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ABSTRACT: Tea in Kenya was introduced in the beginning of the 20th Century, although commercial cultivation commenced 
in 1924. The total acreage of tea plantations has steadily increased and currently covers approx. 0.15 million ha, i.e. - 5 % of 
the total area in the world. Usually, highest yields are obtained when plantations are 20-40 years old, but remain in production 
till 100 years. Plantations older than 40 years start degrading slowly, but the real cause of this degradation is unclear. This 
article reports on changes in soil characteristics as a possible feedback of degradation in ageing tea plantations using results 
of analyses of soils sampled from a natural forest and a chronosequence of tea plantations (14, 29, 43 md 76 years old). The 
effects of long-term tea monocropping on soil acidity, exfractable aluminium and manganese, and how they affect the ratios 
of the base nutrients (K, Ca, Mg), phosphorus and sulphur, were tested. The soils were classified as Nitisols with 46-59% clay 
and 33-38 g kg^' of organic carbon. There were small differences in soil characteristics between the natural forest soil and the 
tea plantations. Soil pH ranged from 3.5 to 4.7, and was lower in tea plantations than in the natural forest. The C:N ratio in the 
tea soils was found fairly constant and ideal along the chronosequence which helps in increase of microbial biomass C and N 
and total microbial activity (TMA) in ageing tea plantations. Thus, liming and balanced fertilization of K and Mg is required 
for sustainable tea plantations. 
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Introduction 
In the highlands of Kenya, tea {Camellia sinensis L.) 
plantations are grown on highly weathered acidic soils 
derived from volcanic origin.' Tea was introduced in 
Kenya in 1903, but commercial cultivation began in 
1924. The total acreage of tea plantations has steadily 
increased and currently is 0.15 million ha, i.e. - 5 % of the 
total area in the world. The evergreen perennial mono-
crop does best under conditions with sufficient rainfall, 
well-distributed throughout the year. Under good man
agement practices the tea bush can remain productive up 
to 100 years, but peak yields in tea plantations usually 
occur between 20 and 40 years, depending on the geno
type, agronomic practices and ecological and biophysical 
characteristics. The peak yields are followed by a decline 
in productivity and a degradation of the tea plantations. 
The causes of the decline in yield and of the degradation 
of ageing tea plantations are not well understood. 

To enable harvesting of the young shoots, the crop 
is maintained as a low bush in a continuous vegetative 
growth by periodic pruning once in three to five years. 

*This paper is published with the permission of the Director of TRFK, 
Kenya. 
*Author for correspondence. E-mail: owuorpo@africaonline.co.ke; 
dmkamau2003 @gmail.com 

The prunings are left on the soil surface for recycling of 
nutrients, soil organic matter build-up and improvement 
of soil structure. It is known that tea prunings contain 
large amounts of polyphenols,^ which may impede organ
ic matter decomposition and nitrogen (N) mineraliza
tion. Tea growing and the management of tea plantations 
also contribute to soil acidification and also to increased 
levels of exchangeable aluminium (Al) in the soils. The 
plant is also known as "Aluminium (Al) accumulators"' 
and may contain large quantities of Al in mature leaves 
that are significantly affected by the ontogeny age of 
organs and the genotype.'" Declining productivity in 
ageing tea plantations have been ascribed to increased 
stress resulting from a combination of increase in acidity 
and related elements and changes in the functioning of 
the microbial community.^ 

In some cases, declining yields have been associ
ated with decline in soil fertility, owing to poor nutrient 
management practices.* The tender shoots that contain 
the largest percentage of nutrients in the plant'-'" are har
vested throughout the year, resulting in a relatively high 
nutrient removal. To sustain productivity, nutrients have 
to be added. This is done mostly in the form of inorganic 
single fertilizers such as urea or NPK(S) fertilizers with
out considering other essential elements. Nitrogen recov-
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eries in the harvested shoots are often low,""'^ suggesting 
that most of the N applied through inorganic fertilizers is 
lost through leaching and erosion.'''''^ 

To date, no study has examined the changes in soil 
characteristics of ageing tea plantations in relation to the 
productivity of these plantations. Ageing of tea planta
tions is hypothesized to result in (a) increases in soil 
acidity and extractable aluminium (Al) and manganese 
(Mn), (b) imbalances in the supply from the soil of the 
bases (potassium (K), calcium (Ca), magnesium (Mg)), 
phosphorus (P), sulphur (S), zinc (Zn) and copper (Cu), 
and (c) a decline in the decomposition and N mineral
ization of prunings. A chronosequence of tea plantations 
with known productivity situated on similar soils and at 
short distances from each other were selected. The tea 
plantations ranged in age from 14 to 76 years and were 
uniformly managed by estates. A neighbouring tropical 
forest soil was included as the baseline zero-age; all tea 
plantations were under similar natural forest vegetation 
prior to tea establishment. As the soils have good soil 
physical properties and no changes were expected in 
these properties, the analyses focussed on soil chemical 
and microbial properties. The measurements were con
fined to the top 0-20 cm soils, as most tea roots are in 
the top soil and largest changes were expected therein. 
The study also included the characterization of prunings 
normally returned to the soil after every four years when 
tea bushes are pruned. 

Materials and Methods 
Study Site 

The study area is located in the tea-growing region of 
Kericho District, on the western highlands of Kenya. 
Preceding tea planting, the area was part of Mau For
est Reserve, an indigenous tropical forest in Kenya's 
Great Rift Valley. The soils are deep, acidic friable clays 
and are well drained. These soils were classified as Niti-
sols and have low CEC and high content of Al and Fe 
oxides.'* The field sites were selected on the basis of the 
ages of the tea plantations and the presence of a neigh
bouring natural forest site. The tea plantations were aged 
14-, 29-, 43-, and 76-years in 2002 and were part of field 
experiments studying the productivity of ageing tea plan
tations. Due to their ages, the two youngest plantations 
had been planted with clonal cultivars (Clone TRFK 6/8), 
while the two older plantations were seedling teas. The 
fifth was a natural forest adjacent to the tea plantations. 
These five sites are located within a radius of 4 km {i.e. 
2.48 miles) from the Tea Research Foundation (TRFK) 

Headquarters at Timbilil Estate, Kericho, at an elevation 
of 2180 m above sea level, latitude 0°22'S and longitude 
35°21 'E. The climate of the area can be divided into three 
main seasons based on rainfall and temperatures. These 
are: a warm-dry season (December-March), a cool-wet 
season (April-August) and a warm-wet season (Septem
ber-November). The tea plantations had previously been 
managed according to recommended practices involving 
regular pruning and the application of fertilizers (100-
300 kg N ha"' yr"' as NPKS, 25:5:5:5). The last pruning 
of the tea bushes was carried out between August and 
October 2001. Briefly, the field experiments on each site 
were laid out in a randomized complete block design 
consisting of five N-fertilizer rates (0, 50, 100, 200 and 
400 kg N ha ' ) replicated three times. P and K were uni
formly applied at 100 kg P205 ha'' yr ' and 100 kg K^O 
ha ' yr ' , respectively. Other field experimental details 
are given in Kamau et al}^ 

Soil Sampling and Analysis 

Soil samples were taken from the plantations and forest 
site in July 2003, using a soil corer. For the determination 
of total C and total N, and extractable elements, three 
cores (0-20 cm) from unfertilized control plots (minus 
N) of the field experiments, established in December 
2001, were mixed to form one sample per plot. Plant 
residues and roots were removed by hand. The samples 
were air-dried, sieved (2 mm mesh) and gently ground. 
The soils were bulked for the determination of P, K, Ca, 
Mg, Al, Mn, Fe, Zn, Cu, and Co, and for the incubation 
study. For the determination of microbial biomass C and 
N, the soils were sampled similarly at 0-10 cm depth 
from the unfertilized (minus N) plots and stored at 4°C 
until analysis. Soils for the determination of total mMi-
crobial activity (TMA) were sampled at 0-10 cm depth 
from all the plots (0, 50, 100, 200 and 400 kg N ha'') 
due to the cost effectiveness of the extraction method and 
also stored at 4°C until analysis. 

Soil pH (HjO) was determined in field moist soils 
using the 0-20-cm layer immediately after sampling 
using a combined glass electrode in 1:1 (w:v) soikwater 
ratio. Soil textural class was determined on the air-dried 
and 2-mm mesh sieved soils, using the hydrometer 
method.'^ Easily extractable nutrients (P, S, K, Ca, Mg, 
Al, Mn, Fe, Zn, Cu, and Co) were determined following 
extraction using 0.01 M CaCl^, and ICP.'* Total extracted 
nutrients (P, S, K, Ca, Mg, Al, Mn, Fe, Zn, Cu and Co) 
were determined following digestion with aqua regia 
(FTNOj and HCl) and determination of elements with 
ICR'9 
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Table 1: Some soil characteristics (0-20-cm depth) at the five sites (n = 3) 

Site Age of Tea Plantation (yr) 
Parameter 
Textural class 
Clay (%) 
Silt (%) 
Sand(%) 
pH(l:lsoil:Hp) 
Total org C(g kg-') 
Total N(g kg-') 
C:N ratio 

14 

Clay 
59 (0.2) 
9 (0.2) 
32 (0.4) 
3.8(0.1) 
36(1.4) 
3.3 (0.5) 

10.9 

29 

Clay 
46(1.2) 
19(1.2) 
35(0.1) 
4.5 (0.1) 
37(1.2) 
3.9 (0.4) 

9.4 

43 

Clay 
55(2.1) 
12(2.1) 
33(1.0) 
3.8 (0.2) 
35(1.0) 
3.6 (0.7) 

9.8 

76 
Clay 

58(1.2) 
10(1.1) 
32(1.1) 
3.5 (0.2) 
33 (1.8) 
3.3 (0.5) 

10.0 

Forest Soil 
Clay 

53(1.3) 
10(1.2) 
37(1.0) 
4.7(0.1) 
38 (0.9) 

nd 
-

Note: SD, standard deviation (given in parenthesis); nd, not determined. 

Microbial biomass carbon (MBC) and microbial bio-
mass nitrogen (MBN) in field moist soils were extracted 
using modified fiamigation extraction methods.^" Total 
microbial activity (TMA) also in field moist samples 
was determined spectrophotometrically by hydrolysis of 
fluoresce diacetate (FDA) dissolved in acetone and mea
sured as absorbance at 490 nm. '̂ 

Pruning Sampling and Analyses 

The prunings at each site were lopped fi-om 10 tea bushes 
of the three control treatments and mixed. The samples 
were oven-dried for 24 hrs at 60°C, ground and sieved. 
N was determined using the micro-Kjeldahl digestion 
method. Organic C was determined using the Walkley-
Black method.̂ ^ For P, K, Ca and Mg, the milled sam
ples were ashed for 4.5 hrs in a muffle furnace at 450°C 
and digested using a mixture of double acid (H^SO^ and 
HCl) and hydrogen peroxide in the ratio 2:3.̂ ^ Extrac
tion was done using 0.05 M hydrochloric acid^̂  fol
lowed by flame emission for K and atomic absorption 
spectroscopy (Varian Spectra AA 20) for Ca and Mg. P 
was determined colorimetrically with Spectronic20 at 
400 nm after complexing with a mixture of ammonium 
molybdite and ammonium metavanadate in concentrated 
nitric acid.̂ ^ Lignin determination was done via the Acid 
Detergent Fibre method and total polyphenolics anal
ysed using the Folin-Denis method.^'' 

Statistical Analyses 

A one-way analysis of variance (ANOVA) was used to 
compute means and least significant differences (LSD) 
at each site for TMA analysis. For the other soil proper
ties where composite samples of the unfertilized (minus 
N) plots were taken, means and standard deviations were 
calculated. 

Results 

General Soil Characteristics 

Differences between sites in terms of soil characteristics 
were relatively small (Table 1). The clay content ranged 
fi-om 46% to 59%, silt content fi^om 9% to 19%, and 
sand content fi-om 32% to 35%. All soils were acidic; pH 
(H^O) ranged from 3.5 to 4.5 in the tea plantations com
pared to 4.7 in the forest soil (see Table 1). Soil organic 
C ranged fi-om 33 to 37 g kg-' in tea-cultivated soils, 
while organic carbon of the natural forest was slightly 
higher, i.e. 38 g kg"'. The C:N ratio maintained at an 
ideal range between 9.4 and 10.9 in the cultivated soils. 

Soil Microbial C and N and Total Miscrobial 
Activity (TMA) 

Microbial biomass C and N increased and microbial 
biomass C:N decreased along the chronosequerice of tea 
plantations. An alternative interpretation is that micro
bial biomass C and N and C:N ratio show a close asso
ciation with genotype where the two younger clonal tea 
plantations had lower amoimts of microbial biomass C 
and N and a higher C:N ratio than the two older seed
ling plantations (Table 2). The total microbial activity 
(TMA) was closely associated with the genotype; the 
two clonal tea plantations had similar but significantly 
lower TMA (P < 0.05) compared to the older seedling 
plantations. TMA of the forest soil amounted to 0.87 and 
was similar to that of the two older (seedling) tea planta
tions. 

Soil Nutrients 

The CaClj extractable soil nutrients are shown in Table 
3. CaCl extractable P was low and uniform at <1 mg 
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Table 2: Microbial C and N and TMA of 0-10 cm soils at the five sites 

Site 
Parameter 

MBC (g kg-')* 

MBN(gkg-')* 

Microbial C:N ratio 

TMA« 

14 

0.23(0.04) 

0.05 (0.01) 

4.6 

0.69 (0.07)^ 

Age of Tea Plantation (yr) 

29 

0.28 (0.05) 

0.06 (0.01) 

4.7 

0.62(0.13)^ 

43 

0.34 (0.04) 

0.08 (0.01) 

4.3 

0.86(0.12)^ 

76 

0.37 (0.05) 

0.09 (0.02) 

4.1 

0.90(0.15)'' 

Forest Soil 

nd 

nd 

0.87* (0.06) 
Note: SD, standard deviation (given in parenthesis); nd, not determined; *n = 3; 
SAnalysis for one-way ANOVA for the tea plantations only. 
Values connected horizontally by the same letter are NS at P < 0.05. 

15. 

kg~' in all soils. CaCl̂  extractable S was slightly lower 
in the younger clonal tea plantations compared to the 
older seedling plantations and the natural forest. CaCl̂  
extractable K, Ca and Mg were lower in the tea planta
tions than the natural forest soil, while extractable Al 
and Mn were much higher in the tea plantations than the 
forest site. CaCl^ extractable Ca and Mg were positively 
related to soil pH, while extractable Al and Mn were 
negatively related to soil pH. Hence the nutrient ratios 
of extractable K to bases Mg, (Ca+Mg) and extractable 
Al and Mn to bases (K+Ca+Mg) increased from 1.4, 
0.17, <0.01 and 0.07 in the natural forest to 5.8, 0.41, 
0.36, 1.40 in the 76-year-old tea plantation, respectively 
(Table 4). 

CaClj extractable K and Mg were low in the tea 
plantations, and ranged between 0.09 and 0.12 g k g ' and 
between 0.02 and 0.08 g kg ' , respectively. There was no 
trend in extractable K and Mg with age but were lower 

compared to the natural forest of 0.43 and 0.32 g kg^' 
for K and Mg, respectively. CaCl̂  extractable Ca was 
related to soil pH and was 0.34, 0.24 and 0.22 g kg-' 
in the 14-, 43-, and 76-year-old plantations, respectively, 
and 1.79 and 2.30 g kg"' in the 29-year-old plantation 
and the natural forest, respectively. CaCl̂  extractable 
Al was also related to soil pH and was 0.11, 0.12 and 
0.12 g kg-' in the 14-, 43-, and 76-year-oId plantations, 
respectively, and 0.02 and <0.01 g kg"' in the 29-year-
old plantation and the natural forest, respectively. CaCl̂  
extractable Mn increased with age of the plantation and 
ranged from 0.22—0.27 g kg-' in the natural forest and 
14- and 29-year-old plantations to 0.36-0.46 g kg-' in the 
43- and 76-year-old plantations. The ratios of extractable 
aluminium Al and manganese Mn to the base elements 
(K, Ca, and Mg) were higher for the teia plantations rang
ing 0.24-0.36 and 0.58-1.40 for Al and Mn, respectively, 
apart from the 29-year-old tea plantation that was closer 

Table 3: Some elements of top 0-20 cm soils at the different sites extracted using 0.01 M CaCl 

Analyses 

P(mgkg-') 

S(mgkg-l) 

K(gkg-') 

Ca(gkg-') 

Mg (g kg-') 

Al(gkg-') 

Mn (g kg-') 

Fe(gkg-') 

Zn (mg kg-') 

Cu (mg kg-') 

Co (mg kg-') 

D 

14 

0.7 

21 

0.11 

0.34 

0.02 

0.11 

0.27 

<0.01 

1.2 

<0.1 

<0.1 

Age 
29 

0.3 

10 

0.12 

1.79 

0.08 

0.02 

0.20 

<0.01 

2.0 

<0.1 

<0.1 

of Tea Plantation (yr) 

43 

0.7 

27 

0.09 

0.24 

0.02 

0.12 

0.36 

<0.01 

1.0 

<0.1 
<0.1 

76 

0.8 

44 

0.10 

0.22 

0.02 

0.12 

0.46 

<0.01 

3.2 

<0.1 
<0.1 

Forest Soil 

1.0 

17 

0.43 

2.30 

0.32 

<0.01 

0.22 

<0.01 

2.8 
<0.1 

<0.1 
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37 38 

Figure 1. Relationship between tea productivity 
(t made tea ha"' yr"') and soil pH. 

to the natural forest whose ratios for Al was <0.01 and 
0.10 for Mn. CaCl̂  extractable Zn also had no clear trend 
along the chronosequence of tea plantations and forest, 
while Cu and Co were very low. 

Aqua regia digestible P was low and fairly uniform 
ranging from 264 to 324 mg kg"' in at all sites, includ
ing the natural forest soil (Table 5). Aqua regia digestible 
S ranged between 481 toand 820 mg kg"' including the 
natural forest and had no trend pattern. Similarly, aqua 
regia digestible K, Ca, Mg, Zn, Cu and Co had no clear 
trends along the chronosequence of tea plantations and 
natural forest as well as the nutrient ratios (Table 4). 

There was apparent depletion in both the easily 
extractable and aqua regia digestible K and Mg in the tea 
plantations compared to the natural forest. Mean differ
ences between the natural forest and the tea plantation 
soils was 0.32 g kg"' for K and 0.18 g kg"' for Mg which 
translates to about 480 kg ha"' for K and 270 kg ha"' for 

Table 4: Effect of tea monocroping on nutrient ratios for easily extractable 0.01 M CaCl̂  and aqua regia (cone. 
HNO, + cone. HCIO )̂ complete digestion extractants 

Figure 2. Relationship between tea productivity 
(t made tea ha"' yr"') and total organic C (g kg"'). 

Mg. Similarly, mean differences were seen in the aqua 
regia digestible K and Mg of 0.43 and 0.34 g kg"' for K 
and Mg, respectively in the tea plantations and natural 
forest. The large depletion of K is remarkable; while the 
annual withdrawal via harvested crop is about 60 kg ha"' 
assuming yields of 3,000 kg made tea ha"' .'̂  

In summary, CaCl̂  extractable Ca, Mg, Al and Mn 
were related to soil pH, which was higher in the natural 
forest and the 29-year-old tea plantation than in the 14-, 
43-, and 76-year-old tea plantations. CaCl̂  extractable 
P and aqua regia digestible P were low in at all sites, 
whereas aqua regia digestible K and Mg were lower in 
the soils of the tea plantations than in the natural forest. 

Prunings 

The chemical characteristics of the prunings along a chro
nosequence are presented in Table 6. The elemental com
position of the prunings compositions were related to the 

Extractant 

Vegetation K: 
(Age of tea plantation, yr) Mg 

K: Al: Mn: 
(Ca + Mg) (K + Ca + Mg) (K + Ca + Mg) 

0.01 M CaCL 

Aqua regia 

Natural forest 

Clonal (14-yr) 

Clonal (29-yr) 

Seedling (43-yr) 

Seedling (76-yr) 

Natural forest 

Clonal (14-yr) 

Clonal (29-yr) 

Seedling (43-yr) 

Seedling (76-yr) 

1.4 

4.7 

1.5 

5.5 

5.8 

1.5 

1.7 

1.6 

1.5 

1.7 

0.17 
0.30 

0.06 

0.33 

0.41 

0.42 

0.34 

0.33 

0.35 

0.37 

<0.01 

0.24 

<0.01 

0.34 

0.36 

13.9 

17.3 

15.3 

16.0 

17.7 

0.07 

0.58 

0.10 

1.03 

1.40 

0.56 

0.49 

0.54 

0.79 

0.62 
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Table 5: Some elements of top 0-20 cm soils at the different sites extracted using aqua regia (cone. HNO3 + 
cone. HCIO3) complete digestion 

Age of Tea Plantation (yr) 

Analyses 

P (mg kg-') 

S(mgkg-l) 

K(gkg-') 

Ca(gkg-') 

Mg (g kg-') 

AKgkg-') 

Mn (g kg-') 

Fe (g kg-') 

Zn (mg kg-') 

Cu (mg kg-') 

Co (mg kg-') 

14 

264 

625 

1.51 

3.55 

0.89 

103 

2.9 

91 

138 

10 

15 

29 

324 

481 

1.57 

3.80 

0.98 

97 

3.4 

73 

179 

12 

13 

43 

279 

769 

1.57 

3.51 

1.02 

98 

4.8 

89 

147 

13 

17 

76 

303 

820 

1.68 

3.52 

1.02 

110 

3.8 

95 

158 

13 

18 

Forest Soil 

288 

774 

2.01 

3.51 

1.32 

95 

3.8 

84 

168 

11 

20 

genotype and the age of the plantations. The mean N con
tent was slightly lower in the two younger clonal tea plan
tations compared to the two older seedling plantations, 
while mean P and Ca contents were slightly higher in the 
younger plantations. These differences possibly reflect 
genotypic differences. The lignin and total polyphenolic 
contents were relatively higtf̂ -̂ * ranging 244-297 g k g ' 
and 23^7 g kg-', respectively. The younger clonal plan
tations had higher concentrations of both lignin and total 
polyphenolics compared to the two older tea plantations. 
The C:N ratios for the clonal tea plantations were higher 
(29) than for the seedling plantations (27). The lignin:N 
ratio was also higher in the clonal tea plantations com
pared to the seedling tea. 

Discussion 

Changes in Soil Acidity and CaCl^ Extractable 
Al and Mn 

Soil pH decreased with age of the tea plantation, but the 
trend was weak. The 29-year-old tea plantation had a 
relatively high pH, and also high base cation contents, 
which may be related to the slope of the site. We specu
late that erosion has been slightly higher than in at the 
other sites during geological time, and as a consequence 
the material in the top soil is less weathered. Other stud
ies have reported increasing soil acidity in tea planta
tions of increasing age.̂ -̂ ^ The tea plant itself is known to 
acidify the soil because of excess cation to anion uptake, 

which leads to plant roots to excrete H+ ions.̂ ^ Applica
tion of acidifying (NH^)2S0^ based fertilizers may also 
have contributed to the observed high soil acidity in the 
older tea plantations.'*'̂ ''̂ " The tea plant is known for its 
preference for NH/-N, hence the application of ammo
nium-based fertilizers. Commonly N-fertilizers used in 
tea growing in Kenya are compound NPKS (25:5:5:5) 
and urea fertilizers, which are less acidifying per unit N 
applied than (NH^)2S0^ fertilizer.'"'^' Moreover, mean 
N-application rates have decreased from a mean of 400 
kg N ha-' in during the period^^ 1970-1980 to 100-250 
kg N ha-' from the 1980s onwards." Soil acidification 
has also been related to high concentrations of organic 
acids, especially tannins in litter fall and prunings.^" 
However, most studies have associated increased acid
ity in older tea plantations with the use of high rates of 
NH '̂̂ -based fertilizer in the recent past.^' 

Soil acidification is usually defined by the decrease 
in base cations in the soil, which is often accompanied 
by a decrease in pH and increase in extractable Al. '̂'̂ *'" 
In our studies, the base cations (K, Ca, Mg) in the top 
soils of the tea plantations were on average lower than 
in the natural forest soil, though there was no clear trend 
with the age of plantations. The older tea plantations 
were more acidic and had higher Al and Mn. However, 
the levels were not high enough to cause degradation in 
tea plantations. 

Changes In Extractable Soil Nutrients 
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Table 6: Some chemical characteristics of tea prunings for the tea plantations 

Age N K Ca Mg C:N Total poly-phe- Lignin Lignin: 
nolics N 

(yr) 

14 

29 

43 
76 

16.6 

16.4 

18.0 

17.6 

1.6 

1.8 

1.4 

1.2 

9.3 

7.5 

9.3 

6.9 

(gkg-') 

8.1 

9.7 

8.1 

13.1 

0.7 

1.0 

0.5 

0.6 

478 

479 

479 

479 

ratio 

29 

29 

27 

27 . 

(gkrO 
47 

49 

34 

23 

297 

280 

266 

244 

ratio 

17.9 

17.1 

14.8 

13.9 

Good tests for nutrient availability in soils provide infor
mation about (i) what is directly available in the soil 
solution, and (ii) the quantity that can come into the soil 
solution to replace what has been withdrawn through 
plant uptake or leaching losses.̂ *-̂ ' The multi-nutrient 
extractant 0.01 M CaCl̂  provides information about the 
directly available nutrients; it is a mild one-component 
extractant.'^ In contrast, aqua regia provides informa
tion about the "total" capacity of the soil to replace the 
nutrients in the soil solution that have been withdrawn by 
uptake and leaching losses. Because of the huge differ
ences between soil characteristics and type of extracting 
solutions, ranges for critical and optimal values in soils 
are very wide, depending also on crop type. For CaCl̂  
extractable nutrients, there are as yet no uniform refer
ence values to be able to judge which content is high or 
low or critical. 

The results herein indicate that base cations have 
been depleted from the soil and have led to changes in 
the ratios of CaCl̂  extractable nutrients. With the excep
tion of the 29-year-old tea plantation, the nutrient ratio of 
K to Mg tended to increase from 1.4 in the natural forest 
to 4.7-5.8 in the 14-, 43-, and 76-year-old plantations 
(Table 4). Similar but increasing trends are seen in the 
nutrient ratios of K to Ca+Mg, Al to base nutrients (K, 
Ca, Mg) and Mn to base nutrients (K, Ca, Mg). CaCl̂  
extractable P and aqua regia extractable P were very low 
in all tea plantations, suggesting that P input via P fer
tilizers balances P withdrawal via harvested crop. The 
large depletion of K reflects that the annual K fertiliza
tion of about 33 kg K ha~' for an annual application of 
200 kg N ha"' (applied as NPK 25:5:5 fertilizer) does 
not balance the annual withdrawal via harvested crop of 
40-60 kg K ha"' and possible leaching.'" The cause of 
the Mg depletion suggests that withdrawal via harvested 
crop and leaching are relatively large. Assuming yields 
of 2,000 to 3,000 kg made tea ha~', annual mean removal 
of N, P, and K is 90-120 kg N, 6-9 kg P, and 40-60 
kg K ha"' yr'', respectively.'^ The relationships between 

mean armual tea yields (kg made tea ha"') and soil pH 
and total soil organic C (g kg"') in the four tea plantations 
for the December 2003-November 2004 yield data'" are 
presented in Figs. 1 and 2, respectively. Although there is 
a gentle linear increase of pH and total organic C with the 
measured productivity, the regression coefficients show 
that these soil characteristics are not significant. 

Changes in Organic C and N Mineralization 

Soil organic C content of the top soils (as shown in 
Table 1) of the tea plantations decreased with the age of 
the plantation, but the difference between the natural for
est soil and the 76-year-old plantation was only 5 g kg"', 
i.e. a decrease of about 13% in 76 years. A possible alter
native explanation for the slight decrease in soil organic 
C with age of the tea plantation is that the younger clonal 
tea plantations have a higher productivity relative to the 
older seedling tea plantation, and that this higher produc
tivity also translates into slightly higher soil organic C 
contents though leaf litter return. Most soils in this area 
have a relatively high soil organic C content because of 
the relatively high rainfall, moderate temperature and the 
good, clay soil structure, which favour biomass produc
tion and soil organic matter accumulation.'"' The above-
ground standing biomass in tropical forests is large 
(-200 MgC ha"')'" but was not measured at forest site. 
Aboveground standing biomass and root biomass in the 
tea plantations increased with age of the tea plantation 
for similar genotypes,'^ whereas soil organic C tends to 
decrease with plantation age. Overall, the total C stock in 
the tea plantations are rather constant with plantation age, 
suggesting that C input via biomass production roughly 
equals C removal through tea plucking, decomposition 
of prunings and leaf litter and soil respiration. The C:N 
ratio in the soil organic matter were also remarkably 
constant along the chronosequence (Table 1). Pansombat 
et al.'^^ reported accumulation of soil organic C and N 
in long-term tea cultivation trial, but Han et aW could 
not establish such trends in tea stands of different ages. 
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and suggested an input-driven process existed, i.e. high 
usage of inorganic and organic fertihzers in at high input 
sites vs. low usage of inorganic and organic fertilizers in 
at low input sites. 

Microbial biomass C and N marginally increased 
with age of the tea plantation from 0.23 to 0.37 g kg^' 
(Table 2). Han et al.' found MBC ranges of 0.10-0.20 g 
kg"' in tea gardens with different productivities and ages, 
while Yao et al.'^^ reported a range of 0.15-0.60 g kg ' in 
tea plantations aged 4-55 years and 0.40 g kg"' in a high
ly productive 30-year-old tea garden.'''' They reported 
that low MBC values were associated with low produc
tive tea gardens. This is in contrast with the results pre
sented herein, as the younger clonal tea plantations had 
higher productivity, but lower MBC and also lower total 
microbial activity values (TMA) values than the older 
seedling tea plantations. TMA is a measure of organic 
matter turnover in natural habitats where more than 90% 
of energy flow passes through microbial decomposers.'" 
Soil microbial biomass and TMA are therefore useful 
especially for comparative studies and have been sug
gested as indicators of soil fertility.'"' However, there 
were weak correlations between the measured soil prop
erties herein, e.g. soil pH, and productivity (Figs. 1 and 
2). It has also been suggested that organic acids released 
by the tea plant rhizosphere suppresses microbial bio
mass.'''' Hence, the possibility cannot be excluded that 
the TMA values measured in our study are related to 
genotypic diiferences between the older seedling tea and 
younger clonal tea plantations in organic acid excretion 
in the rhizosphere. 

Visual observations in tea plantations of different ages 
also reveal no increased accumulation of prunings litter 
on the soil surface of the older tea plantations. Prunings 
have high contents of polyphenolics (Table 6) catego
rized as hydrolysable tannins, condensed tannins and 
non-tannin polyphenolics.''^ The polyphenols restrict 
N-release from their tissues despite having high N con-
tent.^^"' However, the protein-binding capacity of the 
tannins is often more important than the total polyphe-
nolic content per se.'** Mutabaruka et al.^' compared 
N-release in soils from maize, sugarcane, Gliricidia, Pel-
tophorum, secondary forest and Imperata grassland and 
demonstrated that the high polyphenol rich vegetations 
like such as Peltophorum were able to develop micro
organisms capable of degrading polyphenol complexes 
compared to the other low polyphenol vegetations. The 
high rapid decomposition seen in the tea plantations sug
gests that the microbial community has been adopted and 
adjusted to prunings with high polyphenol content. In old 

tea soils, inhibition of lettuce seed germination and radi
cal growth bioassays has been observed and the presence 
of allelochemicals that cause allelopathy has been postu
lated."" However, this study suggests that the biological 
soil fiinctioning has not decreased to such extent that it 
will affect the productivity of the tea plantation, follow
ing 76 years of tea cultivation. 

Conclusions 
The C:N ratio in the tea soils was fairly constant and 
ideal along the chronosequence, which helps in increase 
of microbial biomass C and N and total microbial activity 
(TMA) in ageing tea plantations and prevents degrada
tion. It is concluded that the older tea plantations have 
slightly more acidic soils and have higher contents of 
CaCl̂  extractable Al and Mn, and higher ratios of K:Mg, 
K:(Ca+Mg), A1:(K+Ca+Mg), and Mn:(K+Ca+Mg). 
However, these relatively small differences in soil prop
erties, which are also weakly related to the measured 
productivities of the tea plantations, are unlikely to cause 
degradation in ageing tea plantations. It is further con
cluded that there is declining trend in soil pH, potassi
um (K), calcium (Ca), and magnesium (Mg) in ageing 
tea plantations as compared to forest soils. It is evident 
that CaClj extractable Al and Mn are higher in ageing tea 
plantations due to decline in soil pH. Thus, liming of tea 
soils for reclamation of soil acidity and balanced fertiliza
tion of K and Mg with N is required for sustainable tea 
plantations. 
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