust (Fenn er al. 1998; Gundersen ef al. 1998). It has been
found that the ultimate outcome of N deposition in different forest ecosystems is dependent on’
the biological and physical characteristics of the ecosystem exposed to high N levels. Different
species composition and environmental conditions combine to result in different temporal and
spatial expressions of N saturation symptoms. Most experimental evidence of N saturation has
been gathered in the Northern Hemisphere. The environmental conditions in the Northern
Hemisphere forests exposed to N saturation may be sufficiently different from P. patula
plantation ecosystems in South Africa to suggest that direct extrapolations are equivocal. The
review of Fenn et al. (1998) also suggests that many of the severe symptoms of N deposition,
such as forest dieback, may never manifest in drier forests such as those found in the Western
United States. This is the result of the differences in climate, such as higher ambient
temperatures and highly seasonal rainfall trends, resulting in longer growing seasons and higher
growth rates in these ecosystems. These ecosystems approximate conditions similar to the P.
patula ecosystems in South Africa and it is clear thaé at least some of the more severe symptoms
of N saturation, such as forest dieback, may not manifest in South African plantation ecosystems,
although other symptoms may be present.

In addition to high levels of N introduced aerially into the ecosystem, the P. patula
forests of the Escarpment also seem to be predisposed to N saturation, having relatively low
levels of P, especially in the older stands (Chapter 4) and a relatively large overall N pool
(Nowicki, 1997; Chapter 4 of this thesis). Shale and quartzite soils, which are the growing

medium for a significant portion of the P. patula forests in the Drakensberg escarpment, are
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relatively sensitive to acidification by S and N (Olbrich, 1995). Forest growth has also been

shown to increase soil acidification by immobilization of base cations in standing biomass and

export of base cations in harvests (Scholes and Nowicki, 1996; Scholes and Scholes, 1999).

Loss of base cations is exacerbated by the accumulation of litter at high elevations and

immobilization of base cations, especially Ca, and to a lesser extent, Mg (Morris, 1995; Dames

et al. 1999b). While neither P, Ca nor Mg have been shown to be acutely deficient to growth of

P. patula, the compounded effect of these routes to immobilization is expected to manifest itself ,

in near the future,

The effect of simulated N depdsition on P. patula forests in Mpumalanga

The objective of this thesis was to study changes that occur in ecological functioning of a P.
patula plantation ecosystem during and after N availability in the ecosystem had been increased
by applying NO;™ and NH," to experimental plots.

The growth of P. patula in from Mpumalanga has not benefited from the addition of N,
except for the very young and vigorously growing trees, which have the highest growth rate.
This suggests that future inputs of N will benefit the younger, fast growing stands most.
However, in all sites, the level of N in the leaves increased over the course of three years of N
application, leading to increased N:P and N:cation ratios. With the demonstrated immobilization
of Ca and Mg in the litter accumulating in the higher sites (Morris, 1995), export of base cations
in harvested wood and the relatively low levels of plant available P, this suggests that growth
may be inhibited by supra-optimal N:base cation and N:P ratios as more N is added to the
ecosystem. Thus, while additional N will increase growth rates in reactive sites, biomass

accumulation will eventually stabilize and ultimately decline as nutrient deficiencies take hold,
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as predicted by Aber et al. (1989). These trends will take hold in the older sites before the
younger sites, especially with the demonstrated low plant available P levels in the soil of those
sites. Although the young trees benefited from increased N availability, the C allocation pattern
seen in the young trees seems to suggest that additional N may not only disrupt the N:P balance,
but may not benefit tree growth as a whole. This unusual allocation pattern may be the direct
result of the change in N:P ratio when NO; and NH4" was applied, although adequate proof for
this is lacking. A graphical summary of the effects of applied N on P. patula of different ages
can be found in Fig. 9.1.

The trends in the nutrient vector analysis are well correlated to changes in nutrition and
growth in the next growing season (Timmer and Stone, 1978; Proe ef al. 1999). The trends
observed in this study (Chapter 3) indicate possible N induced skewing of the N:P ratio of these
trees at the expense of sustained productivity in the long term. The importance of the
relationship between N and P to control growth of P. patula is supported by the results obtained
in the seedling experiment, using shale-derived soil from the Mpumalanga forestry area as
growing medium. The more N added to the seedlings, the lower the growth rate, measured by
height and stem diameter, as well as by biomass parameters. This growth trend has a direct
positive relationship with the increase in the N:P ratio, suggesting that the increase in N:P ratio
with sustained high levels of N input will lead to a reduced growth rate. This is consistent with
the hypotheses set forth by Aber et al. (1989), and suggests that these forests have already
progressed beyond the first stage of N saturation.

In addition to soil-mediated changes in tree nutrition, N deposition may also influence
nutrition through induced changes in mycorrhizal population structure. Simulated N deposition

did not change the size of the mycorrhizal population, but the composition of the population was
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altered (Chapter 6). This may be related to the relative preferences of different morphotypes for
NO; and NH,". The relative contributions of the affected morphotypes to nutrition of the tree
are not known, but continued N inputs may change the nutritional relationships in the tree. The
effect of N deposition on mycorrhizal-plant interactions in different forest ecosystems has been
identified as one of research needs for the continuation of N saturation research in dry conifer
forests (Fenn et al. 1998).

The high levels of N in the upper mineral soil and foliage of sténding trees in P. patula
plantations of the escarpment area found in this study is suggestive of a relatively large pool of N
in the pedosphere, a conclusion that is confirmed by the high levels of NO;™ leaching in this area
that was found in a previous study (Nowicki, 1997). This could be indicative of a combination
of a high rate of nitrification in these forest soils, high rate of N inputs and low retention of N.
These conciusions are also reflected by the low C:N rétios in the litter layer of all three sites, a
characteristic recognized as one of the factors that predispose forests to N saturation (Fenn ez al.
1998). In this study the litter C:N values were in the region of 25, a value suggested by
Gundersen et al. (1998) as the breakthrough point for NO;™ leaching. This is borne out by the
presence of NO;3™ leaching in all three sites in the unfertilized controls, and the rapid response of
NO;’ leaching to application of NO;" and NH," (simulated N deposition). Seen in conjunction
with the high levels of NOy in streams draining the escarpment forestry area (Nowicki, 1997),
this suggests that a significant portion of the pine plantations is N saturated or approaching N
saturation, Application of N to the three sites increased the rate of nitrification, and the increase
in microbial activity can also.be seen in the increased decomposition of a low N substrate (cotton

strips).
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Fig. 9.1 Summary diagrarm showing the effects of N deposition on P. patula
ecosystems of different ages. The first section shows the effect of N deposition on
young stands and the second section those on mature stands. The components of
the ecosystem and effects of stand development are annotated in black, while the
effects of N deposition on the ecosystem is annotated in blue.
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It can be concluded that these forests are approaching the breakthrough point suggested by
Gunderson et al. (1998). Any further increases in the rate of nitrification could lead to

l mobilization of this pool of N and further contribute to the volume of NOs™ leaching into the

i streams. Longer-term inputs to these ecosystems will also improve litter quality, leading to

| potential increases in decorhposition rates and Htter turnover, releasing more N and opening up
the N cycle even more.

The pH of forestry soils in the Drakensberg escarpment forestry is generally low.
Application of N did not change the pH of the topsoil significantly, in contrast to several other
studies that showed a reduction in pH related to increased nitrification rate and stripping of
cations due to the leaching of NO3” from the mineral soil. This suggests that there is enough
buffering capacity currently to prevent acidification of the soil, and only in areas with highly
! elevated N rates in combination with low base cation levels is this likely to change. However, an

increase in the level of nitrification may spéed up the rate of acidification in these soils, mainly
due the extra proton produced.
Although the transient nature of N saturation in simulated N saturation experiments in
s general is recognised (Cannell and Thomley; 2000), the control plots on the P. patula sites
‘ showed enough evidence to suggest that even in the natural state, these ecosystems are

approaching N saturation.

indicators of N saturation in forest ecosystems
With N saturation becoming a reality in many forest ecosystems, a concerted effort is needed to
develop indicators of N saturation that can be used to show the N saturation status of forest

ecosystems without time-consuming and intricate experimentation. Results from this thesis
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show that foliar nutrient vector analysis may prove a gobd indicator for monitoring N dynamics
in forest ecosystems prone to N saturation. The trends obtained using vector analysis are
supported by other indices of growth and nutrition of P. patula, and supports the work done b}y
Kiefer and Fenn (1997) in the dry conifer forests of California. The basic indices of growth and
nutrition can also be used to indicate N saturation, as shown by the good collaboration with an
integrative measure éuch as vector analysis. However, the combination of the different
techniques may provide insight that may not be gained if the individual techniques are used.

In addition, the C:N ratio of the litter layer in this study shows trends that are very similar

to those found in other forests exhibiting various stages of N saturation (Gundersen et al. 1998).
Based upon the results obtained by Gundersen et al. (1998), the C:N ratios in the P. patula
ecosystems investigated reflect a high level of N loading, and together with previous work
showing high levels of NO;3 in the streams draining the area (Nowicki, 1997), this is indicative
of N saturation. Monitoring of NO;™ levels in streams draining afforested areas will be an
essential first warning of N saturation, while monitoring of the rate of nitrification will be an
good indicator of impending ‘breakthrough’ of NO; leaching.

Examination of the trends between the '°N signatures of the soil and leaves (enrichment
factor, £) of the control plots revealed an inconsistency that can be attributed to the influence of
forest site preparation and other forms of disturbance. This is in contrast to the results obtained
by Gundersen ef al. (1998), who found the enrichment factor to be a good indicator of N
saturation. The use of € as an indicator N saturation in P. patula ecosystems is thus not
recommended, but-further study is needed to evaluate its suitability in a larger sample set.

The amino acid arginine accumulates in conifers exposed to high N deposition and is

currently being developed as an indicator of high N status in Europe (Nésholm et al. 1997) and
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North America (Fenn et al. 1998), but needs experimental study to evaluate the use of this

indicator in South Africa.

Causes of N saturation in South African P. patula ecosystems
The cycling of N in the Drakensberg escarpment has been the subject of other studies such as
that of Dames (1996) and Nowicki (1997), the latter investigating the differences in soil
chemistry between pine plantations and adjoining grasslands. Historically, the vegetation of the
escarpment area, from the southern Drakensberg in KwaZulu-Natal to Mpumalanga and some
parts of the Nothern province consisted of acid grasslands, with rapid turnover of N and other
nutrients (Scholes and Scholes, 1999). These grasslands were replaced by plantation forests,
which slowed down the annual rate of cycling of N, but increased the amount of N participating
in cycling, thus increasing the potential of opening up the N cycle when disturbed. Any further
increase in N from anthropogenic sources would increase the disturbance in N cycling and
increase the risk of a breakthrough in NO;™ leaching.

Nowicki (1997) investigated the dynamics of acid anions in the afforested areas of South
Africa and measured elevated leaching of NO;™ in the commercial forests of Mpumalanga. It has
been suggested that the elevated level of NO;' in the streamwater of the escarpment in
Mpumalanga is due to this combination of more the conversion of grasslands to tree crops and
the influence of management of the tree crops on N cycling, such as suggested by Vitousek
(1981). However, the work of Nowicki (1997) showed that the level of NOj is highest in the
Mpumalanga Drakensberg escarpment, which begs the question why these high levels have not
been found in other forestry regions in the escarpment. One possible explanation is that the

geology in the Mpumalanga Drakensberg escapment is different, but in addition, the area also
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receives considerable annual inputs of N in the form acid precipitation. This N would
immeadiately become part of the N cycle, and the fact that most of this anthropogenic N is in the
form of highly mobile NO3", would be very prone to leaching. By virtue of the close proximity
of the Mpumalanga Drakensberg escarpment and the higher biomass of trees compared to
grassland, the forests receive more N from anthropogenic sources (Held ef al. 1996). This, seen
with the relatively high levels of NO; in the streamwater in the area suggests more than a mere

casual relationship with the symptoms of N saturation reported.

Potential for N saturation in other forestry regions in South Africa

The forestry areas to the west of the Drakensberg escarpment forestry area in Mpumalanga are
exposed to high levels of N deposition, mainly due to their proximity to coal-fired power
stations. These forests are growing on soils that are relatively less sensitive to acidification, such
as granites and basalts and are relatively more buffered to gcidiﬁcation than those in the
escarpment (Olbrich, 1995). Thus, while soil-based effects of N deposition may not manifest in
the short to medium term, purely as a consequence of the higher exposure to N (and S)
deposition, physical and chemical injuries are expected to develop relatively soon.

The high-lying region of KwaZulu-Natal is one of the areas where pollutants are released
from the air mass circulating over the Southern African subcontinent (Scholes and Scholes,
1999). The commercial forests are exposed to anthropogenic N deposition, although relatively
lower levels than those measured in the commercial forests of Mpumalanga. The KwaZulu—
Natal forests consists of P. patula plantations as well as various cold-tolerant Eucalyptus species
and are established on shale-, mud- and sandstone-derived soils. The P. pafula stands may react

in much the same way as those stands in Mpumalanga, although it is expected that N
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breakthrough may take longer because of the lower levels of N entering these ecosystems, or
may not develop at all due to the lower N inputs. Internationally relatively little is know about
the effects of excess N on growth and nutrition of angiosperms like Eucalyptus species.
However, it is known that Eucalyptus spp. are more efficient in obtaining nutrients than conifers
(Attiwill and Adams, 1996) and owing to their faster growth rate, probably more nutrient use
efficient. By immobilizing nutrients in this way, Eucalyptus plantations are thus expected to use

the additional N to greater effect than pines, possibly delaying the onset of N saturation.

Nitrogen saturation and the critical load concept

A critical load is a quantitative estimate of exposure to one or more pollutants below which
significant harmful effects on sensitive elements of the environment do not occur (Hornung,
1994; Sverdrup and de Vries, 1994). The basis of this approach is to define the pollutant
threshold above which harmful effects on a sensitive receptor are caused. This approach will aid
in the development and implementation of policy to keep deposition levels below the critical
load suggested for the most sensitive eéosystem in a particular region.

Critical loads for N as a nutrient are determined using a mass-balance approach. In most

European forest ecosystems this value range from 10-30 kg N ha-l yr! (Hornung, 1994). While
values for the determination of critical loads are currently lacking for South African plantation
forests, the results obtained in this study suggest that it has been exceeded substantially by N
additions of 120 kg N ha~! yr''. All three sites showed supra-optimal N:nutrient ratios, low C:N
ratios, high levels of NOs” leaching and an increase in nitrification. In addition, the lack of
growth response to added N seem to suggest significant negative changes in the ecosystem that

can be contributed to changes in N cycling due to anthropdgenic N cycling, possibly coupled
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with transformations of the N cycle due to the conversion of natural grasslands to commercial
forests. These factors may work in combination to predispose P. patula ecosystems in the
Mpumalangg éscarpment to N saturation and lead to relatively low critical loads.

A major factor that will influence the value of a critical load for a particular ecosystem is
the incidence of nutrient limitations in the ecosystems (Harrison et a/. 1995). In the presence of
low plant available P levels in the oldest sites in P. patula stands, it could be argued that the
critical load for N as a nutrient for this site should be significantly lower than determined using

the basic mass balance approach. In cases where the mass balance approach has been modified

by including nutrient limitations in the calculation, values of between 3 and 19 kg N ha-! yr!

have been obtained for European ecosystems, significantly lower than that suggested by the mass
balance approach (Reynolds et al. 1998). It could thus be argued that the critical load for N as a
nutrient have already been exceeded for P. patula stands growing in the escarpment area,
especially in older stands. The value of critical 1§ads for N as a nufrient has been demonstrated
in the rapid recovery of ecosystems after the deposition of N has been reduced to pre-industrial

levels (Boxman ef al. 1995; Boxman et al. 1998a).

Future directions for research

This study has demonstrated the phenomenon of N saturation in P. pasula plantations of the
Drakensberg escarpment. Previous research showed clevated NO;" levels in forests streams in
Mpumalanga, but not in other afforested areas on the eastern seaboard of South Africa (Nowicki,
1997). Collectively, these studies highlight the need to extend ecosystem monitoring to é larger
area in the escarpment, covering the whole area affected by air pollution. However, due to the

extremely high costs of ecosystem manipulation experiments such as this one, the use of
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indicators such as foliage total N, N:P ratios, foliage vector analyses, NO; leaching (streamwater
monitoring) and C:N ratios of the organic soil layer need to form part of a structured research
and monitoring programme. The development of an N saturation moﬁitoring programme will be
assisted by current initiatives to establish sustainable forestry programmes by the major forestry
companies,and this will provide an institutional framework for an N saturation monitoring
programme. More rapid indicators need to be developed for use in a permanent monitoring
programme that need to involve the major role player such as the forestry land owners, the
government and research organizations.

More research is needed to develop the suitability of foliage vector analysis, organic soil -
C:N ratios and arginine accumulation in foliage as indicators of N saturation in other pine spp.
and Eucalyptus plantation ecosystems. In addition, the efféct of high N availability on
mycorrhizas commonly found on pine root in South Africa need to be investigated further in the
light of the variable NO; and NH," preferences found by Dames et al. (1999a) and changes in
mycorrhizal population found after simulated N deposition in this study. The use of the
enrichment factor €, has only been studied in three sites of variable ages in this study. Itis
suggested that the trends in 5'°N of soils and trees exposed to N deposition need to be studied
over a larger sample size. |

The effects of N on whole plant ecophysiology such as water use and hydraulic properties
of stems have not received attention in this study. It has been showed that increasing the levels
of N may influence plant water relationships in declining stands negatively (Oren et al. 1988).
Conversely, an increase in the growth rate of younger sites and sites on the periphery of the
affected areas may increase the water use of trees, since larger trees transpire more due a larger

transpiring surface. Seen against the background of the scarcity of water in South Africa studies
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need to be conducted to investigate these aspects. Differences in water use due to changes in
nutrient availability in the ecosystem may induce changes in the hydraulic and anatomical
properties of the stem of trees exposed (Zimmerman, 1978). A synergistic effect between N, P
and available water on xylem anatomical characteristics has been shown for Eucalyptus globulus
fertilized with N and P fertilizer (Raymond and Muneri, 2000). With the current emphasis on
producing wood with specific quality characteristics, it is imperative that the effects of high N
levels and skewed N:P ratio on wood fibers be investigated. The synergy between elevated CO,,
elevated temperature and elevated N availability has been shown in European countries (Spieker
et al. 1996), and while global change scenarios for forestry in South Africa have been developed
(Kunz et al. 1995), this did not include changes in forest nutrient cycling induced by atmospheric

deposition.

Conclusions

In conclusion, the results presented in this thesis show that chronic high N deposition in the
Drakensberg escarpment will lead to progressive N saturation of the pine plantations. The
unfertilized plots used as controls for the field experiment show symptoms of N saturation that
may be thé consequence of high N deposition measured in the area, combined with the alteration
of the N cycle with the transformation of natural grasslands to commercial plantations. As
further evidence of N saturation these sites exhibited a rapid reaction of soil water NO;’ levels to
added N. This will be exacerbated by an increase in the nitrification rate, with adverse effects
for stream water quality. Seen in conjunction with previous studies that documented relatively
high levels of NOj;™ in the streams draining the escarpment (Nowicki, 1997) this suggests that

some commercial plantation areas may already be N saturated, or approaching N saturation.
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Nitrogen saturation is a considerable threat to productivity of pine forests in the Drakensberg

escarpment, principally because of the reduction in optimal N:nutrient ratios through luxury
uptake of N, and, eventually reducing growth. The optimal nutrient balance required for growth
may be further disturbed by changes in mycorrhizal population composition, which were
demonstrated in this study. The younger sites have the largest capacity to accommodate and use
increased N in the ecosystem, mainly due to faster biomass accumulation in the young trees. In
contrast, older forest has higher scavenging capabilities and therefore higher deposition of N to
these sites. In addition, older sites also have low P levels, which predispose these sites to N
saturation. It is recommended that indicators for N saturation, such as annual vector analyses
determination, C:N ratios, growth dynamics and determinations of N inputs to different ages of

pine plantations be incorporated into site sustainability programs for these forests.
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