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Abstract Tea (Camellia sinensis L.) is a perennial
evergreen shrub managed intensively for continuous
growth of young shoots. Most tea plantations were
established at the expense of native forest. Change in
carbon (C) and nutrient (nitrogen, phosphorus, potas-
sium (NPK)) accumulation in forests over time has
been intensively studied, but how C and NPK stocks
in tea plantations are associated with age, genotype
and plant density have not been reported yet in
literature. To get a better insight in the effects of age
and the associated change in genotype (clone or
seedling) and density on C and NPK stocks data were
collected in a chronosequence of tea plantations by
destructive sampling of whole tea bushes. Four
plantations differing in age (76-, 43-, 29- and 14-year
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old) and genotype—density combinations were select-
ed. The 76- and 43-year old plantations were
composed of seedlings planted at a relative low
density: a spacing of 1.52x0.91 m and 1.22%
1.22 m, respectively, whereas in the 29- and 14-year
old plantations an improved clonal cultivar was
grown at higher plant densities: a spacing of 1.22%
0.61 m and 1.22x0.76 m, respectively. Total dry
matter weights (DM) of tea bushes increased with age
from 9.0 to 11.5 kg in clonal bushes and from 13.5
and 19.9 kg in seedling bushes for the 14- and 29-year,
and the 43- and 76-year old plantations, respectively.
Most DM was stored in the woody tissue of the tea
bush frame. Total C- stocks expressed per unit area (ha)
amounted to 44 and 72, and 43 and 69 t C ha ! for
clonal and seedling bushes, respectively. Total N
stocks ranged from 732 to 995 and from 734 to
1,200 kg ha™', P stocks from 78 to 120 and from 67 to
92 kg ha ', and K stocks from 775 to 901 and from
646 to 1,120 kg ha™' for clonal and seedling bushes,
respectively. It is concluded that older stands of
seedling and clonal tea plantations result in higher C
and NPK stocks. Higher stocks may be functional in
maintaining yield stability under adverse weather
conditions. Plantations with higher nutrient stocks
are less responsive to nutrient supply and therefore
will require lower fertilizer applications.

Keywords Biomass - Nitrogen - Phosphorus -
Potassium - Clonal - Seedling
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Introduction

Tea (Camellia sinensis L.) is a perennial evergreen
shrub managed intensively by periodically lopping to
form a table facilitating plucking, either by hand or
machine. Tea plantations in Kenya occupy a large
acreage of agricultural land measuring over
136,700 ha in 2004. The plantations are mainly
located in high-potential areas categorised as Lower
Highland Zone—LHI1, and Upper Middle Zone—
UMI1 (Jaetzold and Schmidt 1982; Sombroek et al.
1980). These zones have fragile soils and comprise of
the 10% of total area under indigenous forest
(Oglethorpe and Oliech 1992) representing a large
fraction of the forest area in Kenya (Anonymous
2004). The forest area continues to decrease as a
result of the expansion in land used for agriculture,
overgrazing, commercial timber harvesting, over-
exploitation for fuel wood and fencing poles, and
general industrial and settlement development. An
example is the Kakamega Forest in western Kenya
where 50% (14,000 ha) of the indigenous forest cover
was cleared in a time-span of 30 years (Wass 1995).
On a global scale, an estimated 13 million ha of
forests in the tropics are lost each year (FAO 1999).
Although tea plantations accumulate less biomass
than tropical forests and mature plantation trees, these
perennial agroecosystems imply a sustained carbon
(C) sequestration in fragile areas.

Pastures store most of their carbon and nitrogen
belowground as soil organic matter. In contrast,
forests often store large amounts of organic matter
aboveground in woody plant tissue and fibrous litter
(Sharrow and Ismail 2004). Reported data on carbon
and nutrients storage are mostly based on allometric
relationships (Brown 1997; Malhi and Grace 2000;
Jepsen 2006; Lecointe et al. 2006; Green et al. 2007).
Young forests are favoured for carbon sequestration,
because of their ability to accumulate large amounts
of organic matter in woody biomass and resistant
litter (Thuille et al. 2000). Nutrients, especially
nitrogen are known to be key determinants of carbon
sequestration in various forest ecosystems (Kimmins
1996; San Jose 1995). More information is needed on
carbon storage by tea plantations, which would fill the
gap in the comparison with native forest vegetations
and changes in agricultural land use. Information
based on in situ measurements in tea plantations of
above ground biomass (foliage and bush frame) and
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below ground biomass (tea root system) benchmark
tea plantations with forests. No studies assessing
carbon and nutrients allocation and stocks in tea
plantations have been carried out in Kenya, yet these
stocks could be an important carbon and nutrient
source for maintaining crop productivity under vari-
able weather conditions (Kamau et al. 2008). Indeed,
the tea growers in Kenya have expressed much
concern of the changing weather patterns in the prime
tea growing areas, where harsh conditions like serious
frost incidences and extended dry spells have become
common (Anonymous 2000). The vulnerability of the
tea industry in Sri Lanka to global warming and
climate change has been reported by Wijerante (1996).

It is postulated that ageing of tea plantations can
enhance adaptation of bushes to abiotic stress con-
ditions (drought, cold, nutrient limitations). Quantify-
ing budgets for C- and nutrient stocks will assist to
explore the response of tea plantations to such abiotic
stresses, and offer new insights for management
interventions (uprooting, fertilization, irrigation). To
quantify carbon and nutrient stocks and test the
hypothesis that carbon and nutrient accumulation in
tea plantations vary with age, we selected and
examined a stand chronosequence of the tea planta-
tions (14-, 29-, 43-, and 76- years old) with similar
cultivation history, with the primary objectives of (a)
determining temporal dynamics in standing biomass
and dry matter partitioning in tea bushes varying in
genotype, age and population density, (b) determining
the C and nitrogen, phosphorus, potassium (NPK)
stocks of tea plantations and thereby (c) assessing the
consequences of C and NPK stocks for tea crop
productivity and stability.

Materials and methods
Study area and experimental sites

The study was conducted in the Kericho region, the
main tea growing area in the western highlands of
Kenya. Four sites with uniformly managed mature tea
plantations planted in 1988, 1973, 1959 and 1926 and
with known past cultivation history were selected in
January 2002. The ages of the tea plantations are
defined based on 2002 as a reference year. It turned
out that as a consequence of applying best manage-
ment practices since about 1970 the use of low
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yielding seedlings was replaced by planting clonal
cultivars with a higher yield potential. This change in
genotype was associated with a higher plant density.
Therefore, in our experiment the older plantations,
defined as 43- and 76-year’s, consisted of seedlings
planted at relatively low densities: 6,730 and 7,179
plants ha™', respectively (Table 1). In the two younger
plantations defined as 14- and 29-years, an average
yielding clone—TRFK 6/8—was planted at relative
high densities: 10,766 and 13,448 plants ha !,
respectively. As a consequence, the age of the
plantations differed with 15 and 33 years within the
two genotype—planting density groups, respectively.
All tea plantations were managed according to best
management practices.

The four sites are located within a radius of four
kilometres from the Tea Research Foundation of
Kenya (TRFK) Headquarters at Timbilil Estate,
Kericho, at an elevation of 2110-2180 m above sea
level, latitude 0°22" S, and longitude 35°21" E. The
daily mean air temperatures ranged from 15.5°C to
18°C and a mean annual rainfall of 2150 mm
(Stephens et al. 1992). The monthly radiation,
temperature, rainfall, evapotranspiration and soil
water deficits at Kericho between December 2002
and November 2004 and the detailed experimental
design and treatments are reported in Kamau et al.
(2008). In brief, the field experiments in each site
were laid out in a split-split-block design consisting
main blocks with two genotypes, sub-blocks with two
age classes and five N-fertilizer rates (0, 50, 100, 200
and 400 kg ha ') replicated three times completely
randomized within sub-blocks. The total number of
plots amounted to 60.

All plots were managed uniformly. P and K were
applied once a year at 100 kg P,Os ha ' year ' and
100 kg K,0O ha ' year ', respectively.

Table 1 Characteristics of tea plantations varying in genotype,
age, spacing and plant density

Genotype Age (year) Spacing (m) Plants per ha
Clonal 14 1.22x0.76 10,766

29 1.22x0.61 13,448
Seedling 43 1.22x1.22 6,730

76 1.52x0.91 7,179

Sampling procedure and measurements

The experimental sites experienced a severe drought
from February to April 2003 affecting shoot growth in
most tea bushes. Subsequently, at least five bushes per
plot at all the four sites were tagged depending on the
visual symptoms as ‘non-affected’, ‘mildly affected’
and ‘severely affected’. To avoid the extremes in
terms of drought effects, one ‘mildly affected’ tea
bush per plot in all the 15 plots per site was randomly
selected and uprooted. These tea bushes were cut at
the base of the stem and the excavation of all the roots
to about 1 m depth done by hand based on the plant
spacing area; e.g. 1.22x0.76 m (10,766 plants ha ')
for the 14-year old plantation (Table 1). Each tea bush
was partitioned into ‘two leaves and a bud’, mainte-
nance foliage, twigs, stem, thick woody roots and thin
feeder roots. Samples were taken for all plant
components and oven-dried at 105°C to determine
the dry matter content. For the “two leaves and a bud”
material, the samples of three replicates were merged
to obtain an adequate sample size for chemical
analyses. All other plant samples were analysed
separately using procedures and analyses outlined in
the next section.

Laboratory methods

In the dried and ground samples organic C was
determined using Walkley—Black method (IITA
1979a) while total N was determined by Kjeldahl
digestion, distillation and titration method (Anderson
and Ingram 1998). For total P, dried sub-samples were
ashed in a muffle furnace at 450°C for four and a half
hours and P determined colourimetrically with Spec-
tronic20 at 400 nm after complexing with a mixture
of ammonium molybdate and ammonium metavana-
date in concentrated nitric acid (IITA 1979b). For K,
the ashed samples were digested with a mixture of
double acid (HCI and HNO3) and hydrogen peroxide
in a ratio of 2:3 and extracted with 0.05 M HCI (IITA
1979a) and K determined by flame photometry.

Above- and belowground components
The above- and below ground biomass and C-stocks
per bush were combined into three different classes,

i.e. (1) Foliage consisting of the plucked two leaves and
bud and maintenance foliage, (ii) Frame consisting of
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the woody twigs and stem, and, (iii) Roots consisting
of woody thick roots and thin feeder roots. To
determine the C-stocks of the combined classes per
bush, a weighted average from the individual organic
carbon contents and dry mass in the plant organs was
used.

Data analysis and statistics

Tea fields had the same cultivation history and the soil
and weather conditions were uniform; therefore, we
considered all samples as independent observations.
The total number of observations was 60. The
ANOVA was done for a split-—split-plot design with
genotype (clone or seedling) as the main factor and
age within genotypes as a sub-factor; nitrogen
fertilization treatments were randomized within sub-
blocks. Genotype (seedlings or clonal cultivar) and
plant density were confounded; however, plant pop-
ulation affects tea stand productivity per unit land area
during the establishment phase, but not in mature
plantations (Wanyoko and Owuor 1995). The data
were subjected to an ANOVA analysis using MSTAT-C
(1993) statistical software package. Separation of the
mean was done using the least significant difference
(LSD).

Results

Above- and belowground biomass accumulation

N application rates did not show significant effects on
total dry mass (DM) as shown in Tables 2 and 3;

therefore, only the effects of age and genotype are
considered in the further analyses. More dry mass

accumulated in foliage, frame and roots of seedling
bushes compared to the clonal bushes; the total
biomass dry weight amounted to 9.0, 11.5, 13.6 and
19.8 kg per bush (Table 4) for the 14-, 29-, 43- and
76-year old plantations, respectively. However, this
increase in dry mass per bush with age was not found
per unit land area. Differences in total DM per ha
between clonal and seedling plantations became very
small; only within genotypes, viz. clonal cultivar or
seedling, DM increased with age (Fig. 1).

Tea plants allocated most of the total dry mass in
the woody tissue of the bush frame, i.e. twigs and
stem (81-85%), and only 10-15% and 5-6% to roots
and foliage, respectively (Fig. 2). Genotype choice
effected the allocation of dry mass in the foliage,
frame and roots significantly (Table 4); DM per bush
was higher in seedlings than in clonal cultivars.
Whereas the clonal tea plants had a similar root
biomass in the 14- and 29-year plantations, the
seedling tea plants showed a difference between the
43- and 76-year plantation (Table 4). The root DM of
the 76-year old bushes was significantly higher: 2.92
compared to 1.45 kg bush™'. These differences were
also consistent per unit area.

Carbon stocks

The weighted C contents (g.kg ') per age class in
foliage, frame, and roots ranged from 390460 g kg ',
from 460480 g kg ', and from 410-510 g kg ',
respectively (Table 5). It shows that age effects within
genotypes were small; however, clear genotypic differ-
ences existed between clonal and seedling plants. The
C content of the foliage and roots of seedlings was
higher than of clonal plants. The amount of carbon
stored in the frame per bush increased with age from

Table 2 Total dry mass (kg DM bush ') of tea bushes differing in genotype and age at five different N-rates (kg ha ')

Genotype Age (year) N-rates Mean
0 50 100 200 400
Clonal 14 8.7 9.1 9.3 8.2 9.4 9.0
29 10.8 8.9 12.8 13.4 11.7 11.5
Mean 9.7 9.0 11.1 10.8 10.6 10.2
Seedlings 43 17.8 12.5 11.1 13.6 124 13.5
76 18.9 19.5 20.6 21.3 19.2 19.9
Mean 18.4 16.0 159 17.5 15.8 16.7
Overall mean 14.0 12.5 13.5 14.1 13.2 13.5
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Table 3 Coefficient of variation (CV) and least significant
difference (LSD) for total dry mass (kg DM bush™")

Genotype Age N-rates
CV (%) 33 33 27
LSD (P=0.05) 0.8 0.8 NS

NS non significant

3.4 to 7.7 kg C (Fig. 3a), reflecting the differences in
plant density. By calculating C stocks per unit of area
(t C ha "), the difference in carbon stocks between the
clonal and seedling genotypes became less. However,
within seedlings and clonal plants a clear age effect on
carbon stored in the frame still existed; older plantations
stored more C in the frame. The C stock in the frame
ranged from 37 to 62t C ha ' and from 35 to 55t C ha ™’
for the clonal and seedling types, respectively (Fig. 3b).
Storage of carbon in roots and foliage was relatively
small, less than 5 and 10 t C ha ', respectively.

Nutrient contents

N-contents (g.kg ') were highest in the seedling
plantations, while P- and K-contents (g.kg ') were
not affected much by age (Table 6). Genotype choice
appeared to have a bigger influence on the nutrient
contents than the age of the tea bush. For the above-
ground parts, the highest NPK concentrations were
found in the harvestable component of two leaves and
a bud, followed by the maintenance foliage, twigs and
stem. Similarly, the thin feeder roots had higher NPK
nutrient concentrations than the thick woody roots.
Whereas the twigs had higher P and K concentrations
than in the stem organ in the clonal tea bushes, the
differences were not significant for P in the older 43-
and 76-year seedlings, and for K it showed the
opposite trend. Indeed some twigs in the older tea

bushes were almost as thick and woody as the stems,
and therefore less differences in NPK nutrient
concentrations were found in these plant parts.

Nutrient stocks

The NPK stocks per unit area of land are presented in
Table 7. The bush frame accounted for most of the
stocks compared to foliage and roots. NPK stocks in
the tea bush organs generally increased with age
especially for the frame and roots. However, when the
nutrient contents are converted to kg ha ', the pattern
changed (Table 7) and only within tea types an
increase of the nutrient stocks was associated with
age. The clonal cultivar planted at higher densities
stored considerably more nutrients in the frame per
unit of land (ha).

Nitrogen

The N stocks per bush increased with age, amounting
to 67.6, 74.3, 108.6, and 166.6 g N bush! for the 14-,
29-, 43- and 76-year old plantations. The rise
reflected the effects of age on N-content as well dry
mass. The increase of the N stock was also shown for
the different parts: foliage, frame and roots. However,
the fraction of N stored in the foliage decreased with
age accounting for 26%, 22%, 19%, and 16% in the
14-, 29-, 43- and 76-year old bushes, respectively.
The highest fraction (63-69%) of the N stock was
present in the frame and was not affected by age class.
The fraction of N stored in the roots (9—16%)
increased with age. Expressed per unit area, the total
N stock increased with age from 732 to 995 kg N ha ™'
for the 14- to 29-year’s clonal (HD) plantations,
respectively (Table 7). In the seedling (LD) planta-
tions of 43- and 76-year total N stocks increased from

Table 4 Dry mass of plant parts (kg DM bush ") for tea plantations differing in genotype and age class

Plant part(s) Clonal Seedling

14-year® 29-year Mean® 43-year 76-year Mean
Foliage 0.6 a 0.6 a 0.6 A 0.7 a 09 a 08B
Frame 7.2 a 9.7b 85 A 114 a 16.0 b 13.7B
Roots 12 a 12 a 1.2 A 1.5a 29b 22B
Total 9.0 a 11.5b 10.3 A 13.6 a 19.8 b 16.7 B

#Values connected horizontally by the same lower-case letter are not significantly different at P<0.05.

®Means connected horizontally by the same upper-case letter are not significantly different at P<0.05.
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Fig. 1 Total dry mass (DM) 200 -
per ha in relation to age and
genotype—density combina-
tions. 14HD=14 year old
: . 150 -
plantation at a high bush 7
density. 20HD=29 year —
old plantation at a high bush ' /
density. 43LD=43 year old = 100 A /
plantation at a low bush E 7/ /
density. 76LD=76 year old /
plantation at a low bush 50 / /
density / /
i | | o
14HD 29HD ‘ 43LD | 76LD ‘
Clonal Seedling

734 to 1,199 kg N ha ', respectively. Thus, N stocks
per unit area increased with age within clonal and
seedling tea plantations.

Phosphorus

P stocks increased from 7.2, 8.9, 10.0 to 12.8 g bush,
for the 14-, 29-, 43- and 76-year old tea plantations,
respectively. The frame contributed 72-79% of the P
storage, compared to 11-14% and 10-17% in the
foliage and roots, respectively. The amount of P in the
frame increased with age by about two-fold from 5.3 to
9.2 g per bush in the 14- and 76-year plantations.
Differences in foliage and roots were minor. The
increase of P stocks per unit area with age was found
only within the 14- and 29-year clonal and the 43- and
76-year seedling plantations (Table 7). The total P-
stocks varied from 67 to 92 and from 78 to 120.0 kg

Fig. 2 The fraction of dry
mass per tea bush allocated
in foliage, frame and

roots for tea plantations
differing in age class, and
genotype-plant density
combination

Age class

HFoliage

ha™' for the seedling (LD) and clonal (HD) plantations,
respectively.

Potassium

The K-stocks decreased from 71.3 to 66.3 g in the 14- and
29-year clonal bushes and increased from 96.4to 156.4 g
in the 43- and 76 year seedling bushes, respectively. The
lower K-stock in the 29-year clonal bush was caused by
less K in the frame. Thus, the effect of age on K-stocks
was most clear in the seedling bushes. The frame
contributed 72—77% of the K stock per bush compared
to 10-15% and 10-18%, respectively, stored in foliage
and roots. The increase in total K stock per unit area with
age was consistent only within the same genotype—
density combination. The K-stocks ranged from 646 to
1,120 and from 775 to 901 kg K ha " for the seedling and
clonal plantations, respectively (Table 7).

N Frame Roots
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Table 5 Weighted carbon contents (g kg™ ') of plant parts in tea
bushes differing in genotype and age

Plant organ(s) Clonal Seedling

14-year 29-year 43-year 76-year
Foliage 390 420 460 440
Frame 470 470 460 480
Roots 410 430 510 500

Discussion and conclusions
Biomass accumulation and C sequestration

We found that the woody tissue that forms the tea
bush frame always had the highest DM irrespective of
age and genotype—density combinations, which has
also been reported by Dang (2005), Magambo and
Cannel (1981), Ng’etich and Stephens (2001) and
Wachira and Ng’etich (1999). Unlike in forests and tree
plantations where foliage and fine root biomass

Fig. 3 Carbon stocks and a

distribution in tea planta-
tions differing in age and

decreases with age and maturity (Claus and George
2005), clear differences in foliage DM between geno-
types/cultivars did exist in this study. It should be noted
that plant density of the 29 year clonal plantation
exceeded that of the 14 year’s with 2,600 plants per ha
(about 25%). However, the effect of plant density will be
mainly of importance during the establishment phase
and become small in mature tea fields with a closed
canopy (Wanyoko and Owuor 1995). So, it is assumed
that the C- and nutrient stocks per unit land area will be
less affected by plant density, than by the choice of the
genotype (seedling or clone).

Generally, seedling tea bushes have a higher root DM
(Burgess and Sanga 1994) when grown at a wider
spacing, e.g. 1.22x1.22 m. We found more root
biomass in seedling tea bushes; however, the root
DM in the 43-year old plantation was much lower than
in the 76-year plantation (Table 4). This shows that
ageing also affects the allocation of assimilates to the
roots. Less root biomass is associated with a lower root
length density and thus may limit the uptake of water

genotype—density combina-
tions; kg C bush™' (a)
and t C ha ' (b). (Error bars "
are SE of the means, n=15) é
o
2
Foliage
Tea bush organ
3 14HD & 29HD 1 43LD X 76LD
b
I e s == e
'z
B0 'S
- 4
@ A0 s
o
2 80 - e
M4
20 fo e *
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M4
10 -r---————---"—-"-"-"-"———— 4
-4
-4
0 i e ded
Foliage Frame Roots

Tea plantations organs
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Table 6 NPK contents (g kg ') in above- and belowground plant parts of tea bushes for different genotypes and age classes

Nutrient Plant part Clonal Seedling
14-year 29-year Mean 43-year 76-year Mean
N Two leaves and bud 345a 344 a 345 A 45.0 a 444 a 447 B
Maintenance foliage 30.6 a 26.7 a 28.6 A 294 a 274 a 284 A
Twigs 8.1la 7.2 a 7.6 A 7.6 a 93 a 84 B
Stem 4.1a 4.1a 4.1 A 6.4 a 6.0 a 6.2 B
Thick woody roots 56a 48 a 52 A 93a 8.1a 8.7B
Thin feeder roots 12.1 a 143 a 132 A 143 a 16.1a 152 B
P Two leaves and bud 2.69 a 2.99 a 2.84 A 2.82 a 2.87 a 2.85 A
Maintenance foliage 1.87 a 1.94 a 191 B 1.44 a 1.53 a 1.49 A
Twigs 0.99 a 0.83 a 091 B 0.56 a 0.63 a 0.60 A
Stem 0.53 a 0.64 a 0.59 A 0.57 a 0.58 a 0.58 A
Thick woody roots 0.71 a 0.71 a 0.71 A 0.77 a 0.79 a 0.78 B
Thin feeder roots 1.05a 1.03 a 1.04 B 0.89 a 0.88 a 0.88 A
K Two leaves and bud 219b 20.4 a 212 B 19.5b 172 a 18.4 A
Maintenance foliage 182 b 17.8 a 18.0 B 184 b 16.8 a 17.6 A
Twigs 7.7b 54a 6.6 B 59a 57a 58 A
Stem 69b 44 a 57 A 73 a 8.1b 7.7 B
Thick woody roots 6.1a 82b 72 A 7.0 a 10.1 b 8.6 B
Thin feeder roots 85D 74 a 8.0 A 10.7 b 9.8 a 10.3 B

Values connected horizontally by the same lower-case letter are not significantly different at P<0.05.

Means connected horizontally by the same upper-case letter are not significantly different at P<0.05.

and nutrients under drought conditions (Burgess and
Sanga 1994). In woody crop species genotypes
significantly influenced root system development; fine
and coarse roots responded positively to the availabil-
ity of resources, indicating a whole root-system
response to resource enrichment (Coleman 2007).

Table 7 N-, P- and K-stocks (kg ha ') in foliage, frame and
roots of tea plantations differing in age class and genotype
(Clone (C) or Seedlings (S))

Nutrient ~ Age class  Plant parts Total
Foliage  Frame  Roots
N C-14 194 463 75 732
C-29 215 686 94 995
S-43 141 498 87 734
S-76 187 818 194 1199
P C-14 11 57 10 78
C-29 15 93 12 120
S-43 7 53 7 67
S-76 11 66 15 92
K C-14 118 571 86 775
C-29 134 632 134 901
S-43 81 498 67 646
S-76 108 811 201 1120

@ Springer

The low variation noted in C-contents within bush
organs of the ageing tea classes was also observed in
storage organs of crops of widely different biochem-
ical composition (Vertregt and Penning De Vries
1987) and in a chronosequence of eastern Amazonia
forests (Johnson et al. 2001). When a comparison was
made with forests and mature plantation trees, the C
stock of tea plantations was lower. In a chronose-
quence of pine plantations in Turkey, Peichl and
Arain (2006) reported C-stocks of standing biomass
0f 0.27, 37, 54, and 103 t C ha ! for 2-, 15-, 30-, and
65-year old stands. Similarly, Glenday (2006), esti-
mated C stock for 10-year Eucalyptus saligna and
30-year Cupressus lusitanica plantations, and an
undisturbed indigenous forest at Kakamega in western
Kenya at 94, 108, and 356 t C ha ', respectively.
Thus, the standing biomass C of tea plantations
ranging from 43 to 72 t C ha ' is in the same
magnitude of the C stored by tree plantations up to
30 years; this did not apply for the older plantations
and indigenous forests.

Management of the tea bush by periodical pruning
and constant removal of the apical buds and breaking-
back to maintain the plucking table had been
suggested as the main reason for the low DM. Indeed,
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Magambo and Cannel (1981) attributed the low
standing DM of tea compared to forest trees and Cj
vegetative crops as due to the continual plucking that
limits the amount of young photosynthetically active
leaves as well as assimilate supply to other plant
organs. Instead of standing biomass, the rate of DM
increase per year would be a better indicator for the
productivity of tea plantations. The annual rate of DM
increase per unit area in plantations with clonal
cultivars ranged from 1.8 to 2.2 t ha 'year ' and
from 1.3 to 1.4 t ha 'year ' in those with seedling tea
(Fig. 1). These values are within the range from 1.1 to
3.9 tha 'year ' reported by Maikhuri et al. (2000) for
multipurpose tree species established in degraded and
abandoned agricultural land at 1200 m altitude, respec-
tively. The results show that younger tea plantations at
higher plant population densities accumulate more C per
unit area per year. So, there is a clear trade off between
storage of C-reserves, which may contribute to adapta-
tion of bushes to drought conditions, and the annual
productivity under optimal conditions (Kamau et al.
2008). Trees are terrestrial carbon sinks (Houghton et
al. 1998). A tea agroecosystem therefore will sequester
carbon both in situ (biomass and soil) and ex situ
(harvested shoots). Thus the accumulation of biomass
in ageing tea plantations, though less than in tropical
forests, imply a sustained carbon sequestration. The C
sequestration in the soil of the ageing tea plantations
was not assessed in this study, although the small
differences in total organic C of 36, 37, 35, and 33 g
kg ! reported by Kamau et al. (2008) for the 14-, 29-,
43-, and 76-year old tea plantations, respectively,
suggest that the soil carbon stocks of these tea
plantations did not vary much. As a consequence of
regular pruning, crop residues may have reduced soil
erosion and run-off and therefore soil fertility, espe-
cially the availability of P, was maintained.

Nutrient accumulation in biomass

The N and P stocks increased with age of tea bushes
irrespective of the genotype—density combination.
The lowered K stock in the 29-year old clonal tea
bushes could not be explained. However, this lack of
response to ageing in K stocks was also observed in
secondary forests in Brazil where 10-, 20-, and 40-
year old forests were compared and showed a dip in
potassium stocks at the 20-year old, especially for the
woody component (Johnson et al. 2001). Tea is

primarily grown for the production of the young shoots
(‘two leaves and a bud’), that also determines made tea
yield, rather than for the storage of assimilates in foliage,
stems, twigs and roots (Matthews and Stephens 1998).
The allocation of assimilates from source to sink is
essential to growth and yield formation (Marschner
1989). Generally, with increasing amount of C and
nutrients reserves, the ratio between mobile and
structural material increases as was shown for annual
crops (Spiertz 1977). Although a high nutrient
allocation to the young shoots (“two leaves and
bud”) may be desirable for made tea yields, generally,
adequate stocks of nutrients in the non-harvestable
parts will be important to maintain yield stability
under adverse conditions. Higher C and NPK stocks
contribute also to more soil carbon accumulation and
nutrient cycling after pruning. The potential for
recycling was estimated by Dossa et al. (2008) for
open-grown coffee systems; the nutrients in biomass
fractions susceptible to rapid turnover (leaves, twigs,
fine roots) amounted to about 400 kg N, 20 kg P,
200 kg K, 400 kg Ca and 150 kg Mg. We found the
highest contents of nutrients in the “two leaves and a
bud”, the maintenance foliage and the thin feeder
roots; the contents in the frame and the thick woody
roots were much lower. However, the NPK stocks
were mainly determined by the amounts in the frame
due to a much higher DM. The total NPK stocks for
tea plantations were much higher than for the open-
grown coffee systems.

In conclusion, the results herein demonstrate that
ageing of tea plantations is associated with increased
stocks of carbon and major nutrients per bush and per
unit area. The magnitude of increase differs between tea
seedlings and clonal cultivars. Assessments of carbon
and nutrient stocks should therefore be carried out per
unit area to avoid effects of variation in population
density. Tea bushes with higher NPK reserves may
require lower fertilizer applications and will depend less
on reduced nutrient uptake under adverse weather
conditions. However, there is a trade-off for the
investment in extra reserves by a loss of yield potential.
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