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Carbon (C) densities of the tree biomass and soil (0—-50 cm) in indigenous forest and plantations of
eucalyptus, cypress and pine in the Taita Hills, Kenya were determined and compared. The cypress
and pine plantations were about 30-years-old and eucalyptus plantations about 50-years-old. Bio-
mass C densities were estimated from breast height diameter and wood density using allometric
functions developed for tropical species and an assumed C content of 50%. Belowground biomass
C densities were estimated using root:shoot biomass ratios. Soil organic C (SOC) densities were
calculated from measured organic carbon contents (0—20 and 20-50 cm layers) and modelled bulk
density values. Mean total biomass C and SOC densities for indigenous forest were greater than
those of the plantations, and the difference was significant (p<0.05) in the cases of cypress and
pine biomass and pine SOC. The correlation between biomass C and SOC densities was nearly
significant in the case of indigenous forest, but negative. Biomass C densities were not significantly
correlated with mean annual precipitation, mean annual temperature or potential evapotranspira-
tion, but pine biomass C densities were significantly correlated to actual evapotranspiration. SOC
densities were more strongly correlated to mean annual precipitation than biomass C densities,
but only significantly so in the case of pine. Neither biomass C nor SOC densities were correlated
to plant available water capacity of the soil. Indigenous forest SOC densities were significantly
correlated to soil clay contents, but negatively. Indigenous forests sequester more C in biomass and
soil than do 30 to 50-year-old plantations of exotics, but it remains unclear if this is an intrinsic
difference between indigenous forest and plantations of exotics or because of insufficient time for
SOC levels in plantations to recover after clearance of original indigenous forest.
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1 Introduction

The deforestation of tropical forests is the second largest human induced source of global carbon
dioxide (IPCC 2001, 2007). Global instruments to reward countries that reduce the rates of defor-
estation and degradation (REDD) and application of sustainable forest management (REDD+)
activities to enhance carbon (C) sequestration and maintain in sifu C stocks underline the impor-
tance of indigenous tropical forest in mitigating the effects of climate change (Irawan and Tacconi
2009; UNFCC 2007, 2009, 2010). While on a global basis the soil C pool is greater than that of
the vegetation pool (Schlesinger 1997), there are considerable differences in the allocation of C
between living biomass and soil pools, both within and between biomes. For example, Brown and
Lugo (1982) calculated that while tropical forests accounted for 46% of the world’s living ter-
restrial C pool, tropical soils accounted for only 11% of the world’s soil C pool. Sombroek et al.,
(1993) showed that the size of biomass C and soil C stocks tend to be more similar to each other
in forest biomes than in the case of non-forest biomes. Dixon (1994) showed that the allocation of
C between the forest biomass and soil differs with latitude, with the biomass to soil C ratio being
low (c. 0.1) in high latitudes and high (c. 1.0) in low latitudes. However, others (Post et al. 1982;
Jobbagy and Jackson 2000) have shown that soil C densities in tropical forests can be similar to or
greater than those in boreal forests. Thus, the distribution of C between biomass and soil is variable.

At the global and regional scale, potential forest biomass production and carbon density
are largely determined by climatic conditions, primarily temperature and water availability (Lieth
1975). At the local scale, site (topography) and soil factors become important. However, the actual
biomass and carbon density are, to a greater or lesser degree, determined by human activity and
management (Brown and Lugo 1982; Brown and Gaston 1995). Soil C densities are determined by
the balance between litterfall inputs, decomposition and leaching losses; ecosystem processes that
are largely controlled by the same environmental factors controlling biomass production (Brown
and Lugo 1982; Post et al. 1982). At the local scale, the quality of the organic matter, which is
related to species and therefore forest type, soil type and texture, are significant factors (Jobbagy
and Jackson 2000). For example, the turnover rates of deciduous forest litter are generally greater
than those of coniferous forest litter (Cole and Rapp 1981) and soil C contents increase with clay
content (Schimel et al. 1994; Kaiser and Gugenberger 2003).

Meta analysis studies have shown that replacing native forest with agricultural crops or plan-
tations (at least when less than 40 years of age) generally reduces soil C stocks (Guo and Gifford
2002; Liao et al. 2010) and conversely the establishment of forest after agricultural use generally
increases soil C stocks (Post and Kwon 2000; Lemma et al. 2006). However, Glenday (2006) in a
study carried in the Kakamega National Forest of Kenya, the easternmost relic of Guineo-Congolian
rainforest, showed that tree biomass and soil C densities in indigenous forest were not consistently
greater than in plantations of exotics, but depended on plantation age and species.

The Taita Hills in Kenya are home to the northernmost location of the remaining Eastern
Arc Montane (EAM) forest biome (Myers et al. 2002; Burgess et al. 2007). These forests are
included among the thirty-four “biodiversity hotspots” of the world because of the high number
of endemic plant and vertebrate species (Myers et al. 2002; Conservation International 2005).
However, the area of indigenous forest has declined, and become fragmented and degraded as a
result of deforestation and planting exotic tree species (Beentje 1988; Rogo and Oguge 2000; Pel-
likka et al. 2009). Deforestation of the indigenous forests has been halted and forest conservation
and other activities have been introduced in the wake of participatory forest management (Himberg
et al. 2009). While the tree biodiversity of the indigenous forests has been studied (Rogers 1996;
Omoro et al. 2010), little is known about their biomass and soil C densities, how they compare with
those of plantations and how they relate to environmental factors controlling biomass production
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and soil organic matter contents.

In this study we: 1) determined the living tree biomass C and soil organic carbon (SOC)
densities of indigenous forest remnants in the Taita Hills, 2) compared them to C densities in
plantations of exotic tree species, and 3) examined the relationship between biomass C and SOC
densities in the different forest types, and their relationship with climate, site and soil factors. We
hypothesized that current tree biomass C and SOC densities would be greater in indigenous forests
than in plantations of exotics. We also hypothesized that biomass C and SOC densities would be
more strongly correlated to each other and to environmental factors in the case of indigenous forest
than in the case of the plantations because indigenous forests are closer to equilibrium with their
environment than plantations.

2 Material and methods
2.1 The study area, forest areas and forest types

The study was carried out in high elevation forested areas of the Taita Hills in south-eastern Kenya
(3°257S, 38°20°E) (Fig. 1). The Taita Hills are strongly influenced by the Indian Ocean, forming a
barrier to moisture-laden winds (Salminen 2004). As a result, the area has two rainy seasons, one
occurring during March-May and a shorter one during November-December. The mean annual
rainfall ranges from 1332 to 1910 mm, with the southern and eastern slopes receiving more rain-
fall than western and northern slopes (EAWLS 2001; Salminen 2004). In addition, some parts of
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Fig. 1. Location of the four forest areas and study plots in the Taita Hills, Kenya (maps drawn by Mika Siljander,
Dept. of Geosciences and Geography, University of Helsinki).
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Table 1. Characteristics of the four forest areas and number of study plots.

Characteristic Forest area

Ngangao Chawia Irizi Mbololo
Latitude (S) 03°21'55" 03°28'48" 03°19'40" 03°18'15"
Longitude (E) 38°2033" 38°2031" 38°20'45" 38°29'45"
Elevation (m a.s.l.) 1700-1952 1470-1600 1640-1705 1000-1779
Slope (%) 6-27 1-13 3-25 4-44
Area (ha) 206 111 47 185
MAT (°C)® 17.8 18.9 18.5 18.6
MAP (mm)» 17739 12859 1450 17169
No. of plots® 9(2,3,2,2) 6(2,2,2,-) 9(-,1,4,4) 14 (4,4,2,4)

a) Mean annual temperature, New LocClim (see text) values.

b) Mean annual precipitation, New LocClim (see text) values.

¢) Value includes occult precipitation (+ 20% of annual precipitation).

d) Values in parentheses are the number of plots by forest type: Indigenous, Cypress, Eucalyptus, Pine.

the Taita Hills receive cloud precipitation (Jaetzold and Schmidt 1983). The amount of additional
rainfall due to cloud precipitation (sometimes referred to as occult or horizontal precipitation) is
unknown and difficult to quantify. Stadmiiller (1987) reported relative values for cloud forest in
the humid tropics ranging from 7 to 159% of annual rainfall while Bruijnzeel et al. (2010) reports
that throughfall exceeds annual rainfall in upper montane cloud forests by about 20% on aver-
age. The mean annual temperatures in the Taita Hills range from 16 to 18°C, but temperatures are
moderated by both altitude and aspect (Jaetzold and Schmidt 1983).

The geology of the Taita Hills consists of heavily metamorphosed Precambrian crystalline
basement rocks (Bauernhofer et al. 2008) with outcrops of Cretaceous and Jurassic sedimentary
rocks of shale, sandstones, conglomerates and some limestones (Newark 2002). The soils are varied,
but on the mountain tops and major scarps, where our study was carried out, they are mainly humic
Cambisols (FAO) and developed in sandy clay loam material (Jaetzold and Schmidt 1983). In the
Irizi area there are also some areas of calcic Cambisols.

The EAM forests have a high number of endemics including tree taxa and species. The
northern EAM forest, which includes the Taita Hills, is the richest in endemic large trees (Lovett
1998). In the Taita Hills the endemic large tree Macaranga conglomerate is commonly found and
Coffea fadenii and Ocotea usambarensis less so. Other commonly occurring tree species include:
Tabernamontana stapfiana, Albizia gummifera, Phoenix reclinata, Syzygium guineese, Maesa
lanceolata, Newtonia bucchananii, Strombosia scheffleri, and Cola greenwayi (Beentje 1988;
Madoffe et al. 2005; Rogers et al. 2008). The remaining indigenous forest is fragmented but now
subject to conservation and protection (Chege and Byteibier 2005).

In the 1960s the Kenyan Forest Service planted eucalyptus (Eucalyptus saligna) and cypress
(Cuppressus lusitanica) and various pines (Pinus patula, P. elliottii, P. caribaea) in the 1980s
throughout the Taita Hills. The eucalypt plantations are now about 50 years old and the cypress
and pine plantations about 30 years old. These exotic species were mainly planted on land that
had been cleared of indigenous forest. The purposes of the plantations were for timber production,
to serve as buffers to protect the remaining indigenous forest, and to mitigate against soil erosion
(Pellikka et al. 2009). The plantations have not have been utilized by local communities with the
exception of the eucalypt plantations in Ngangao, which are close to settlement.

We determined the biomass C and SOC densities in four forest types and in four forest areas
in the Taita Hills. The four forest types were indigenous forest and plantations of cypress (Cup-
pressus lusitanica), eucalyptus (Eucalyptus saligna), and pine (Pinus patula) and the four areas
were Ngangao, Chawia, Irizi and Mbololo. The locations of the areas are shown in Fig. 1 and some
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characteristics are presented in Table 1. Indigenous forest is now absent from the Irizi area. The
indigenous forest in Chawia has been the most heavily degraded and that in Mbololo has been the
least degraded while the degradation in Ngangao is intermediate (Byteibier 2001).

2.2 Study plots

A network of sample plots has been established in the indigenous forests of Ngangao and Chawia
and inventoried for health status (Madoffe et al. 2006; Rogers et al. 2008). We utilized these plots
in our study and established new plots in the indigenous forest in Mbololo and the plantations in
all four areas.

The design and arrangement of the plots in Ngangao and Chawia follows that of the US
Forest service (USDA Forest Service 2007; Roger et al. 2008). Each plot consists of four circular
subplots (0.017 ha) a central subplot surrounded by three subplots forming an equilateral triangle.
The distance from the central subplot to each of the three surrounding subplots is 36.6 m. The
plots are distributed randomly throughout the forest. For our purposes, we randomly selected plots
in each forest type and forest area and then randomly selected two of the subplots in each plot
as replicates, with the exception of one plot in Ngangao where three subplots were selected. In
Mbololo indigenous forest and plantations in all four forest areas we established replicate pairs of
subplots of the same as in the forest health inventory and located 36.6 m distance from each other.
In total there were 38 plots in our study. The distribution of plots among forest areas and forest
types is given in Table 1, the number of plots in each forest type being broadly proportional to its
area. The geographic coordinates of the plots were recorded using GPS (hand held Magellan GPS
receiver) and elevation, slope and aspect estimated from a digital elevation model of the Taita Hills
(Clark and Pellikka 2005).

2.3 Tree measurements and calculation of biomass C density

All live trees having a diameter at breast height (db#) of >5cm in each of the selected subplots
were inventoried. The indigenous tree species were identified by use of a field instruction manual
(USDA Forest Service 2007) and assistance of a local para-taxonomist. The taxonomy used for
naming the species follows that of the African Plants Database (version 3.4.0). The dbh of the trees
was measured (£0.1 cm) using a dbh tape and recorded by species.

To estimate the aboveground biomass of each tree (dry weight, kg) we used the allometric
function developed by Chave et al. (2005):

Biomass=p*exp (~1.499+2.148 In(dbh) +0.207 In(dbh)? —0.0281 In(dbh)?)

where p is the specific wood density (g cm3) and dbh is the diameter at breast height (cm). The
biomass function developed by Chave et al. (2005) was chosen because it was developed for
moist tropical forest trees and, unlike the other widely used functions (e.g. Brown 1997), uses
wood density and so better differentiates between species. Specific wood density values for the
indigenous species were obtained from Reyes et al. (1992) and the global wood density database
developed by Zanne et al. (2009). In cases where the wood density for a species was not listed,
an average value of 0.5 was used, as recommended by Chave et al. (2005) for trees from tropical
areas. The wood densities for cypress and pine were taken from those listed in tables in Brown
(1997). Belowground biomass was estimated using a root:shoot ratio approach (Cairns et al. 1997).
For indigenous trees a root:shoot ratio of 0.25 was used (Dean et al. 1996), for cypress and pine
a ratio of 0.24 was used (Korner 1994) and for eucalypts a ratio of 0.33 was used (IPCC 2003).



Silva Fennica vol. 47 no. 2 article id 935 - Omoro et al. - Tree biomass and soil carbon stocks. ..

The C content of each tree was calculated as the product of the dry weight biomass and an
assumed C content of 50% (IPCC 2003) with appropriate correction for units. The tree C contents
were then summed and divided by the area of the plot to give aboveground and belowground C
density values for each plot expressed in Mg C ha'.

2.4 Soil sampling, analyses and calculation of SOC density

Within each subplot a spot was randomly selected and soil samples taken of the 0-20, 20-50 and
50-100 cm layers using a 10 cm diameter soil auger after first removing surface vegetation and
litter. The soil samples were pretreated by oven drying at 105 °C for 24 hours then crushed and
sieved through a 2 mm sieve. The sieved soil was then analyzed for organic C content using a
Walkley-Black method (Walkley and Black 1943), particle size distribution determined using the
hydrometer method (Bouyoucos 1962), and soil pH in a soil:distilled water suspension (1:2.5) after
stirring and letting stand for 30 minutes.The analyses were carried out at the Department of Soil
Science, University of Nairobi, using procedures described by Okalebo et al. (2000).

Subplot SOC density was calculated as the product of C content, bulk density, and layer
thickness with appropriate correction for units and expressed in Mg C ha™!, and then averaged for
each plot. In some subplots, the soil depth was less than 100 cm and the 50-100 cm layer could
not be fully sampled. SOC densities have therefore been calculated for the 0-50 cm layer. Bulk
density values were estimated using several pedotransfer functions and our measured particle size,
depth and organic matter (SOC) content data. The pedotransfer function developed by Balland
et al. (2008) for Inceptisols (Eqn. 18 fitted with parameters for Inceptisols, exceptions), which
correspond to Cambisols in the FAO soil classification and the major soil type in our study, was
considered to give the most reliable estimates.

The plant available water capacity (PAWC, mm) of the soil was calculated as the difference
between the amount of water in the soil at field capacity and at permanent wilting point. Field
capacity and permanent wilting point values were estimated from particle size data for the 0-20,
20-50, 50-100 cm layers using the pedotransfer function developed by Saxton et al (1986). We
calculated PAWC for the 0—50 cm layer and for the 0—100 cm layer. PAWC values for the 0-50
cm layer were used to correlate with biomass C and SOC densities for 0-50 cm layer and PAWC
values for the 0—100 cm layer were calculated for use in the water balance model to estimate actual
evaporation (see below), as it was assumed that this layer corresponds to the rooting zone.

Soil property values for the subplots were averaged to give mean values for each plot, which
were subsequently used in the statistical analysis.

2.5 Climate and evapotranspiration

The long-term mean monthly temperatures and rainfall were generated for each plot using New
LocClim, a local climate estimator software tool that estimates long-term monthly climate data
for any location using various interpolation methods (FAO 2005; Grieser et al. 2006). The pro-
gram was used in the single point mode (plot coordinates) and interpolation done using Shepard’s
inverse distance weighting method with data from eleven nearest weather stations corrected for
vertical and horizontal gradients (for further details, see FAO 2005). Plot mean annual temperatures
(MAT) were calculated by averaging the monthly temperature values and mean annual precipita-
tion (MAP) was calculated by summing the monthly rainfall values. Except for the plots from the
Irizi area we multiplied plot MAP values by 1.2 in order to include additional inputs of water via
cloud precipitation. The value of 1.2 was based on the value suggested by Bruijnzeel et al. (2010)
for montane cloud forests. The Irizi area, which is in the rain shadow, does not receive significant
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amounts of cloud precipitation.

Annual potential evapotranspiration (PET) and actual evapotranspiration (AET) values for
each plot were estimated using WATBAL, a simple monthly water balance model (Starr 1999). In
this model, monthly PET is calculated using the Jensen-Haise alfalfa-reference crop evapotranspi-
ration equation (Allen et al. 1998), which is based on incoming global radiation. Monthly global
radiation is calculated from solar (extraterrestrial) radiation and cloud cover (in tenths) using the
empirical equation developed by Black (1956). Monthly solar radiation values are calculated from
latitude and day of the year using the Milanovitch equation (Allen et al. 1998) and cloud cover
data that is either reported or then derived from sunshine fraction data. The Jensen-Haise alfalfa-
reference crop PET values are then converted into PET values for the particular vegetation cover
of interest (forest) using a crop coefficient (K.) approach (Allen et al. 1998). Crop coefficient
values integrate the effects of height, albedo, canopy resistance, and evaporation from soil and are
mainly dependent on the characteristics of the vegetation (Allen et al. 1998). While K, values are
available for low crops and fruit trees, they are not available for forests. However, because forest
canopies can intercept significant amounts of rainfall compared to low crops, K, values for forests
are considered to be >1, at least for forests having a high degree of canopy cover. To reflect the
effect of interception we used measured plot biomass density values to linearly scale K. values to
vary between 0.7 and 1.3. These limits were chosen after trying out several values and evaluation
of the resulting modelled monthly soil moisture and drainage values in relation to local knowledge
about soil moisture and runoff conditions.

2.6 Statistical analyses

Descriptive statistics were calculated to describe the plot biomass and soil C densities by forest
type and forest area. Differences in biomass and soil C densities between forest types across forest
areas were determined using univariate analysis of variance (ANOVA) and Tukey multiple com-
parison post-hoc tests. There were too few plots to reliably test for differences between forest types
within forest area. The difference between biomass C and SOC densities within each forest type
was tested for using the paired t-test. Spearman correlation coefficients were calculated to describe
the dependence of C densities on climate, site and soil factors. Spearman correlations were used to
avoid assuming normality of the data and because of the relatively small sample size. The statistical
analyses were performed using GraphPad Prism version 5.03 for Windows (GraphPad Software).

3 Results
3.1 Stand characteristics and soil properties

The range in characteristics of the indigenous forests and plantations of exotic species along with
selected soil properties for the four forest areas are shown in Table 2. Of the indigenous forest
plots, those having the largest diameter trees and stand basal area were associated with the Chawia
area. The indigenous forest stem densities in Mbololo were considerably higher than in the other
forest areas and also compared to the plantations in all forest areas. The largest diameter eucalypt
trees were associated with the plantations in Chawia and the largest pine trees associated with the
plantations in Mbololo. There was little difference in the mean diameter of the trees in the cypress
plantations among the four forest areas.

The highest soil pH values were associated with Irizi, reflecting the calcic nature of the soils
in the area (Table 2). Ngangao and Mbololo areas have higher C contents than the Chawia and Irizi.
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Table 3. Mean (z standard deviation) carbon densities (Mg C ha=1) in tree biomass
and soil of the four forest types in the Taita Hills. Within each carbon stock,
forest type mean values followed by different letters indicate a significant dif-
ference (Tukey’s test, p<0.05).

Stock Indigenous Cypress Eucalyptus Pine
(n=38) (n=10) (n=10) (n=10)

Tree biomass C
Aboveground 360+148.12 158+ 66.6° 221+143.2%b 195+87.8b

Belowground 90+£37.02 39+17.8° 72+46.0° 47+21.0°

Total 450+185.12 197+£84.3b 2924189.5% 242+108.8b
SOC

0-20 cm 146+27.62 115423320 94+33.7b 78+31.2¢

20-50 cm 158+35.92 13742782 116+£45.120 91+43.5>

0-50 cm 305+58.12 2524800 209+77.4b¢ 168+72.5¢

The soils in all areas have varying clay contents (plot clay contents ranging from 6 to 48%) result-
ing in textural classes ranging from clay to loamy sand, but most have a sandy clay loam texture.

3.2 Biomass and soil C densities

The mean biomass C and SOC densities for each forest type are shown in Table 3. The mean C
density of the aboveground biomass ranged from 158 to 360 Mg C ha™!, from 39 to 90 Mg C ha™!
for belowground biomass and from 197 to 450 Mg C ha! for total biomass pools. Calculated across
forest areas, the indigenous forest had higher biomass C densities than the plantations. However,
the difference was only significant (p<0.05) in the case of the cypress and pine plantations.

Forest type mean SOC density in the 0-20 cm layer ranged from 78 to 146 Mg C ha™!, from
91 to 158 Mg C ha! in the 20-50 cm layer and from 168 to 305 Mg C ha! in the 0-50 cm layer
(Table 3). SOC densities were generally higher in the indigenous forest than in the plantations,
but the differences were only significant in the case of the eucalyptus and pine and plantations.

Testing for differences between total biomass C density and SOC density (0—50 cm) within
each forest revealed no significant difference (paired t-test results not shown). The dependence
of SOC density on total biomass C density is shown in Fig. 2. Only the indigenous forest type
showed a nearly significant relationship between biomass C and SOC densities, but contrary to
expectations, this relationship was negative.

3.3 Correlation of C densities to climate, site and soil factors

The correlations (Spearman) between plot mean biomass C and SOC densities and a number
of climate, site and soil factors are shown by forest type in Table 4. Biomass C densities were
only significantly (p<0.05) correlated with AET (pine plantations) and SOC densities were only
significantly correlated with mean annual rainfall (pine plantations), potential evapotranspiration
(eucalyptus and pine plantations), elevation (pine plantations), and clay content (indigenous forest).
Thus, the C densities of the indigenous forest did not depend on climate and environmental factors
any better than did the C densities of the plantations, as we had hypothesized.
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Fig. 2. Relationship between plot soil organic carbon (SOC, 0-50 cm) and total biomass carbon densities for
each of the four forest types. Lines are linear regression lines.

Table 4. Correlations (Spearman) between plot mean carbon densities (Mg ha~") for tree biomass (total)
and soil (0-50 cm) and various climate and site variables by forest type. Values in bold denote significant
correlation coefficients (p<0.05).

Forest type n MAP®  MAT®  PET®  AETY Elevation Slope Clayd PAWC®
Biomass (total)  Indigenous 8 -0.24 0.28 0.14 0.33 -0.36  —0.02 040 -0.49
Cypress 10 -0.35 -0.25 0.02 0.44 0.19 -038 0.16 -0.19
Eucalyptus 10 -0.07 048 -025 052 -049 0.05 042 022
Pine 10 0.10 052 -0.03 0.84 053 048 -0.09 0.14
Soil (0-50 cm)  Indigenous 8 052 -030 -036 0.24 0.62 0.10 -0.83 0.00
Cypress 10 055 -0.55 -0.56 -0.31 058 -044 -0.52 -049
Eucalyptus 10 0.41 022 -0.64 0.15 -031 -0.03 -0.02 -0.04
Pine 10 068 -034 -0.67 -032 0.67 035 -031 -045

a) Mean annual precipitation (including 20% cloud precipitation, except for Irizi) and mean annual temperature.
b) Mean annual potential (Jensen-Haise alfalfa reference crop) evapotranspiration.

¢) Mean annual actual evapotranspiration.

d) Clay (<0.002 mm) content (%) of 0—50 cm soil layer.

e) Plant available water capacity (mm) of 050 cm soil layer calculated using method of Saxton et al. (1986).
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4 Discussion
4.1 Biomass C density

We have assumed that the observed differences in C stocks between forest types are primarily due to
the replacement of indigenous forest with exotics. As is the case with most such comparative stud-
ies, there is no baseline biomass or soil carbon data available against which to compare our current
carbon density values. However, from local knowledge it is known that most of the plantations in
the Taita Hills are on land that had been cleared of indigenous forest and that the plantations, with
the exception of the eucalypt plantations in Ngangao, have been protected and largely remained
unutilized. Thus there has not been major disturbance in any of the forests.

The biomass C density of indigenous forest was, as hypothesized, higher than that of the
plantations, although not significantly so in the case of the eucalyptus plantations. Glenday (2006)
in her study of the Kakamega forest, a relic Guineo-Congolian rainforest in western Kenya, reported
a mean biomass C densities of 360 Mg C ha! for indigenous forest, of 290 to 370 Mg C ha™! for
old (20-50 years) plantations of exotics (same species as in our study) and of 210 to 240 Mg C
ha!for young (< 20 years) plantations. Our values for the EAM indigenous forest in the Taita Hills
are within the range reported by Munishi and Shear (2004) for indigenous EAM forests in Tanzania
(388 Mg C ha'! in the Uluguru Mountains and 517 Mg C ha™! in the Usambara Mountains). The
difference in biomass C densities amongst these cited studies may partly be related to the use of
different allometric biomass functions, differences in wood density values used, and to differences
in tree size included in the calculations. For example, Glenday (2006) only included trees with a
dbh>?20 cm in her study and Munishi and Shear (2004) included trees with a dbh>6 cm. In addi-
tion, Glenday (2006) also reduced dbh for the effect of stem buttresses, which decreased biomass
by 14-17%. The widely used general allometric biomass function by Brown (1997) does not use
wood density while that of Chave et al. (2005), which was used in this study, does. The variation
in wood density values within and between hardwoods and softwoods (Reyes et al. 1992) would
thus be a source of variability in the C density estimates (Mahli et al. 1999).

Biomass C densities of the plantations may be expected to increase with plantation age (Guo
and Gifford 2002). The eucalyptus plantations in the study area are older than those of the cypress
and pine plantations, and this may partly explain why the biomass C densities of the eucalyptus
plantations are greater, although not significantly so, than those of the cypress and pine plantations.
The C densities of the eucalyptus plantations in Ngangao were the lowest of the eucalyptus planta-
tions (data not shown), which can be attributed to a greater degree of utilization of the eucalyptus
plantations in Ngangao, as indicated by the lower db/ and basal area values (Table 2). The biomass
C density of the cypress plantations in Chawia were similar to those of the indigenous forest there
(data not shown), but this can be attributed to the relatively high proportion of species other than
cypress, particularly indigenous, present in the cypress plantations (Table 2).

4.2 SOC density

Batjes (1996) reported mean SOC densities for Cambisols around the world ranging from 43 to 161
Mg C ha! for the upper 50 cm layer and Sombroek et al. (1993) reported a median SOC density
value of 117 Mg C ha™! for the upper 1 m soil layer of Cambisols. Cambisols in the agroecological
zones of Kenya have a reported mean SOC mean density of 75 Mg C ha! for the 0-50 c¢m layer
(Batjes 2004). The greater SOC densities for the 0—50 cm layer in our study are probably due to
the presence of trees and greater litter production than crops. Post et al. (1982) reported mean
SOC densities for the upper 1 m soil for tropical moist forest of 115 Mg C ha! and for tropical
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wet forest of 210 Mg C ha™! and Jobbagy and Jackson (2000) reported a mean value of 186 Mg
C ha™! for upper 1 m for tropical evergreen forest. However, Brown and Lugo (1982) report SOC
densities for tropical forests that are generally lower than our values.

SOC densities were generally lower in the plantations than the indigenous forest. This may
reflect insufficient time for recovery of SOC stocks after an initial decline following clearance of
the indigenous forest and replacement by the plantation (Guo and Gifford 2002). Kasel and Bennet
(2007) found native eucalypt forest in south-eastern Australia to have higher SOC contents (0—10
cm) than 37-year-old plantations of exotic pines, but no difference with plantations of 75 years
age. From a meta-analysis study by Guo and Gifford (2002), 40 years may be needed before SOC
densities in conifer plantations return to the levels of the indigenous forest they replaced. Glen-
day (2006) did not find SOC densities (0—60 cm) to differ between indigenous Guineo-Congolian
rainforest and plantations of exotics ranging in age from less than 20-years-old to 50-years-old
in western Kenya. The age of the eucalyptus plantations in our study was 50 years and that of the
cypress and pine plantations 30 years, suggesting that SOC levels in our plantations should be
approaching those of the indigenous forest. However, Liao et al. (2010) in another meta-analysis
study found that ecosystem (biomass plus soil) C stocks of plantations relative to natural forest
were significantly lower independent of biome, geographic region, age of plantation, and species,
indicating that plantation C stocks are intrinsically lower than indigenous forest.

The decomposition of litter from broadleaved species tends to be faster than that of coniferous
species (Prescott et al. 2000), which often results in the accumulation of a litter layer in coniferous
forests. The relatively low SOC contents and densities in our pine plantations may therefore be
related to the removal of the litter layer before taking the soil samples. Using the same argument
one may have expected SOC densities in the cypress plantations to also be relatively low. How-
ever, some of the cypress plots were not pure but contained other species, mainly indigenous trees,
and this may have resulted in the higher than expected SOC densities. The mixing of broadleaved
species within conifer plantations has been shown to have an effect on litterfall production and
decomposition compared to pure stands (Wang et al. 2007). Even though the decomposition rate
of indigenous tree litter may be relatively high because it is of more favorable quality than that of
conifers (Lugo 1992), litter production may also be expected to be higher and outweigh the effect
of faster decomposition rates on soil carbon contents. As discussed above, the indigenous forests
had the highest biomasses amongst the forest types and this would be expected to result in greater
litter production and so SOC contents.

Glenday (2006) found aboveground biomass C densities to be greater than 0—60 cm SOC
densities in indigenous Guineo-Congolian rainforest and plantations of exotics, except for young
(<20 year-old) softwood (pine and cypress) plantations, in western Kenya. In our study, there was
no significant differences between both aboveground or total biomass C densities and SOC 0-50
cm densities except in the case of the cypress plantations, which had significantly lower aboveg-
round biomass C densities than SOC 0-50 cm densities (paired t-test results not shown). Only the
plots from the indigenous forest showed a nearly significant correlation between biomass C and
SOC densities; however, the correlation, contrary to expectations, was negative. There have not
been any significant forest fires or other forms of disturbance in the indigenous forests that would
explain this negative correlation. The lack of significant correlations between biomass C and SOC
densities for the three plantation forest types may be suggest that SOC levels in the plantations are
not in equilibrium with inputs of organic matter.

SOC densities in Irizi (plot mean 136 Mg C ha™!) were considerably lower than in the other
three areas (Ngangao 302, Chawia 253 and Mbololo 234 Mg C ha!). Calcic material is present
in Irizi, as indicated by higher soil pH values (Table 2), and this may have resulted in conditions
favouring the decomposition of soil organic matter. SOC densities at Ngangao were higher than
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those at the other three forest areas, which may be related to lower temperatures in this area and
resulting lower rates of soil organic matter decomposition.

4.3 Dependence of C density on climate and site factors

Net primary production around the world has been shown to be positively correlated with MAT
and MAP (Leith 1975; O’Neill and DeAngelis 1981). Raich et al. (2006) found aboveground
biomass in mature moist tropical forests to significantly increase with MAT but did not study the
relationship with MAP. Of the forest type biomass C densities only those of the pine plantations
had a significant correlation with climate factors, and that was only with AET (r;=0.84). This might
suggest that water availability is limiting biomass production in the pine plantations; however,
pine biomass C density was not correlated with the plant available water capacity of the soil. The
overall lack of significant correlations between biomass C density and climate factors in our study
is probably due to the limited range in the values of the climate factors within and between forest
areas. For example, the range in MAT in our study was only from 17 to 20°C while that in the study
by Raich et al. (2006) was from 10 to 30°C. The lack of a significant correlation between biomass
C density and the plant available water capacity of the soil for all the forest types may be because
of the uptake of cloud precipitation besides soil water (Burgess and Dawson 2004).

Jobbagy and Jackson (2000) found non-agricultural SOC densities from around the world
to significantly increase with MAP and to significantly decrease with MAT. Post et al. (1982) also
showed that global SOC densities are strongly related to climate factors, with the density generally
increasing with precipitation and decreasing with temperature for any particular level of precipita-
tion, and reflecting the importance of evapotranspiration and availability of water as factors con-
trolling SOC levels. While our SOC density values increased with MAP and decreased with MAT
(except eucalyptus), only the correlation between SOC density and MAP for pine was significant.

Brown and Lugo (1982) found a significant negative exponential relationship between SOC
density and the MAT/MAP ratio, an index of potential water availability, in tropical forests. We
too found negative correlations between SOC and PET, but the correlation was only significant in
the case of the eucalyptus and pine forest types. SOC densities were not significantly correlated
to either AET or to the plant available water capacity (PAWC) of the soil for any of the four forest
types. The significant positive correlation between SOC density and elevation for the pine planta-
tions can be attributed to the effect of elevation on precipitation and temperature and thereby on
soil organic matter decomposition rates (Raich et al. 2006). The lack of a significant effect of slope
(steepness) on SOC density suggests that the differences in slope were insufficient to influence
climate conditions at the sites.

Soil clay contents have been shown to be positively correlated to SOC contents, at least in
grasslands where the clay particles adsorb dissolved organic matter, stabilize it and protect it from
decomposition through the formation of soil aggregates (Parton et al. 1987). However, this rela-
tionship may not be universal. Jobbagy and Jackson (2000) found non-agricultural SOC densities
from around the world to significantly increase with clay content, but the correlations were weak,
and McLauchlan (2006) found clay contents not to be significantly correlated with SOC densities
in former agricultural soils. The negative correlations between SOC density and clay content in our
study, which was significant in the case of the indigenous forests, is however difficult to explain,
especially given the relatively high clay contents in our soils, and deserves further study.
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5 Conclusions

The EAM indigenous forest of the Taita Hills generally had higher biomass C and SOC densities
than plantations of exotic species, although the differences were not always significant. Biomass
C and SOC densities were not correlated to each other, although nearly (and negatively) so in the
case of indigenous forests, and there was no significant difference between biomass C and SOC
densities, except for cypress aboveground biomass C and SOC. Biomass C densities were not
dependent on MAT (except pine plantations) or MAP, which may be attributed to the limited range
in the values of these climate factors in the study area. The biomass C densities increased with
AET (pine plantations significantly so), which may indicate that biomass production is limited by
water availability. SOC densities of all forest types increased with MAP (significantly so for pine
plantations), but the relationships with MAT were inconsistent and non-significant. SOC densities
decreased with PET, significantly in the case of the eucalyptus and pine plantations, and, contrary
to expectations, SOC densities decreased with soil clay contents (significantly so for indigenous
forest). Neither biomass C nor SOC densities were significantly correlated with the plant available
water capacity of the soil.

It was concluded that EAM indigenous forests sequester more C in to biomass and soil than
do 30 to 50-year-old plantations of exotics, but it remains unclear if this is an intrinsic difference
between indigenous forest and plantations of exotics or because of insufficient time for SOC levels
in plantations to recover after clearance of original indigenous forest.
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