



















































































Chapter 1. Nitrogen transformations in soils: a review

calcareous soils.  The authors report that the acidity formed during N transformations
(3-9 kmolchayr") accounted for a major part of all the soil acidification taking place.
- Further work conducted by Tietema ef al. (1992) considered the nature and pH-dependence of
NOs™ production in N-saturated forest soils. An incubation experiment was carried out using
soil cores from five acid Dutch soils and four of the five were found to nitrify substantially.
The nitrification that occurred was acid-tolerant. The authors emphasised that this type of

nitrification is of utmost importance in N-saturated acid forest soils.

Biederbeck er al. (1996) studied the effects of ten years of urea and ammonia fertilisation on
microbial populations and soil biochemical properties. The soil pH was found to decrease
proportionally to the rate at which N was added and after ten years pH (CaCl,) values ranged
between 4.32-5.42. Despite the acidifying effect N fertilisation had on the soil, the nitrifying
bacteria seemed to respond positively to the rate of N application. The authors suggested that
since the soils were naturally acidic the native bacterial population may have already been
adapted to acidic conditions and was, therefore, able to thrive in the acidic conditions

generated by fertilisation.

Pennington and Ellis (1993) evaluated the extent to which autotrophic and heterotrophic
nitrifiers were active in fresh and incubated acid soils. The authors concluded that
nitrification occurred readily at pH as low as 3.4 (only below pH 3.4 was there a decrease in
rate of nitrification) and it was acidophyllic autotrophs that were responsible for the majority
of nitrification in those soils. Research conducted by De Boer et al. (1995) resulted in the
successful adaptation of the acid-sensitive, ammonium-oxidising bacterium Nitrosospira
strain AHB1 to oxidise ammonium at pH 4. Adaptation was obtained with two procedures,
firstly, by immobilising the bacteria in alginate beads and secondly, by exposing them to pH
fluctuations. Prior to the discovery of these two adaptation methods, the bacteria had been
isolated from acid soils, but their lower pH limit for nitrifying in pure cultures was much
higher than the lower limit that existed in the soils. Acid-tolerant chemolithotrophic bacteria
have been reported to account for nitrification in acid forest, acid heathland and N-fertilised

acid tea soils (De Boer ef al., 1995).

Current research suggests that nitrification is often not acid limited, particularly in
environments that are naturally acidic prior to further acidification. It is, therefore, not

Justified to say that nitrification is always self-limiting due to the acidity produced, i.e. every
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Chapter 1. Nitrogen transformations in soils: a review

mole of NH," oxidised to NOs~ produces two moles of acidity as protons (equation 1), and

therefore, nitrification can play a crucial role in long-term acidification in soils.
1.3.6 Mineralogy and texture

Interactions between soil mineralogy and texture have also been shown to influence N
mineralisation through physical and chemical protection of organic matter from
decomposition. It has been demonstrated that increasing clay content increases organic C
stability and results in a decrease in net N mineralisation (Hassink er al., 1993; Motavalli et

al., 1995).

Montmorillonitic and smectitic clays exhibit a greater organic C stabilisation than kaolinitic
clays. This greater stabilisation has been attributed to physical protection of organic C in
interlayer clay spaces (Ladd er al., 1992). Allophanic soils have also been found to stabilise
organic C through complexation with Fe and Al oxides, resulting in a decrease in N

mineralisation (Motavalli ef al., 1995).

Ammonium ions, similarly to K, can become fixed within clay mineral interlayer spaces.
Soils that contain clay minerals such as hydrous mica and vermiculite can fix NH4 and,
therefore, decrease the availability of nitrifiable substrate inhibiting nitrification (Harris,
1988).

1.4 The effects of excess mineral nitrogen in soils (nitrogen saturation)
1.4.1 Contamination of surface and groundwater

One of the most serious consequences of excess mineral N in soils is N leaching and
contamination of nearby surface and groundwater. Nitrate leaching is of particular concern
compared to NH," since NO;™ is a strong acid anion and it has an enhanced mobility and will
be transported through soil without being retained significantly (McB,ride, 1994).
Ammonium, on the other hand, will be retained to a certain extent on cation exchange
surfaces in the mineral soil. The degree to which NHy" is retained on exchange surfaces
depends on the concentration of NH," and its selectivity for the exchange surfaces. As

mentioned earlier, NH," has the same charge as K™ and a similar ionic radius and, therefore,
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Chapter . Nitrogen transformations in soils: a review

behaves similarly in cation exchange reactions. Due to the ideal size of the two cations, they
are selectively associated with vermiculite and micaceous minerals (McBride, 1994). Despite
. NO;™ mobility, it is expected to interact with anion exchange sites associated with variable
charge oxides. However, NO;™ is considered an "indifferent anion" as it adsorbs passively on
exchange surfaces and will readily be exchanged for other anions (McBride, 1994). Excess

NOj, therefore, often leaches out of soils despite attenuation due to anion exchange surfaces.

It has been shown that NO;3™ leaching can occur substantially before N-saturation has been
reached. Gundersen (1998) reported that hydrological transport of input NO;~ was
responsible for immediate leaching of the anion despite N-limited conditions. Emmett ef al.
(1998) reported that under ambient N deposition (16.1 kg N ha'yr!) there is significant NO5”
leaching (8 kg N ha‘lyr'l) in a 30 year-old Sitka spruce stand in the Aber forest. Treatment
with NaNO; and NH4NO; at the Aber site revealed that the N associated with the oxidised
anion was readily leached whereas the NHy was retained in the system. The authors
concluded that any future increases in N deposition in the oxidised form would result in
immediate increases in NO;~ leaching, which could lead to serious eutrophication and

acidification in stream water.

Nitrate contamination of drinking water is a concem as it can be reduced to NO,™ in the
gastrointestinal tract. Once in the system, NO; combines with haemoglobin to form
methaemoglobin, which 1s unable to serve as an O, carrier. This condition,
methaemoglobinaemia, is of particular hazard to infants under three months of age (DWAF,
1993). The DWAF guideline for NO;™ in drinking water is 6 mg/l, whereas elevated
concentrations of NO;™ in stream waters draining forest catchments characterised by
N-saturation are of the order of 0.6 mg/l (Emmett er al., 1993), suggesting that there is little

threat of NO3~ contamination associated with N-saturated forest ecosystems.
1.4.2  Long-term acidification

Long-term acidification of soils and waters is associated with nitrification and excess mineral
N in soils. As seen in equation 1, each mole of NH4" oxidised produces two moles of acidity.
Recent research suggests that nitrification is not always acid limited, and will continue to
produce acidity if the NHs" substrate is available. If the NO;~ produced were utilised by

plants, acidification would not be long-term since OH™ or HCO;™ is exuded by NO;~ feeding
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Chapter 1. Nitrogen transformations in soils: a review

plants (McBride, 1994). Long-term acidification is an indirect consequence of NO3™ leaching.
Due to electroneutrality, the anions leached from a system must be balanced by the equivalent
amount of cations. Nitrification produces NO;~ anions and H” cations, some protons will
replace base cations that are subsequently leached with the NO;~. The removal of base
cations and the subsequent leaching of H and AP’" poses a serious threat of long-term
acidification in the soil and nearby ground and surface water. As the pH of the soil and water
decreases, a wide spectrum of metals will increasingly become more soluble and mobile,

which can lead to detrimental toxicity to vegetation, aquatic life and human health.

At the Aber forest site, Emmett et al. (1998) reported that five years of enhanced N deposition
(35 kg N ha'yr!) as NH4NO; and NaNO; lead to steady acidification and substantial
mobilisation of Al in nearby stream water. Bredemeier ef al. (1998) reported Al dominated
outputs from forest sites in the Netherlands and Germany that are subjected to N deposition
loadings of 37-60 kg N ha''yr’!. The large quantities of Al were attributed to the high degree

of soil acidification in those forest ecosystems.
1.4.3  Nutrient cycling

Nitrogen saturation, because it leads to the excess leaching of nutrient elements such as Mg
and Ca, is responsible for serious nutritional imbalances in sensitive ecosystems. Bredemeier
et al. (1998) reported high Mg losses attributed to high rates of acidification in coniferous
sites in the Netherlands. The net loss of Mg observed at these sites presents a serious threat to
sustainability of nutrient cycling. At one Dutch site, for example, Mg content in the needles
was reported as less than 0.02% while values less than 0.05% are below the minimum Mg

nutritional threshold.
1.4.4  Nitrogen form (NH; vs. NO3)

The manner in which excess mineral N behaves in soils depends strongly on the form of N,
whether it 1s oxidised or reduced. Staunes and Kjeonaas (1998) reported that increases in NO3~
leaching resulted from reduced immobilisation rather than enhanced nitrification in a mixed-
age coniferous catchment in Sweden. This implies that the input of NOs3™ resulted in
immediate leaching and not in the increase of N status of the ecosystem. Gundersen (1998)

also found that the form of N deposited in a Denmark site determined the fate of the N.
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Although decomposition of organic matter remained unchanged, net N mineralisation was
85% more than the control. Gundersen (1998) concluded that NO;~ immobilisation had
_become saturated, and that gross mineralisation had not increased. All of the NH,™ inputs

were retained in the system whereas the NO;™ concentration in the soil solution increased.

Emmett et al. (1998) also noticed a substantial difference in the fate of excess NO3™ compared
to NH,  that had been added to the system. Comparison between added deposition of
NHNO;3 and NaNOs;, both at loadings of 35 kg N ha’lyr'l, revealed lower levels of NO5~
leaching in the former treatment. The implication is that the input NH4™ had been retained in
the mineral soil adsorbed on cation exchange sites and/or it was immobilised by the microbial
populations. The authors concluded that future increases in oxidised N deposition would
result in immediate NO;~ leaching. The speed with which an ecosystem responds (NO;~
begins to leach) to NH,4" deposition will depend on initial N status of the forest floor and the

application rate.
1.5 Conclusions

Nitrogen is an essential nutrient in soil ecosystems the speciation of which is dictated by a
variety of microbial processes. The major microbial transformations in soils are nitrogen
fixation, mineralisation (ammonification and nitrification), immobilisation and denitrification.
The balance between mineral N and organic N in soils is crucial to the stability of the
ecosystem. A deficiency in organic N can lead to nutritional imbalances in vegetation and
microbial populations, whereas excess organic N can lead to an excess of mineral N, which

can have serious ramifications through N leaching and long-term soil and water acidification.

There are a number of factors that will affect the amount of mineral N in soils including
temperature, moisture content, aeration, C/N ratio, salinity, mineralogy and texture. I[n view
of the perpetual increases in N deposition in much of Europe and North America, much
research has been conducted to determine, qualitatively and quantitatively, the effects of
increased N loadings on sensitive ecosystems. A significant relationship between C/N ratio
and nitrification rate has been found (Gundersen er al., 1998; Emmett ef al., 1998). Evidence
has also been presented indicating that deposition can strongly enhance N leaching if NOj~
immobilisation is saturated, even if NH,4" is continually retained in the soil. At the Aber site,

Emmett er al. (1998) found that, after five years of treatment, all of the NO;~ that had been
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Chapter 1. Nitrogen transformations in soils: a review

added to the system had been leached. The authors concluded that a change in total N status
necessarily pre-empts changes in rates of mineralisation. The 85.7 kg NH4-N ha that had
_been retained in the system was only sufficient to raise the N content of the forest floor by
0.1%, which was not enough to influence the rates of turnover in the ecosystem. In this way,
the oxidation state of the N that is deposited is crucial to sensitive environments. Deposition
will, however, only influence the rate of mineralisation inasmuch as it influences the total N

pool of the system.
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Chapter 2. Soil characterisation with special reference to N status

2.1 Introduction

Recent studies in Southern Africa have documented the impacts of afforestation on soil
properties and stream water chemistry draining forest catchments (Morris, 1986; du Toit,
1993; Nowicki, 1997; Sugarman, 1999). Afforestation reportedly induces acidification,
reducing acid neutralising capacity and base saturation in sensitive upland soils in South
Africa. It has also been noted that afforestation coincides with enhanced NO3™ concentrations
in soil solutions and stream waters draining forest catchments in the eastern escarpment area
of South Africa (Nowicki, 1997). This observation, in the light of the current research
regarding N saturation in forest ecosystems in the Northern Hemisphere {e.g. Aber er al,
1989 and Gundersen ef al, 1998), demands further study of afforestation-induced soil

chemical properties.

This chapter presents the results of soil chemical and physical characterisation in terms of pH,
exchangeable cations, soil solution chemistry, extractable mineral N and solid phase organic
C, total N and texture. The purpose of this chapter is twofold: firstly, to characterise the soils
in a general sense and, secondly, to assess differences in soil properties stemming from

afforestation with special reference to N status.
2.2 Materials and methods
2.2.1 Study area

Twenty soil samples were taken in August 1999 in the Graskop and Kaapsehoop areas of the
eastern escarpment in Mpumalanga province, South Africa. Ten samples were taken at each
locality, half of them in grassland and the other half in pine forests. Site details are shown in
Table 2.1 and detailed maps showing the position of sampling sites are located in

Appendix A.
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Chapter 2. Scil characterisation with special reference to N status

The study area is characterised by the presence of extensive pine plantations dominated by
Pinus patula, P. elliottii and P. taeda. Forests are developed on mountainous terrain with

highly leached, naturally acidic soils previously covered by montane grassland (White, 1978).

The eastern escarpment lies within the afro-temperate climatic zone with rainfall
predominantly in sumumer with a mean annual precipitation (MAP) of about 1250-1850 mm
{Olbrich and du Toit, 1993). Approximately 200 km from the coast, the eastern escarpment is
affected by ocean-derived fogs which impart a maritime signature on the rainfall. Total acid
deposition [(SO4* + NO3) - total base cations in forest throughfall] is approximately 0.5
kmolcha 'yr™!, which is in the lower range for polluted areas in North America and Northern
Europe (Olbrich and du Toit, 1993).

Sampling sites in the Graskop area lie between 24°51.31" and 24°52.81' S and 30°21.16' and
30°53.56' E and the altitude ranges between 1460 - 1680 m above sea level. The underlying
geology consists primarily of fine- to medium-grained quartzite of the Wolkberg group and
the undifferentiated upper sediments of the Wolkberg group of the Transvaal Supergroup, as

well as medium grained diabase intrusions.

Sampling sites in the Kaapsehoop area lie between 25°34.00' and 25°38.03" S and 30°44.39'
~ and 30°46.59' E and the altitud¢ ranges between 1600 and 1700 m above sea level. The
underlying geology is varied with the majority of samples overlying fine- to medium-grained
quartzite of the Black Reef Formation of the Transvaal Supergroup. Some samples overlie
fine- to medium-grained sandstone, intermediate lava, or arkose conglomerate of the
Wolkberg group, compact poorly bedded dolomite of the Malnani group, or

hornblende-biotite granite and dolerite/diabase intrusions.

In both sampling regions the complex geology, extensive colluvial redistribution as a result of
steep topography and the high degree of weathering in the regolith make it difficult to identify

soil parent materials with accuracy.
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Details of soil sampling sites of the Graskop and Kaapsehoop areas of the eastern escarpment, South Africa. na = not applicable.

Table 2.1

Sample  Location Vegetation Age (vrs)* Latitude  Longitude Aspect Slope type  Terrain unit Altitude (m)  Geology Soil texture
ggsl Graskop grassland 24°51.92"  30°53.56" NW concave lower slope 1680 quartzite loamy sand
ggs2 Graskop grassland 24°51.58" 30°52.85' na convex crest 1620 quartzite sand

ggs3 Graskop grassland 24°51.772'  30°52.26' NW straight midslope 1570 quartzite sand

ggsd Graskop grassland 24°51.73"  30°51.94" W convex midslope 1520 quartzite sand

ggss Graskop grassland 24°52.31"  30°52.00' NW convex upper-midslope 1540 quartzite sand

gfsl Graskop P elliowii 25 24°52.81' 30°52.50' NW straight upperslope 1590 quartzite loamy sand
gfs2 Graskop P taeda 30 24°52.05' 30°51.67" NW straight lower-midslope 1520 diabase loamy sand
gfs3 Graskop P. taeda 30 24°52.57"  30°51.82' NW convex upperslope 1545 quartzite sand

gfsd Graskop P. taeda 40 24°52.51 30°51.47 W straight midslope 1515 quartzite loamy sand
gfs5 Graskop P taeda 20 24°52.62'  30°51.16 NW straight midslope 1460 quartzite loamy sand
kgsl Kaapsehoop  grassland 25°38.03' 30°44.88 NW straight upper-midslope 1650 quartzite loamy sand
kgs2 Kaapsehioop  grassland 25°37.54"  30°45.12' NW convex upperslope 1660 granite loamy sand
kgs3 Kaapsehoop  grassland 25°36.89' 30°44.45° NW straight “midslope 1615 quartzite loamy sand
kgsd Kaapsehoop  grassland 25°35.57"°  30°46.59' NW convex crest 1700 granite sand

kgss Kaapsehoop  grassland 25°35.59"  30°4650' W straight upperslope 1690 diabase loamy sand
kfsl Kaapschoop  P. patula 10 25°37.97  30°44.73* NW straight upper-midslope 1640 quartzite loamy sand
kfs2 Kaapsehoop  P. patula 10 25°37.43'  30°45.03' NW convex upperslope 1660 diabase sandy loam
kfs3 Kaapsehoop P patula 40 25°37.76' 30°44.39° N/NW  convex crest 1650 dolomite sandy loam
kfs4 Kaapsehoop  £. patula 20 25°36.88' 30°44.41' NW straight midslope 1600 quartzite sandy loam
kfs$ Kaapsehoop  P. patula 20 25°34.00' 30°4527° NW straight midslope 1630 conglomerate  sandy loam

* Approximate age of pine stands
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Chapter 2. Soil characterisation with special reference to N status

2.2.2  Sample collection and preparation

Samples were taken as composites of about five individual samples in each field from the top
-20-25 cm of soil. Previous studies in the area have purposefully excluded the fresh litter,
partially decomposed litter layer and subjacent organic layers of forest samples (Nowicki,
1997 and Sugarman 1999). Due to the well-documented role of the forest floor in nutrient
cycling in forest ecosystems {e.g. McColl and Gressel, 1995) the current study included the
_partially decomposed litter layer and subjacent organic layers in the forest soil sampling. The
' forest samples, therefore, consisted of combined organic layers and upper mineral soil to a
depth of approximately 20-25 cm, whereas the grassiand samples consisted of the upper

mineral soil (an organic litter layer was for the most part absent).

Approximately three-quarters of each sample was air-dried, crushed and the < 2 mm fraction
was separated and stored for analysis. The remaining quarter of each sample was passed
through a 2-mm sieve and refrigerated at about 4°C in order to maintain field-moist
conditions and to inhibit microbial transformations. Refrigerated samples were used for
2 M-KCl extractable NO;~ and NH," analyses and N mineralisation experiments (Chapter 3).
The remaining analyses were performed on the air-dried samples. The moisture content of the
air-dried and field-moist samples was determined gravimetrically by heating at 110°C for at
least 12 hours. The moisture content was subsequently used as a correction factor

accordingly.
2.2.3  Analytical techniques

Analyses were done at the Department of Geological Sciences, University of Cape Town with
the following exceptions: oxidisable C, NHsOAc extractable base cations and texture
determination were done at Infruitech and total N was done at the University of Stellenbosch.
Organic carbon content and total N were determined with the Walkley-Black wet oxidation
technique (Nelson and Sommers, 1982) and the Kjeldahl digestion method (Bremner and
Mulvaney, 1982), respectively. Particle size was determined by the hydrometer method
according to Gee and Bauder (1986). Extractable base cations (Na*, K", Mg** and Ca?") were
determined by atomic absorption spectroscopy in 1 M NH4OAc extracts according to Thomas
(1982). Extractable acidity was determined by potentiometric titration of 1 M KCl extracts
with NaOH to the phenolphthalein end point (pH 8.3) (Rowell, 1994). Extractable NH,™ and

NO;~ were determined in 2 M KCl extracts according to the indo-phenol blue (Keeney and
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Nelson, 1982) and copperized cadmium reduction (Stock, 1983) colorimetric methods,
respectively. Soil pH was measured in 1:2.5 suspension of both deionized HyO and 1 M KCI.
Saturated paste extracts were obtained according to Rhoades (1982) and the extracts were
analysed for EC. pH. major cations and anions by ion chromatography, and trace elements by
inductively coupled plasma mass spectrometry (1CP-MS). Further details regarding analytical
methods and an appraisal of the rigor of the techniques and quality of the data are presented in

Appendix B.
2.2.4  Statistical interpretation techniques

All statistical calculations and graphics were carried out using the STATISTICA computer

programme version 5.1 (StatSoft Inc., 1998).

Non-parametric statistics were chosen for interpretation because the data, for the majority of
variables, do not conform to a normal distribution and because of the relatively small sample

sizes being evaluated.

Correlation between variables was assessed with the Spearman's correlation coefficient (rg
values) which consists of ranking raw data values independently for each variable comprising
a data set for the n cases consisting of n pairs of ranks. The squared differences in the ranks is
summed and used to calculate r,. Spearman’s correlation coefficient is the non-parametric

equivalent of Pearson's r and 1s approximately 90% as efficient.

Cluster analysis was performed on all samples and on sub-set samples from both localities in
order to determine the legitimacy of imposing vegetation as a clustering variable (section
2.4.2). Hierarchical tree cluster analysis consists of an algorithm that computes the geometric
distance in multi-dimensional space (Euclidean distance) between cases based on raw data.

Subsequently, cases are joined into successively larger clusters based on Euclidean distances.

In order to assess for which variables there is a significant difference between the two
vegetation types the Mann-Whitney U test was employed. This is the non-parametric
equivalent of the t-test and is approximately 95% as efficient. The statistic consists of
assigning ranks to median values for all cases, summing the ranks of each group and
comparing the summed ranks between groups. Statistical significance is assessed by p-values

which indicate the probability of error in accepting the test result. Mann-Whitney U results
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-are presented graphically with box and whisker plots which show the median, inter-quartile
range (box), non-outlier maximum and minimum values (whiskers), outliers and extremes.
Outlier values are defined as follows:
> [75" percentile + 1.5(inter-quartile range)], or
< [25" percentile — 1.5(inter-quartile range)].
Extreme values are defined as:
> [75"™ percentile + 2(inter-quartile range)], or

< [25"™ percentile — 2(inter-quartile range)].
2.3 Results and discussion

A complete data set summarising the results of the soil characterisation is presented in Table

2.2,
2.3.1 Soil chemical assessment
2.3.1.1 Soil solution composition

Saturated paste extracts were used as a basis for estimating the composition of the soil
solution. The ionic composition of the extracts is presented in Figures 2.1 and 2.2 (Graskop
samples) and Figures 2.3 and 2.4 (Kaapsehoop samples). The cations are generally
dominated by Na™ and K, followed by lesser amounts of Ca”®", Mg”* and NH," (generally in
that order). The anion composition is dominated by CI”. The dominance of Na” and CI” is
expected due to a maritime influence. The dominance of K™ is unusual: due to its ideal size to
charge ratio K™ is often selectively associated with vermiculite and micaceous minerals on
cation exchange sites and, therefore, often partitioned to the solid phase of soil (McBride,
1994). In these highly leached, clay poor, quartzitic samples it is possible that the lack of
suitable exchange sites accounts for the apparently anomalous high K™ concentrations. It is
interesting to note that there is a highly significant correlation between K and Cl” in all
samples (r; = 0.77, p <0.001) exceeding the usual strong correlation between Na' and CI”

(r, = 0.43. p = 0.06).
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Table 2.2 Characterisation of grassland and forest soil samples from Graskop and Kaapsehoop areas of the eastern escarpment area of South
Africa

Location Graskop Kaapsehoop
Vegetation Grassland Forest Grassland Forest
Sample 1D gest ggs2 ges3 gesd gess gfsl  gfs2  gfs3  gfsd4  gfss kgsl kgs2 kgs3  kgsd  kgss kfsl  kis2  kfs3  kfsd  kfsS
pH (H,0) 472 486 4.76 505 523 458 4.69 428 476 447 528 524 502 455 4.0 4.89 4.68 326 449 493
pH (KC1) 419 385 4.09 4.18 4.20 397 394 361 405 376 429 428 431 373 4.4 420 4.07 272 3.83 4.01
NH,OAc¢ extractable cations (mmol kg 1)
K 1.80 031 0.76 030 0.62 .05 0.55 051 0.89 031 122 1.56 111 030 1.15 0.72 094 1.14 094 093
Ca 3.85 1.23 237 070 144 115 220 123 559 1.02 498 581 4.09 130 1.88 342 220 201 572 2.07
Mg 28 0.21 096 0.10 0.31 734 055 026 201 0.10 1.02 291 127 0.00 042 1.14 178 3.81 2.08 107
Na 1.20 031 035 020 0.51 0.94 055 061 123 0.51 0.61 1.14 1.00 020 031 072 073 191 094 1.03
1 M KCl extractable acidity (mmoldg )
Acidity 309 65 178 52 148 504 528 419 505 287 8.1 165 207 91 212 209 335 123.1 43.8 304
CEC,' 40 9 22 7 18 61 57 45 60 31 16 28 28 11 25 27 39 132 53 45
Acid saturation (%)* 77 76 80 80 84 83 93 94 84 94 51 59 74 83 85 78 8 93 82 67
"CEC, (effective cation exchange capacity) = £ NH;OAc base cations + KCl acidity
* Acid saturation % = KCl extractable actdity = (£ NH,OAc base cations + KCl acidity) x 100

Merietta Echeverria 2000 24



Table 2.2 Soil characterisation (continued)

Sample ID gosl ges2 ggs3 gepsd ggsd gfst  gfs2  gofs3  gfsd  gfsS kgs!  kgs2 kgs3  kgsd  kgss kfsl  kfs2 kfs3  kfsd  kfsS

Saturated paste extract

EC (uS/em) 227 288 313 267 344 205 184 187 224 196 245 189 256 220 146 201 243 298 231 281
pH 6.94 6.05 624 672 6.65 522 623 483 6.09 572 6.07 598 621 602 6.16 601 6.09 352 516 540
lons (mmoicl"!) ‘

Na 0.17 0.61 0.83 0.69 0.68 0.66 049 0.58 056 0.69 0.65 0353 073 041 038 0.36 054 070 0.57 0.81
NH;y 0.076 .38 0.17 0.15 0.10 0.093 0.049 0.091 0.15 0.074 024 010 025 0.13 0.062 0.14 020 0.12 0.16 0.063
K 2.59 0.64 083 087 138 0.50 041 030 032 047 0.71 034 050 048 030 042 0.63 021 031 0.34
Mg 0.27 0.094 031 023 (.11 0.14 015 018 023 0.14 024 023 019 026 0.13 0.16 025 041 025 090
Ca 0.52 0.28 0.68 046 0.33 0.33 030 028 034 033 037 032 030 035 023 0.00 033 034 034 036
Al (mmol 1) 0.005 0.011 0.019 0.020 0.023 0.017 0.0601 0.063 0.010 0.050 0.024 0.604 0.002 0.011 0.007 0.007 0.009 0.27 0.036 0.033
F 0.053 0.045 0.040 0.029 0.047 0.028 0.039 0.021 0.031 0.019 0.062 0.018 0.042 0.042 0.022 0.030 0.056 0.057 0.057 0.040
Cl 119 136 146 1.19 218 126 092 084 1.17 1.12 1.22 083 1.05 075 054 083 125 076 1.00 1.18
NO;, 0.036 0.055 0.055 0.056 0.670 0.075 0.15 0.061 021 0.041 0.057 0.037 0.56 035 0.19 0.19 0.055 bdl> 0.077 0.064
SO, 0.19 059 039 044 0.24 0.17 014 023 015 0.6 0.39 024 0.14 036 0.8 0.18 046 063 054 0.72

3 bd! - below detection limit, reported as 0.1 mg/t for NO;™ by HPIC (Standard Methods, 1995).
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Table 2.2 Soil characterisation (continued)

Sample 1D ggsl ggs2 ggs3  ggsd  ggssd gfsl  gfs2  gfs3  gfsd  gfss kgsl kgs2 kgs3 kgsd  kgsS kfst  kfs2 kfs3 kfs4 kfsS
2 M KCl extractable mineral N (mmol kg "}
NO; 0.19 017 015 0.15 0.14 027 028 025 041 014 0.08 0.14 072 041 0.54 0.53 0.18 0.16 034 0.14
NHy 032 0.13 025 027 041 045 0.75 040 0.58 0.35 019 027 069 073 075 0.58 021 000 032 050
Solid phase
Total N (%) 040 0.12 015 0.05 0.17 045 033 022 048 0.4 0.17 029 058 0.08 041 021 035 023 0.16 0.15
Organic C (%) 106 28 28 1.0 35 92 86 45 98 34 33 53 97 14 66 39 63 82 66 44
C/N* 26 24 19 22 21 20 26 20 20 24 19 18 17 18 16 19 18 36 41 29
Texture (%)
Clay 40 18 26 11 24 44 42 20 2.6 42 38 48 42 13 62 44 82 156 72 173
Silt 112 48 68 3.0 82 122 148 7.0 156 104 11.0 17.8 196 47 152 114 146 288 208 223
Fine sand 752 296 260 173 314 582 640 368 594 262 442 58.0 59.6 12.8 506 37.6 594 488 646 378
Medium sand 32 358 422 444 390 160 102 368 88 352 338 68 92 3583 96 296 88 20 44 84
Coarse sand 64 280 224 342 200 92 69 174 136 240 72 126 74 229 184 170 90 48 3.0 142
* C/N = organic carbon % + total nitrogen %

Marietta Echeverria 2000 26



Chapter 2. Soil characterisation with special reference to N status

The anion suite is dominated by CI™ followed by accessory concentrations of S04, NO;™ and
F~, generally in that order. As previously stated, the dominance of CI” may be attributed to a
maritime influence. Alkalinity is not expected to contribute to the anionic composition of the
soil solution due to the negligible dissociation of H,COs as pH approaches 5 (Ulrich, 1991).
The suite of anions may not, however, be complete because dissolved organic matter (DOM),
which often contributes to the anionic composition of a soil solution (particularly in soils rich
in organic carbon such as these) has not been analysed. This could contribute to the apparent
charge imbalance in the soil solutions; this is discussed further in Appendix B. DOM may be
expected to contribute significantly to the speciation and ultimately the availability of
environmentally important constituents, particularly A" and Mn®", in these extremely acidic

soils (Ulrich, 1991; Sumner ef al., 1991).

It 1s important to emphasise the consistently low ionic strength of these solutions. The EC of

the samples ranges from 145 - 344 pSem™ with a median of 229 pScm™

, which is generally
low for soil solutions indicative of the highly leached status of the soils (Donkin and Fey,
1993). This may also contribute to the charge imbalance as small errors in analysis constitute

a large percentage of the total 1onic strength.
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Figure 2.1  Cation composition of saturated paste extracts for all Graskop samples

Marietta Echeverria 2000 27



Chapter 2. Soil characterisation with special reference to N status
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Figure 2.3  Cation composition of saturated paste extracts for all Kaapsehoop samples
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Figure 2.4  Anion composition of saturated paste extracts for all Kaapsehoop samples

2.3.1.2 Acidity status

Acidity has been termed a major limitation to soil productivity in much of the world
(McBride, 1994), despite being a natural consequence of weathering reactions and leaching,
atmospheric and biological CO; inputs, and phytocycling of nutrients by vegetation in many
soil environments (McBride, 1994; Sumner er al,, 1991). Agricultural practices, specifically
afforestation, however, intensify natural acidification processes around the world in general
(Knoepp and Swank, 1994) and topically in Southern Africa (Nowicki, 1997; Morris 1986;
Sugarman 1999). It is, therefore, necessary to consider acidity critically, particularly when
evaluating impacts of afforestation on soil chemical properties (section 2.3.3.1). Acidity has
been evaluated in terms of active acidity (soil pH) and extractable acidity (extractable with a

concentrated neutral salt), both of which are important characteristics of a soil.
pH
The pH of the samples was measured in deionized H,O, 1 M KCl and in saturated paste

extracts (SPE). It was necessary to measure the pH in a concentrated solution of a neutral

unbuffered salt (KCl) to compensate for the dilution effect. According to Alloway (1995)

Marietta Echeverria 2000 29



Chapter 2. Soil characterisation with special reference to N status

measuring the pH of the supernatant of a soil/H,O mixture typically results in values 1 to 1.5
units higher than that of the soil solution near the solid surfaces. This is because H™ ions
replace other cations on exchange surfaces thus depleting the activity of H' in the supernatant
and concentrating the protons in a diffuse layer near the soil surface. It is expected that a
sample with a higher cation exchange capacity (CEC) would have a greater ApH [pH (H,0) -
pH (KCI)] because there are more exchange sites on which the H" ions can replace other

cations, therefore demonstrating a larger dilution effect.

All of the samples are characterised by low pH. Table 2.2 lists all three pH values for all
samples. The range of pH (KCI) is 2.72-4.31 with a median of 4.06; pH (H,0) is 3.26-5.28
with a median of 4.74; the range for pH (SPE) 1s 3.52-6.94 with a median of 6.09. The
extremely low pH values are attributed to the highly leached status of the soils and are
expected to be compounded by the prevalence of poorly buffered quartzitic parent material
(Ulrich, 1991). The elevated values of pH taken in saturated paste extracts relative to that
taken i H,O and KCI may be due, in part, to the degassing of CO, which results from the
suction extraction. Removal of CO, from the system results in a Joss of HyCOs, which is
borne out in an increase in pH. Due to the uncertainties associated with possible degassing of
CO; and an equilibrium delay following the separation of solution and solid, further
consideration of pH (SPE) will be discarded and discussion will focus solely on pH (H,0) and
pH (KCI). It may have been more instructive to measure the pH in the saturated paste itself,

rather than in the extract (Rowell, 1994).

The relationship between pH (KCI) and pH (H,O) is presented in Figure 2.5. As expected,
there is significant positive correlation between the variables (r; = 0.85, p < 0.001) and the
line of best-fit has a slope of 0.76. Inspection of the relationship reveals an apparent decrease
in ApH as pH decreases; the implication is that as pH decreases the relative CEC also
decreases, mimimising the dilution effect. In fact, solving the reference equation (x = y) and
the trendline (y = 0.76x + 0.37) concurrently reveals that at pH 1.54, ApH = 0 indicating no
dilution effect. This is the theoretical pH at which positive exchange sites would equal
negative exchange sites. i.e. the point of zero charge (Sposito. 1989). Below pH 1.54 ApH
would become negative indicating a net positive charge on the soil surface. The apparent
decrease i1 ApH with decreasing pH can be attributed to the influence of variably charged ion
exchange surfaces, namely oxyhydroxides and organic matter. As pH decreases variably
charged surfaces become protonated (or complexed with Al*") resulting in fewer negatively

charged and more positively charged anion exchange surfaces. A similar trend was described
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Chapter 2. Soil characterisation with special reference to N status

by Fey er al. (1998) who suggested that acidification resulting from pine and tea plantations
may result in an alteration in surface charge with CEC and anion exchange capacity (AEC)
becoming more equal in magnitude. Alternatively. the authors proposed that the decrease in
ApH may just be an artefact associated with normalising ionic strength with 1 M KCl. as the
lonic strength in aqueous suspension 1s comparatively variable and may have a significant
effect on pH (H,O). The possibility that these topsoil samples exhibit (AEC) is examined in
Chapter 3. Despite this apparent trend of decreasing ApH at lower pH, it is important to
recognise the limited range in data points. With the exception of one sample (kfs3), the range

of pH (H20) 15 4.28-5.28 (1.0 pH unit) and the range of pH (KCl) is 3.61-4.31 (0.7 pH unit).

5.8 P
o Graskop grassland e ’
@) Graskop forest P

5.0 b E Kaspschoop grassland | : O
d Kaapsehoop forest NP

pH (KCl)

9B 3.4 42 5.0 5.8
pH (H ,0)

Figure 2.5  Relationship between pH (KCI) and pH (H,0) for all samples, best-fit line:
pH (KCI'; = 0.76pH (H,0) + 0.37.

In general all soils are acidic to strongly acidic in terms of their measured pH values.
McBride (1994) reports that soil pH values below 5.0 - 5.5 may be indicative of soluble levels
of AI’* and Mn’™ that can be biologically toxic. Runge and Rode (1991) indicate that acid
soils, such as these, are expected to be characterised by low activity of Ca ions, high activities

of H, Al and Mn ions and high NH4/NOs ratios.
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Chapter 2. Soil characterisation with special reference 1o N status

Extractable cations

Extractable base cations were determined in NH4OAc extracts. The results for the Graskop
samples are presented in Figure 2.6 and the Kaapsehoop samples in Figure 2.7. The dominant
extractable base cation is generally Ca®* and occasionally Mg2+, followed by approximately
equal concentrations of K~ and Na’. Comparison of extractable base cations and cationic
composition of the soil solution reveals an interesting juxtaposition with monovalent
dominance (Na™ and K) of the soil solution and divalent (Ca** and Mg*") dominance on
exchange surfaces. This phenomenon illustrates the concentration-charge rule, which
explains the thermodynamic tendency for higher-valent cation adsorption in preference to
lower-valent adsorption at lower electrolyte concentrations. The preference for higher-valent
cations at low electrolyte concentration arises from a favourable increase in entropy of the

exchange system and not energy (enthalpy) considerations (McBride, 1994).

NH,OAc extractable cations (mmol ckg'])

<

ggsl es2  ggs3 gs4  ggs5  gfs] gfs2 efs3 gfs4 gfss

Graskop samples

Figure 2.6 NH,OAc extractable base cations (Na". K*, Mg®’" and Ca’") for Graskop
samples
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Figure 2.7 NH;OAc extractable base cations (Na*, K. Mg”* and Ca®") for Kaapsehoop
samples

In general, there are limited amounts of base cations on exchange surfaces compared to acidic
cations (discussed below) with a range of total extractable base cations for all samples of 1.3 -
14.7 and a median value of 5.8 mmolckg™. The Graskop samples generally have lower total
extractable base cations with a range of 1.3 - 10.5 and a median of 3.4 mmolckg“1 compared to

Kaapsehoop samples that range from 1.8 - 14.7 with a median of 7.7 mmolckg ™.

Extractable acidity (an aggregate measure of exchangeable acidic cations) was measured
potentiometrically in 1 M KCl extracts. The results for all the samples are presented in Table
2.2. In general, the samples are characterised by a large amount of extractable acidity with a
range of 5.2 - 123 and a median of 25.0 mmol.kg™" which translates to greater than four times
more extractable acidity than total extractable base cations. Nowicki (1997) reported similar
values for KCI extractable acidity for 13 pairs of grassland and forest sites in the eastern

escarpment of Mpumalanga ranging from 6 - 46 mmolckg™.
Derived parameters: CEC,. acid saturation
Effective cation exchange capacity was calculated as the sum of the extractable base cations

plus extractable acidity. The CEC, of these samples is low (range of CEC. is 6.5 - 131.9 with

a median value of 29.4 mmolckg™) reflecting the highly weathered status and low clay
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Chapter 2. Soil characterisation with special reference to N status

content of the soils (Sposito. 1989). The range of clay content (Table 2.2) i1s 1.1 - 17.3% with
a median of 4.2%. The range of organic carbon content for all the samples is 1.0 - 10.4% with
a median of 4.9%. Comparing the correlations between CEC. and clay content (Figure 2.8)
and CEC, and organic carbon content (Figure 2.9) reveals a more significant relationship
between organic carbon content (r; = 0.77. p < 0.001). as opposed to clay content (rs = 0.59.
p = 0.006). with CEC.. This suggests that the cation exchange capacity of the samples results
largely from negatively charged surfaces associated with organic matter. Further inspection
of Figure 2.9 reveals an interesting separation between vegetation types illustrated by the two

variables; this will be discussed 1n section 2.3.3.1.
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Figure 2.8  Relationship between CEC, and percentage clay content, r; = 0.59, p = 0.006
(sample kfs3 1s off scale: x,y co-ordinates: 15.6, 131.9)
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Figure 2.9  Relationship between CEC, and percent organic carbon content, r; = 0.77,
p <0.001 (sample kfs3 is off scale: x,y co-ordinates are 8.23, 131.9)

An index of acid saturation - relative amount of exchange sites occupied by acidic cations -
was calculated from the extractable base cation and acidity data. The trend between acid
saturation and pH, shown in Figure 2.10, illustrates a general increase in acid saturation with
decreasing pH, as expected. Acid saturation values range between 50-94 % with a median
value of 82%, values indicative of severely acidic conditions. Acid saturation of 85% has
been reported as a critical threshold with respect to acid stress for acid-tolerant vegetation,
above which seasonal nitrification/acidification pulses can lead to strong increases in Al

concentration in the soil solution (Ulrich, 1991).
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