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Forests play a major role in regulating the rate of increase of global atmospheric carbon dioxide (CO2)
concentrations creating a need to investigate the ability of exotic plantations to sequester atmospheric
CO2. This study examined pine plantations located in the Eastern Highlands of Zimbabwe relative to car-
bon (C) and nitrogen (N) storage along an age series. Samples of stand characteristics, forest floor (L, F and
H) and 0–10, 10–30 and 30–60 cm soil depth were randomly taken from replicated stands in Pinus patula
Schiede & Deppe of 1, 10, 20, 25, and 30 years plus two natural forests. Sodium polytungstate (density
1.6 g cm�3) was used to isolate organic matter into free light fraction (fLF), occluded light fraction
(oLF) and mineral associated heavy fraction (MaHF). In both natural and planted forests, above ground
tree biomass was the major ecosystem C pool followed by forest floor’s humus (H) layer in addition to
the 45%, 31% and 24% of SOC contributed by the 0–10, 10–30 and 30–60 cm soil depths respectively.
Stand age caused significant differences in total organic C and N stocks. Carbon and N declined initially
soon after establishment but recovered rapidly at 10 years, after which it declined following silvicultural
operations (thinning and pruning) and recovered again by 25 years. Soil C and N stocks were highest in
moist forest (18.3 kg C m�2 and 0.66 kg of N m�2) and lowest in the miombo (8.5 kg m�2 of C and 0.22 kg
of N m�2). Average soil C among Pinus stands was 11.4 kg of C m�2, being highest at 10 years (13.7 of
C kg m�2) and lowest at 1 year (9.9 kg of C m�2). Some inputs of charcoal through bioturbation over
the 25 year period contributed to stabilisation of soil organic carbon (SOC) and its depth distribution
compared to the one year old stands. Nitrogen was highest at 10 years (0.85 kg of N m�2) and least at
30 years (0.22 kg of N m�2). Carbon and N in density fractions showed the 20 year old stand having sim-
ilar proportions of fLF and oLF while the rest had significantly higher fLF than oLF. The contribution of fLF
C, oLF C and MaHF C to SOC was 8–13%, 1–7% and 90–91% respectively. Carbon and N in all fractions
decreased with depth. The mineral associated C was significantly affected by stand age whilst the fLF
and oLF were not. Conversion of depleted miombo woodlands to pine plantations yield better C gains
in the short and long run whilst moist forest provide both carbon and biodiversity. Our results highlight
the importance of considering forestry age based C pools in estimating C sink potential over a rotation
and the possibility of considering conservation of existing natural forests as part of future
REDD + projects.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Changes in soil organic matter (SOM) can result in significant
contributions to emissions or uptake of greenhouse gases from for-
ests and other land use systems. Forests govern C transfers directly
through photosynthesis and respiration and indirectly by influenc-
ing the structure and size of plant-leaf development (Eliasson,
2007; Van Minnen, 2008). They represent an important C pool
(Brown, 2002) that favour sequestration of C due to their increased
woody biomass, extensive roots, and abundant litter (Sharrow and
Ismail, 2004). The extensive rooting system of forest species influ-
ence soil microbial biomass thus control the cycle of C between the
atmosphere and the soil (Brown, 2002). In general, tropical forests
contain less C in soils than their biomass C, storing about 60% C
aboveground and 40% belowground (Dixon et al., 1994). However,
especially in these forests, roots go deeper and thus, root turnover
may add to C sequestration in deeper horizons due to slow carbon
turnover (Jobbagy and Jackson, 2000).
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The accumulation of soil C and N varies within different soil
horizons and depths. Some forest sub soils hold about 45% of total
SOC bound to the clay particles to form microaggregates. This com-
plexion of SOC in the forest sub soils is essential for long-term sta-
bilisation (von Lützow et al., 2006). The extent of this stabilisation
is determined by organo-mineral interactions, micropores, type
and nature of clay surfaces, and C location within the
microaggregates.

Next to climate and soil type, the sequestration of C depends on
forest species and management (Lal, 2003; Lamlom and Savidge,
2003) having a compromise between ecosystem C storage capacity
and timber extraction. Long-term differences in SOC storage
among three tree species have been studied by Seely et al. (2002)
who concluded that all tree species are important C pools although
they have different C storage capacities. Vesterdal et al. (2002)
compared soils under Norway spruce (Picea abies L) and oak (Quer-
cus robur L.) and showed them to sequester 0.9 kg m�2 of C and
0.2 kg m�2 of C respectively after 29 years and the SOC being
mostly concentrated in the upper soil horizons. In Hawai, Kaye
et al. (2000) reported storage of C by 17-year old Eucalyptus and
Albizia lebbeck trees and reported that Albizia had 2 kg m�2 more
soil C and 0.230 kg m�2 more soil N. The greatest potential for
above ground biomass C storage in coniferous plantations (e.g.
pines) is found in tree biomass (Peichl and Arain, 2006) with addi-
tional amounts from forest floor and mineral soil C (Taylor et al.,
2007; Noh et al., 2010). Net rate of C uptake is greatest when for-
ests are young, and slows with time. Old forests continue to
sequester C at a decreased rate with decreased rate of respiration
(Marris, 2008). When forests are cut, C is returned quickly to the
atmosphere if the woody tissue is burned or converted to products
that are short-lived (Ecological Society of America, 2000). Depend-
ing on harvesting practices, most of soil C remains in the soil and
become part of the C stock of growing forest or a subsequent cycle
in a plantation system. In addition to type of tree species, stand age
is also critical in determining the amount of C in an ecosystem
influencing the quality and quantity of C inputs released into an
ecosystem (Matos et al., 2010; Penne et al., 2010). Some studies
have shown that conversion of native forests to conifers can cause
up to 15% losses of SOC depending on period following conversion
while others estimated up to 20% SOC reductions over periods be-
low 40 years (Guo and Gifford, 2002).

The general impacts of plantation forests have been outlined by
region (Nilsson and Schopfhauser, 1995) and the IPCC (2003) sug-
gested that the real C stock estimates might be much lower than
indicated as some of the C has not been accounted for. Some stud-
ies have indicated relative increases in surface soil C stocks in plan-
tations (Schwertmann et al., 1986) while other studies found
limited capacity for soil C accumulation (Richter et al., 1999; Liao
et al., 2012). In this study we will not only look at quantities of
C but also at its stability. Next to quantity, type and degree of
stabilization is also important for the assessment of C
sequestration.

Most studies on soil C and N dynamics over stand age are
mainly from other regions either from experimental stations
reflecting site specific conditions e.g. (Covington, 1981; Rita
et al., 2011) or model estimations on a local or regional scale e.g.
(Peltoniemi et al., 2004). Forest systems of Zimbabwe include rain-
forest, indigenous woodlands, plantations and bushland/grass-
lands covering 0.1%, 65.9%, 0.4% and 1.5% of the land area
respectively. Plantation forests consist of Pinus spp. (68%), Eucalyp-
tus (20%) Acacia mearnsii (11%) and Poplar spp. (1%) (Forestry Com-
mission Zimbabwe, 1996). The relatively extensive woodland cover
makes it a potential C sink, but it is threatened by agricultural
expansion and demand for wood.

The characterisation of C in the above ground biomass of forests
is well advanced, but the below ground C dynamics is poorly
understood causing a need for correlating the below ground bio-
mass to the above ground biomass to predict C storage in forest
soils (Brown, 2002). Determination of the flux of global C cycle
needs substantial research which can link patterns and long term
effects of C and N accumulation in the soil relative to forest
age. The role of forests in the global C cycle has therefore initiated
great interest in exploring the capacity of forest ecosystems to
increase C uptake by means of afforestation and sustainable for-
est management through initiatives such as reduced emissions
form forest degradation and deforestation (REDD+). There are
few studies quantifying the potential for soil C accumulation and
stabilisation under natural and exotic plantations in Zimbabwe
and this creates a need for studies on the soil C sink potential of
forest plantations. Reliable knowledge of the C and N dynamics
in forest soils is therefore fundamental to understanding sustain-
able forest management practices and their role in climate change
mitigation.

In this study we measured forest floor and soil C and N pools in-
duced by plantation forestry at different stages during a rotation
cycle. Our aim was to describe the distribution, accumulation, sta-
bility of forest floor and soil C and N pools and their temporal shifts
over time. We hypothesise that (1) forest floor and soil C pools un-
der plantation forestry are lower than natural forest, (2) more C is
stored in the forest floor and soil pools with increasing stand age
within a cycle and (3) soil C stabilisation increases with stand age.
2. Study site and methodology

The study was carried out within the Nyanga Pine Division of
Wattle Company P/L in Eastern Zimbabwe at Mutarazi Estate situ-
ated at S19 01.032 E32 35.810, lying at the extreme South of the
Nyanga District (Fig. 1). The altitude ranges between 1020 m and
1920 m above sea level. The terrain is characterised by relatively
moderate slopes, and forms part of the Eastern escarpment of the
Nyanga mountain range. It is drained mainly by the perennial
Mutarazi river. The total plantation area is 3,806,990 ha of which
2548 ha was re-planted as at September 2010 (WATCO, 2010).

Mutarazi Estate falls into Natural Region (NR) I of the Zimbabwe
agro ecological classification system (WATCO, 2010) with annual
rainfall estimated at around 1500 mm and the seasonality follows
the same general pattern as the rest of the country (bulk of rainfall
being confined to the months of November to March). Small
amounts of winter precipitation in the form of mist, fog and rainfall
do occur on areas of high elevation. Average maximum tempera-
ture is 28 �C with a minimum of 0 �C. Lowest temperatures occur
between May and August while the highest are from October to
February. Relative humidity varies between mean 58% in Septem-
ber to a mean of 86% in January/February. The prevailing wind is
easterly blowing dominantly during the months of November to
May.

The soils are orthoferrallitic within the Kaolinitic order
(Zimbabwean classification) which corresponds to Rhodic ferral-
sols in FAO classification (FAO, 2006). The soils are characterised
by good depth, permeability and structural stability exhibiting a
high degree of resistance to erosion. They have extremely poor
chemical characteristics, with particularly high levels of acidity
and low weathering rates (WATCO, 2010).

A wide variety of broadleaf, large tree species occur in natural
forests including Macaranga mellifera, Ilex mitis, Schrebera alata,
Rapanea melanophloeos, Olea capensis and Schefflera umbellifera.
The understorey of these forests is usually dominated by extensive
banks of ferns comprising mainly of Asplenium and Cyathea spp.
Widespread stands of Psychotria zombamontana also occur. Forest
fringes are dense dominated by species including Hypericum revo-
lutum, Pteridium, Rubus and Smilax anceps. These forests are usually



Fig. 1. Map of Zimbabwe showing the location of Nyanga pine’s Mutarazi forest.

256 L. Mujuru et al. / Forest Ecology and Management 313 (2014) 254–265
protected from invasions by commercial pine species and from
fires by wide fire guards (20–50 m) and inside fire traces. Individ-
ual compartment records showed that natural forests were cleared
for establishment of pine plantations in all stands considered for
the study (WATCO, 2010).

Mutarazi estate is made up of 14 blocks with a total of 206 com-
partments of pine trees at different stand ages in rotation. Total
land under Pinus species is 2548 ha covering about 70% of total
land area. The average age of the whole estate as at September
2010 was 10.9 years. The Pinus species planted in the estate in-
clude P. elliottii (Slash Pine), P. taeda (Loblolly Pine), P. patula (Patu-
la Pine), and P. tecunumanii (Tecun Uman Pine). P. patula, Schiede &
Deppe is the most dominant comprising more than 95% of the
planted area. The compartments are established at 1100 stems
per ha (s.p.h.a), thinned twice at 4 years to 650 s.p.h.a and at
12 years to 400 s.p.h.a before clear felling at 25 years. Cleaning or
weeding is carried out twice in the first year, and one slash weed-
ing in the second year (WATCO, 2010). Before the establishment of
pines, native forests were cleared and burnt before marking and
pitting for initial planting.
2.1. Experimental design and data collection

Plots were selected to represent pine age classes of 1, 10, 20, 25,
and 30 years. Also, a moist broad leaf forest and a miombo wood-
land were included in the study to represent soils prior to clearing
for pine planation. The miombo woodland is frequently accessed
by neighbouring communities whereas the moist forest is less
accessible. Among the pine stands, two stands were selected from
different management blocks and in each stand, three sampling
plots (0.04 ha each) were randomly selected. All pine stands were
in their first rotation except the 1 year old which is now entering a
second rotation. At each sampling plot, geo-location and altitude
were recorded using a Garmin GPS device. Slope was recorded
using a Clinometer. Aspect, undergrowth species and, ground cover
were observed and noted. At each sampling point tree measure-
ments, forest floor and soil samples were collected as described
below.

At each plot centre, forest floor was sampled from inside a me-
tal ring of 30 cm diameter. The forest floor was stratified into three
layers: (1) litter layer (L) – consisting of fresh and recently fallen,
non-decomposed material. The material is identifiable by the
naked eye as plant residues. This layer usually contains less than
10% fine organic matter, (2) fragmented layer (F) – organic material
is fragmented and partly decomposed with plant residues being
macroscopically recognizable and (3) the humus layer (H) – con-
sists of decomposed organic matter, originating from litter fall
from decades ago and root turnover. The materials are decomposed
and their origins are no longer distinct from each other with more
than 70% being fine organic matter (Currie, 1999; Schulp et al.,
2008; Keith et al., 2010).

Next, pits were dug to a depth of 60 cm. At each depth incre-
ment, i.e. 0–10, 10–30 and 30–60 cm, a composited 300–400 g bulk
sample was taken by sampling the four sides of the pit. In addition,
bulk density (BD) samples were taken using a 100 cm3 metal ring
sampler at each depth increment centre. All soil samples were
put into labelled air tight plastic bags and stored in a cool dry place.
A total of 108 bulk soil samples and 108 bulk density samples were
collected (5 pine stand ages � 2 stands each � 3 pits � 3 depths
plus 2 natural forests � 3 pits each � 3 depths). At each sampling
point, a 1 m2 � 1 m2 area was cleared to trap litter to assess annual
litter fall in each age class.

Diameter at breast height (DBH, at 1.3 m) and tree height were
recorded for every tree within a radius of 11.28 m. Tree height was
measured for every third tree using a Suunto hypsometer. Stand
stem volume (V) for pine stands was calculated from stand basal
area (BA = p D2/4) and mean tree height (H) using the standard bio-
metric equation:

V ¼ BA� H � f ð1Þ
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which includes a standard stem form factor (f) of 0.4 (Cannell,
1984). Basic wood density was obtained from Muneri and Balodis
(1998) and a biomass expansion factor of 1.3 (FAO, 1997) were used
to convert stem wood volume to biomass.

For the natural forests, generalised allometric equations in-
tended for all species types in broad forest types and ecological
zones were used to determine the forest C stocks using Eq. (2)
(Brown et al., 1989) and Eq. (3) (Malimbwi et al., 1994) and an
average of the two was used.

34:47� 8:067DBHþ 0:659DBH2 ð2Þ

Exp 2:516 lnðDBHÞ � 2:642 ð3Þ

The equations use DBH to explain variation in aboveground for-
est C stocks. Based on this we assumed that we will be able to gen-
erate reliable estimates of C stocks based on trees with DBH P 5
cm in the natural forests without using species-specific allometric
equations. The mean of two equations was taken as the biomass of
each forest. Carbon stocks were calculated using a factor of 0.5 to
obtain C stocks (as 50% of biomass is C).

2.2. Laboratory analysis

The field moisture content was determined gravimetrically by
drying each bulk density sample in an oven at 105 �C for 48 h. Sam-
ples were weighed before and after drying and percentage field
moisture and the BD grams (g) of dry soil/100 cm3 (volume of ring)
were calculated. Soil pH was measured with a pH meter (Orion
701A) in a 1 M KCl solution suspension for each stand age and soil
depth.

The bulk soil samples (BS) were passed through a 2.00 mm
Retsch sieve after which >2.00 mm particles were discarded. These
particles included roots, large charcoal and rock material in most
cases. A sample of 10 g of the dry soil sieved to 2.00 mm (BS)
was put into a moisture free hard graphite container with a metal
ball inside. The container was put on a Restsch mill and span at
85 rpm for 5 min. The resultant ground soil was sealed in a glass
container. A 15–20 mg subsample of ground soil was weighed into
a tarred 5 � 5 mm Aluminium foil, sealed and analysed for total C
and N by dry combustion in a EA1108 CHN Elemental analyser
(Fisons Instruments). The total C in forest floor and SOM were used
to obtain total organic carbon (TOC, kg m�2 of C) for each age class
thus quantifying the relative contribution of each forest or planta-
tion age. Forest floor C stocks were calculated by multiplying C
concentration with sample mass and dividing this by the area of
the sample. Soil organic C stocks were calculated by multiplying
C concentration with bulk density and thickness of the soil layer
with a correction for stone content following equations:

Carbon stock ¼ d� BD� SOC� CFst ð4Þ

where Carbon stock (kg/m2), d = depth of horizon (m), BD = bulk
density (kg/m3) of the soil layer. SOC = SOC concentration expressed
as weight based percentage and CFst = correction factor for stone
and gravel content:

CFst ¼ 1� ð%stoneþ%gravelÞ=100 ð5Þ
Fig. 2. Depth of forest floor litter (cm) as a function of stand age and forest type.
2.3. Soil organic matter fractions and characterisation

Soil Organic Matter fractions were obtained following the
method by Golchin et al. (1994b) but as described by Roscoe
et al. (2000) with three states of physical protection for soil organic
C: free light (fLF) (non-protected and extractable without sonica-
tion), occluded (oLF) (extractable by sonication) and protected
(MaHF) (remained in the residue after sonication). Sodium
Polytungstate (SPT) solution with a density of 1.6 g cm�3 was used
to separate the fractions at 4500 rpm in a Mistral 6000 centrifuge.
Ultrasonic energy at 90%, 30 W output for 5 min from a Vibracell
(Sonic Materials) was applied to the sample after removing the first
fraction, to separate the occluded fraction from the mineralised
fraction. The free and occluded fractions were extracted by vacuum
filtration, filtering through a Whatman 0.5 lm glass fibre filter,
using a vacuum filtering unit, decanted into a tarred beaker,
washed with distilled water to remove excess SPT and dried at
40 �C. The mineralised fraction was obtained by totalling the dry
weights of the first two fractions and subtracting from 10.0 g
which was the original weight of the soil sample. The obtained
fractions were prepared and analysed for total C and N by dry
combustion.
2.4. Statistical and data analysis

Data was analysed after testing for normality (Kolmogrov–
Smirnov test) and homogeneity of variance (Levene’s test). One
way analyses of variance (ANOVA) in SPSS v.18 (SPSS Inc., Chicago,
Illinois, USA) was used to assess the effects of age and depth on the
forest floor (C and N), soil pH, bulk density, whole soil C and N con-
tents, soil organic C and N storage in density fractions and the asso-
ciated C:N ratios. A separate analysis was done to assess
differences between older pine age classes (25 and 30 years) and
natural forests. Tukey’s HSD tests were used to test significant ef-
fects at p 6 0.05.
3. Results

3.1. Forest floor C and N distribution

The L, F and H layers of the forest floor were distinct in all nat-
ural and plantation forests except the 1 year old plantation stands
which had no L layer but had abundant ground cover dominated by
pioneer species. Mean thickness of the three forest floor layers (L, F,
H) for 1, 10, 20, 25 and 30 years were 0.0, 3.0, 3.5 cm; 1.3, 2.5,
3.7 cm; 1.3, 1.9, 2.9 cm; 2.2, 3.0, 1.8 cm and 1.7, 5.2, 3.2 cm respec-
tively. In the MW each layer was 0.5 cm whereas in the MF thick-
ness of L, F and H layers was 0.5, 1.0 and 1.0 cm respectively
(Fig. 2).
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Fig. 3. The partitioning of (a) organic carbon and (b) organic nitrogen in forest floor
of plantations (1, 10, 25, 30 years), miombo woodlands (MW) and moist forests
(MF). Different letters show significant differences in each stand and forest floor
layers at p 6 0.05.
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Among the pine stands, total forest floor C was lowest in the
1 year old and highest in the 30 year old. All pine stands had signif-
icantly higher total forest floor C than natural forests except the
1 year old which had total N stocks statistically similar to MF
(Fig. 3). The amount of C and N in the forest floor was highest at
30 years (5.4 kg of C m�2 0.22 kg of N m�2). Miombo woodlands
had significantly low (p < 0.01) C and N stocks in all three forest
floor layers with 1.1 kg m�2 of C and 0.05 kg m�2 of N while the
moist forest had 2.2 kg of C m�2 and 0.12 kg N m�2. Despite the ab-
sence of the L layer in the one year old stand, there were no signif-
icant differences in cumulative forest floor C and N with the 10 and
20 year old stands.

Among the Pinus stands the C in the L layer of forest floor in-
creased under respectively the 10, 20 and 25 year old stands and
at 30 years it was lower than at 25 years. Nitrogen followed similar
trends with a decrease after 25 years. The increase between 10 and
25 years old stands was supported by increasing mean annual
litter fall of 0.304, 0.741 and 0.932 kg m�2 dry mass for 10, 20
and 25 years respectively (Table 1). The mean annual litter fall of
the 30 year stands was slightly higher with 0.989 kg m�2. The
annual C additions to the L layer were therefore, 0.15, 0.37, 0.47
and 0.49 g C m�2 yr�1 for the 10, 20 25 and 30 year old stands with
significant differences (p < 0.001) between successive years before
age 25.

Carbon and N content of the F layer decreased significantly
(p = 0.024) from 1 year to 10 years and then increased significantly
in subsequent years from 10 to 20 years (p = 0.008) and from 20 to
30 years (p = 0.022) of stand age. The L and F layer C and N were
significantly higher (p < 0.01) in pine stand ages of 20, 25 and
30 years than natural forest. The 25 and 30 year old stands had sig-
nificantly higher (p < 0.01) C in the F layer than the natural forests.

The H layer, C and N contents were significantly higher
(p = 0.010) under the 10 year old stands (2.4 kg m�2 of C and
0.11 kg m�2 of N) than the 1, 20 and 25 year old pine stands. The
C in H layer of the 10 year old and MF was significantly higher
(p < 0.01) than in the F layer. The C:N ratios of the plantation
stands and the MF showed similar trends with C:N ratio decreasing
from L to F to H whereas, in MW the H layer C:N ratio was higher
than the F layer (Table 2).

3.2. Forest stand and soil characteristics

Generally moist forests had significantly higher moisture con-
tent than the rest followed by the 1 year old pine stand (Table 1).
Bulk density in MF was significantly higher than the 25 year old
stand but significantly lower than all stands except the 10 year
old. Among the pines, the 25 year old stand had significantly lower
bulk density than all. Depth had no significant effect on soil pH
(Table 3) and therefore only mean pH is recorded (Table 1) and it
ranged from 4.2 to 5.1 with the MF having significantly higher
(p < 0.01) pH than all stands. The 25 year old stands had signifi-
cantly lower pH than MW, 1, 10, 20 and 30 year old stands and MF.

Mean diameter at breast height (dbh), height, basal area and
stand volume increased with increased stand age having a higher
rate of increase from 1 to 10 and 20 years but increased at a
decreasing rate from 25 years to 30 years (Table 1). Biomass C
was 0.02, 23.0, 33.8, 57.1 and 62.6 Mg C ha�1 for the 1, 10, 20, 25
and 30 year old stands respectively. In MW and MF the biomass
C stocks were 11 and 103 Mg ha�1 respectively.

The cumulative total soil organic C and N stocks of 0–60 cm
depth were largest under moist forest (18.3 kg C m�2) and lowest
in MW (8.5 kg C m�2) (Table 4). Among the plantation stands, high-
est stocks were found under 10-year old stands (13.7 kg C m�2)
and lowest in the one year old stands (9.9 kg C m�2). Among the
pines there was an increase in C and N from 1 to 10 years followed
by a decrease at 20 years after which there was an increase at a
decreasing rate (see Table 4).

The concentration of C and N was significantly different
(p < 0.01) (Table 3) between the three soil layers with highest C
percentages in the 0–10 cm depth except for the MW. At the 0–
10 cm depth increment, soil C and N concentration were lowest
under MW and highest under MF (Fig. 4). Soil C concentration de-
creased for each stand age and natural forest with increasing soil
depth from a mean of 36.9 (±0.5) g C kg�1 at 0–10 cm to about
19.4 g kg�1 (±0.5) at 30–60 cm depth although there were devia-
tions in the MW. Nitrogen followed similar trends from
2.1 g C kg�1 (±0.1) at 0–10 cm to 1.3 g C kg�1 (±0.1) at 30–60 cm.

The C:N ratios for whole soil increased with stand age from
10 years to 25 years and decreased again at 30 years. Depth distri-
bution of mineral soil C:N ratios decreased with increasing depth



Table 1
Mean stand characteristics of Pinus patula stands of different ages and natural forests.

Stand characteristics 1 year 10 years 20 years 25 years 30 years Miombo woodland Moist forest

Elevation (m) 1864 1895 1808 1875 1897 1512 1871
Site Index 20 26 26 24 26 na na
Stocking (SPH) 1100(0) 650(0) 395(2) 397(2) 398(1) 308(15) 712(21)
Mean dbh (cm) nd 23.1(0.2) 32.1(0.6) 36.7(0.5) 38.1(0.1) 9.2(2.5) 29.6(5.1)
Mean Ht (m) 0.74(0.1) 18.3(0.2) 22.6(1.0) 29.4(0.5) 29.9(0.9) 6.3 (2.2) 14.9(4.2)
BA (m2 ha�1) 0.45(0.30) 27.2(0.5) 32.4(1.2) 42.1(1.1) 45.4(0.4) 8.2(3.3) 70.93(5.1)
Volume (m3 ha�1) 0.13(0.07) 199.3(4.9) 292.8(18.3) 494.1(19.2) 543.3(19.1) nd nd
Litter fall (kg m�2 yr�1) nd 0.304 0.741 0.932 0.989 nd nd
Biomass C (Mg ha�1) 0.02(0.01) 23.0(0.6)ab 33.8(2.1)b 57.1(2.2)c 62.8(2.2)c 10.7(3.0)a 103.1(11.6)d

nd = not determined, SPH = Stems per hectare, BA = basal area, Ht = height, dbh = diameter at breast height (1.3 m above ground).

Table 2
C:N ratios of three forest floor litter layers in pine stand ages and natural forests (MW and MF) (stand mean ± S.D).

Litter layer Stand

1 10 20 25 30 MW MF

L – 26(2)ab 29(4)bc 26(1)ab 31(2)c 23(2)a 26(1)ab

F 31(3)a 23(1)bc 25(2)c 26(2)c 24(2)c 21(4)b 20(1)b

H 26(4)a 22(3)b 20(3)b 21(1)b 23(3)ab 23(1)ab 16(1)c

Overall mean 28(4)a 26(4)ab 24(5)b 24(3)b 26(4)ab 20(4)c 20(3)c

Means followed by different superscripts in a row represent significant difference at p < 0.05. Tukey’s HSD.

Table 3
Results of the ANOVA on effects of forest stand age and soil depth on soil pH, soil organic carbon and nitrogen in bulk soil and density fraction.

Characteristic Age Depth Age * Depth R2

F value P value F value P value F value P value

Soil pH 25.70 <0.001 0.393 <0.676 0.627 0.814 0.654
SOC (kg m�2) 22.22 <0.001 271.57 <0.001 22.98 <0.001 0.945
TON (kg m�2) 7.22 <0.001 34.16 <0.001 7.17 <0.001 0.862
fLF C (Mg ha�1) 7.37 <0.001 17.63 <0.001 0.71 0.680 0.484
fLF N (Mg ha�1) 9.39 <0.001 15.93 <0.001 1.02 0.429 0.508
oLF C (Mg ha�1) 6.04 <0.001 6.55 0.002 1.35 0.232 0.391
oLF N (Mg ha�1) 5.42 0.001 6.60 0.002 1.27 0.270 0.375
MaHF C (Mg ha�1) 18.15 <0.001 191.47 <0.001 21.33 <0.001 0.942
MaHF N (Mg ha�1) 5.32 0.008 24.32 <0.001 6.92 <0.001 0.855
C:N whole soil 5.14 0.001 19.76 <0.001 4.36 <0.001 0.559
C:N fLF 5.64 0.001 0.625 0.538 0.92 0.504 0.294
C:N oLF 5.59 0.001 0.557 0.575 0.32 0.957 0.258
C:N MaHF 4.56 0.002 20.19 0.001 4.45 <0.001 0.658

SOC = soil organic carbon, TON = total organic nitrogen, fLF = free light fraction, oLF = occluded light fraction, MaHF = mineral associated heavy fraction.
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in all pine stands with increasing age to a maximum at 25 years
after which it decreased at 30 years as a result of decreased C
and increased N content (data not shown). Natural forests (MW
and MF) showed no trend with depth having highest C:N ratios
in MF at 10–30 cm.

3.3. Carbon and nitrogen in density fractions

The distribution of fLF C and N was significantly higher than oLF
in all stands. Among the pines the fLF and oLF were highest at
10 years and 20 years respectively (Fig. 5a and b). Carbon and N
contents of soil fractions were in the order MaHF > fLF > oLF in all
forest types and ages at the three depths levels. The fLF C contrib-
uted between 8% and 13% to total organic C whilst the oLF C con-
tributed the least (1–7%) and MaHF C the most (90–91%) to total
SOC. The amount of fLF and oLF C and N decreased with increasing
soil depth. Nitrogen followed similar trends.

The C:N ratios of SOM fractions showed a difference between
the light fractions and the mineral associated fraction. There was
a general decrease in C:N ratios in each age class and natural forest
in the order; fLF > oLF > MaHF (Fig. 5c). The 25 year old stands had
highest C:N ratios while the 30 year old showed MaHF < fLF < oLF.
Significant differences in oLF and MaHF C:N ratios were mostly be-
tween natural forests and older pine stands.

The amount of fLF and oLF C and N decreased with increasing
soil depth. The 10 year old fLF C was significantly higher than the
20 and 25 year old and the MW. Free light fraction N was signifi-
cantly lower in the 20 year old stand than all except MW. Vertically
there was no significant difference in fLF C although there was a
decrease with increasing depth in all stands. The fLF N at 0–
10 cm was significantly higher than the lower layers (P < 0.01)
(Fig. 6).

The oLF C in the 25 year old stands was significantly lower than
all stands. Natural forests (MW and MF) had significantly higher C
than the 25 year old. Vertically, the oLF C at 30–60 cm was signif-
icantly lower than the 0–10 cm and 10–30 cm depths. The oLF N at
10–30 was significantly lower than the 0–10 cm depth (p = 0.042).

Among the pine stands MaHF C was significantly different be-
tween successive years being significantly lower than MF
(p < 0.02) except the 10 year old stands. The 25 year old stand
was not significantly different from the 20 and the 30 year old
stands. The MaHF C content of the MW and MF was significantly



(a)

(b)

Fig. 4. Soil organic C and N concentration up to a depth of 60 cm in pine stands (1,
10, 20, 25 and 30 years) and natural forests (MW and MF). Different letters show
significant differences for each depth at p 6 0.05. Error bars show standard error of
the mean.
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different from the pine stands being significantly lower in MW and
higher in MF. Significant differences by depth were shown between
all depths with the 0–10 cm layer being significantly higher than
the 10–30 cm and 30–60 cm depths (p < 0.02). The C and N in
MaHF decreased with increasing depth except MW.

Correlations between forest floor C and C in density fractions
showed a stronger relationship (67%) between forest floor and
MaHF followed by fLF (60%). There was also a positive correlation
between fLF and MaHF C (64%). The oLF had weak relationships
with the other two fractions and with forest floor fractions.
4. Discussion

4.1. Forest floor C and N

The thickness of forest floor layers in the 30 year old stand was
significantly higher than all stands (Fig. 2). The thickness of the for-
est floor layers did not have corresponding effects on the amounts
of carbon in pines. The MW had lowest forest floor thickness and
soil C and N stocks. The importance of forest type and management
in determining C and N stocks in forest ecosystems was demon-
strated by the differences in C and N in L, F and H forest floor layers
in pine stands and natural forests. These differences in C and N
stocks may in turn have an impact on mechanisms of nutrient
cycling (Kim et al., 2010). In this ecosystem, fire was used as part
of management tool to prepare the 1 year old sites and this had
an effect on the amounts of litter thus impacting forest floor pools
as demonstrated by the lack of the L layer in the 1 year old stands
(Fig. 3). Czimczik et al. (2003) also attributed low forest floor litter
dry masses to effects of fire while working in Scots pine forests. At
year one, there was no L layer but the F and H layers were similar
and higher than the 10 and 20 year olds. By the age of 10, there was
an increase in H layer and a decrease in F with additions onto the L
layer. There is possibility that some of the F material was trans-
formed into H while some the H material might have been incorpo-
rated into mineral soil by the age of 10 years and beyond.

The period shortly after establishing a new rotation by planting
seedlings, shows higher decomposition than accumulation of or-
ganic material on forest floor. As the young trees grow older, a
higher amount of biomass is accumulated leading to higher lit-
ter-fall. By the age of 10, there was more H layer C and N from
the decomposition of accumulated organic matter that survived
the fires during land preparation coupled with the accumulation
from decaying pioneer species. The net C input in the initial years
is not only from litter fall, but also from residue decomposition
after conversion and also decay of pioneer species including grass
species which dominate the forest floor before canopy closure. The
relationship between age and C conforms to the Covington’s curve
only for the L layer where the layer starts to develop with time up
to a maximum level. Covington (1981) also found a general de-
crease in forest floor organic matter in the first 15 years after har-
vesting of Northern hardwoods. In a rotation, litter-fall becomes
important for nutrient cycling in the forest-soil, being the largest
inflow of C and nutrients to the forest floor (Starr et al., 2005). After
year 10 there was a reduction in H with increases in F and L layers.

At 20 years L, F and H were not significantly different while at
25 more L had accumulated on the forest floor and part of F and
H incorporated into the soil. There was a reduction of H layer
and an increase in F and L layers. More mineralisation and in-
creased breakdown of L to F constituents continued up to the age
of 30 years with reduced quantities of fresh litter. This cycle sub-
stantiates the importance of the current 25 year rotation age of
pines where thickness of the forest floor layers and subsequently
the C they contain are associated with an increase in stand age in
pine tree forests (Dames et al., 1998; Bens et al., 2006; Matos
et al., 2010; Penne et al., 2010; Shrestha and Chen, 2010). Pinus
plantations are known to culminate in volume and biomass pro-
duction at the age of 25 years which is much earlier than natural
forests (Augustin et al., 2007). Although total C in forest floor in-
creased between the 10 and 30 year old stands, our results sug-
gests that forest floor C increased at a decreasing rate beyond the
age of 25 years. The results agree with the findings of Li et al.
(2011) who found no further increase beyond the age of 35 years
while working in Korean pine stands.

There was an decrease in C:N ratios in all except MW from the L
to F to H layers (Table 2), suggesting an increase in humification



Fig. 5. Distribution of soil organic (a) Carbon and (b) nitrogen in free light fraction (fLF) and occluded light fraction(oLF) and (c) C:N ratios of density fractions in pine stands
and natural forests. MaHF = mineral associated heavy fraction.
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with depth. Although C:N ratios in forest floor and soil generally
remain stable (Yang and Luo, 2011), there were significant differ-
ences between overall C:N ratio of the one year old stand and
the 20 and 25 year old stands (Table 2). The C:N ratios of forest
floor F and H layers were lower under MF than the other stands
indication a better quality of F and H materials. Fine root decompo-
sition can also add C to these layers (Hoosbeek et al., 2011). The
influence of fine roots and charcoal on C:N ratios is also reported
by Golchin et al. (1994a). Burning causes short term increases in
soil available N which results in a stimulation of growth of pioneer
species in one year old stand. In addition fire reduces quality of the
substrate resulting in larger C:N ratio in the one year old stand.
4.2. Forest stand and soil characteristics

Among the pines, the 1 year old stands had more moisture de-
spite having less shade. The thick accumulation of F and H forest
floor material after the process of burning for land preparation pro-
vided ground cover thus reducing soil and water loss (van Bode-
gom et al., 2008). In addition, one year old trees take up less
water than trees of 10 or more years of age. Higher soil moisture
content and temperature during the early years of the rotation
accelerated litter decomposition and increased the transformation
of F into H litter which was manifested in the 10 year old stands.
This may also have caused an increase of dissolved organic carbon
(DOC) production and leaching of the DOC into mineral soil, thus
subsequently adding more C into the soil.
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Fig. 6. Depth distribution of carbon and nitrogen in density fractions in pine stands
of 1, 10, 20, 25 and 30 years and natural forests (MW and MF). fLF = free light
fraction; oLF = occluded light fraction and MaHF = mineral associated heavy
fraction.
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There were significant differences in pH among pine ages which
followed no trend with the MF having highest pH than all the other
stands (Table 1). The pH was significantly lower in pine stands than
MF thus supporting the idea of pines acidifying soils (Parfitt and
Ross, 2011; Kundhlande et al., 2012). Liao et al. (2012) however,
found no significant differences in pH of natural and planted for-
ests while working on other coniferous species.

Bulk density in plantation stands was lower than MW but sig-
nificantly higher than MF being significantly different between
the one year old and the 25 year old stand (Table 1). There was
no trend in bulk density with age although Liao et al. (2012) found
significant increase in bulk density with age in plantation stands.
In this study, storage of C remained high in MF despite the low bulk
density and was also lowest in MW despite having the highest bulk
density. We therefore attribute C storage in the different stands
with differences in C concentration (Fig. 4).

Total aboveground biomass C increased from 1 to 25 years after
which it increased at a decreasing rate, demonstrating a rapid in-
crease from 1 year to the 10 year old stand, and from the 10- to
the 25-year old stand (Table 1). Carbon storage estimated for the
MW in this study (10.7 Mg ha�1) is higher biomass C stocks of
coastal miombo in Tanzania (Malimbwi et al., 1994) but lower than
miombo woodlands in Mozambique (21.2 Mg ha�1) and Tanzania
(23.3 Mg ha�1) (Shirima et al. (2011)). The estimated storage of C
in MF (103 Mg ha�1) is lower than estimates from tropical rainfor-
ests of Africa (202 Mg C ha�1) (Lewis et al., 2009).

The species diverse, natural moist forest which is assumed to be
an old and more stable ecosystem contained more biomass and soil
C and N compared to the homogenous 25 and 30 year old pine for-
ests and the MW (Tables 1 and 4). Studies in Mozambique showed
7.6 kg C m�2 in MW soils (Ryan et al., 2011), a figure which is lower
than the C in the MW in this study area and within the range of
other MW in Southern Africa (3–13.3 kg m�2). The conversion from
a moist forest to a plantation, can however result in depleted C and
N stocks (Hudiburg et al., 2009; Gonzalez-Benecke et al., 2010;
Wendling et al., 2010; Liao et al., 2012) whilst C benefits may be
realised when MW is converted to pine plantations beyond
25 years. Similar results of differences between broad leaved for-
ests and pine plantations were reported by Jandl et al. (2007)
and Wendling et al. (2010), who showed the former ecosystems
to contain more SOC than shallow rooted pine plantations. In addi-
tion, pine plantations have poorly developed rooting systems
which make them less efficient at trapping nutrients when com-
pared to natural moist forests (van Bodegom et al., 2008). Never-
theless, Brown et al. (1985) stated that plantations can sequester
more C with time as they develop and grow into older age classes
and thus, supports the results of this study.

A rotation has a set of programmed silvicultural operations such
as thinning (4 years and 14 years) and pruning (3 years and
12 years) and weeding which can continually add C inputs into for-
est floor and soil C pools and this could be the reason why the one
year old stand was not severely depleted. Although the forest was
under pines for 25 years, the SOC stocks were not restored to the
levels of MF although part of the C is stored as root biomass. In
addition, the rotation system contains charcoal produced during
burning for land preparation causing redistribution of C and N at
depths of 10–30 cm at 10 years and even deeper after several
years. There were no significant differences between MW and the
older age classes of Pinus stands of 20, 25 and 30 years at a depth
of 30–60 cm. The lower biomass C in MW and at 0–10 cm and 20–
30 cm could be attributed to frequent disturbance as neighbouring
communities utilise the woodland for timber and non-timber for-
est products and this results in a higher degradation pressure
accompanied with lower C storage than their potential (Brown,
1997). This shows the importance of land use change in C storage.

A diverse undergrowth can produce litter exposed to decom-
posers following establishment of a new rotation and hence the
10 year old stand had the highest C and N concentrations at a time
when all pioneer species are gone which could be attributed to
incorporation of F and H material into mineral soil. This high
accumulation of C could be associated with litter input from the
non- tree vegetation (Black et al., 2009). In this way the process
of succession and decomposition of pioneer species enhanced
more fine roots and litter in the upper soil thereby increasing C
concentrations in the early years of establishment (Hoosbeek
et al., 2011). There was also an increases in C inputs into upper soil
layers despite the burning for land preparation where fine roots are
burnt and charcoal is added into the soil. Black et al. (2009) studied
Picea sitchensis, Bong. Carr. and found highest sequestration rates at
10 years, which subsequently declined after canopy closure in old-



Table 4
Depth distribution of bulk SOC and TON in Pinus patula stands of different ages and natural forests.

Soils characteristics 1 year 10 years 20 years 25 years 30 years Miombo woodland Moist forest

Moisture (%) 12.5(0.3)a 9.1(0.1)b 9.7(0.1)b 11.1(0.1)ab 9.2(0.0)b 9.2(0.4)b 18.0(0.1)c

BD (g cm�3) 1.68(0.02)a 1.54(0.01)ab 1.69(0.01)a 1.43(0.02)b 1.64(0.01)a 1.93(0.04)c 1.45(0.01)b

Mean pH 4.5(0.6)a 4.7(0.1)a 4.6(0.0)a 4.2(0.1)ab 4.5(0.1)a 4.6(0.1)ab 5.1(0.1)c

Bulk soil C (kg m�2)
0–10 cm 4.0(1.9) 7.2(1.9) 4.3(1.8) 6.6(1.9) 4.6(1.9) 2.2(0.3) 8.4(0.3)
10–30 cm 3.5(1.9) 4.0(1.6) 3.2(0.18) 2.5(1.9) 3.8(1.9) 3.4(0.2) 5.8(0.2)
30–60 cm 2.4(1.9) 2.5(0.19) 2.6(0.19) 3.0(1.9) 2.8(1.9) 2.9(0.3) 4.1(0.3)
Total (0–60 cm) 9.9(2.0)a 13.7(1.2)b 10.1(0.1)ab 12.1(1.1)b 11.2(2.1)ab 8.5(0.2)a 18.3(1.2)c

Bulk soil N (kg m�2)
0–10 cm 0.20(0.02) 0.36(0.02 0.28(0.02 0.35(0.02 0.31(0.02 0.13 (0.03) 0.53(0.02)
10–30 cm 0.30(0.02 0.32(0.02 0.21(0.02 0.14(0.02 0.23(0.02 0.20 (0.03) 0.33(0.03)
30–60 cm 0.18(0.02 0.21(0.02 0.17(0.02 0.18(0.02 0.21(0.02 0.17 (0.03) 0.20(0.03)
Total (0–60 cm) 0.66(0.01)b 0.85(0.01)b 0.66(0.01)a 0.67(0.01)a 0.22(0.01)ab 0.22(0.02)a 0.25(0.02)ab

C:N ratio 15(2) 16(1) 15(2) 19(3) 17(2) 13(3)b 24(4)c

Different superscripts show significant difference at p < 0.05. Tukey’s HSD test. Figures in parenthesis show standard error of the mean.
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er and thinned stands. There could also be other factors affecting C
and N dynamics including management activities such as pruning,
thinning and other tending operations. In this study, the C and N
were lowest soon after establishment but recovered rapidly by
the age of 10 years, after which it declined possibly as a result of
silvicultural operations such as thinning and pruning after which
was recovery again by the age of 25 years. This shows that planta-
tions can be used efficiently to create C sinks because of the rapid
growth rates soon after establishment and additions that come as
the trees develop and grow into older age classes.

There was a small decrease in soil C:N ratios before 10 years of
stand development which is similar to the findings of Georgiadis
(2011) who was working in temperate forests. This was supported
by Olsson et al. (1996) who showed decreased C:N ratios during
the initial 8–15 years of stand development. The highest C:N ratio
was in the 25 year old stands showing a limitation in the rate of
decomposition which may be affected by the low pH values.
4.3. Carbon and nitrogen in soil organic matter fractions

There were no outstanding differences in mass distribution of
the MaHF among stand ages and forest types. Differences were dis-
tinct in fLF and oLF showing highest proportion of fLF in MF whilst
oLF was not outstanding but only lowest at 25 years (Fig. 5). The
pattern of C and N storage in SOM fractions was consistent with
bulk soil C. Carbon and N in different forests showed greater quan-
tities of fLF C in MF due to incorporation of above ground litter into
the mineral soil by bioturbation. Under pine stands bioturbation is
negligible leaving the above ground litter on top of the mineral soil.
Carbon and N in fLF under pines is mostly the result of root
turnover.

The fLF C showed a decrease with increasing depth (Fig. 6) in all
pine stand ages except the 1 year old and natural forests which is
in line with the observed root distribution. Tropical soils, such as
the ones in the study area, are reported to contain high fLF C in
the top 30 cm of the soil (Trumbore et al., 1996) decreasing with
depth due to less inputs (litter and fine roots become fewer with
increase in depth). However, this trend was not evident in the
one year old stand, MW and MF. This deviation could be attributed
to the influence of fire before land preparation and additions
through root decomposition in the soil layers after subsequent har-
vesting in pine stands and root decay after land clearing. A combi-
nation of the effects of preparatory fire, management (harvest
removal and pruning) and decomposition could result in addition
of more free light organic matter to deeper soil layers without
any pattern.
Total C and N in soil and in occluded and mineral associated
fractions generally decreased with increase in depth in all forest
types and ages which is similar to other studies (Tan et al., 2007;
Usuga et al., 2010; Jiménez et al., 2011). Age of a forest plays an
important role in determining SOC quantities as shown by signifi-
cant differences in SOC fractions. The MaHF is important for con-
taining recalcitrant C and thus contributes more to the long term
stabilised SOC pool (Tan et al., 2007). Increasing stable C with suc-
cessive rotations were noted by Zhang et al. (2009).

The C:N ratios among the density fractions were different
between the light fractions and the mineral associated fractions.
A wider variation of C:N ratios among density fractions were also
shown by Golchin et al. (1994a). The observed decrease of C:N
ratios with increasing SOC stabilisation, except for MW where
anthropogenic effects may be dominant, is due to increased humi-
fication of SOM and the accumulation of large N-rich organic mol-
ecules originating from microbial biomass (Chan et al., 2008).
Differences between C:N ratios of fLF, oLF and MaHF are probably
due to differences in decomposition states were oLF is slightly
more decomposed while MaHF is more advanced (Hassink, 1995).
5. Conclusion

We investigated the C storage potential of a Pinus patula age se-
quence (1, 10, 20, 25 and 30 years) and two natural forests. Cumu-
lative C and N storage in stem biomass, forest floor and soil
increased with stand age in pine stands. Although we may not have
a perfect reference forest, assumption of stable equilibrium condi-
tion and potential C storage can be assessed using existing forest
fragments (MF and MW). In this regard the conversion from a
moist forest to a plantation forest, results in depletion of C and N
stocks but conversion of a miombo woodland to a pine plantation
can be beneficial in the long run. Forest floor C and N peaked at
30 years and this may be related to additions from fine root bio-
mass and litter fall. Stem biomass increased from 1 to 10 years
and from 10 to 25 years and increased at a decreasing rate thereaf-
ter. As stem biomass and forest floor C increased at 30 years, SOC
decreased. Pine plantations store significantly more C and N in
the forest floor than natural forests. Carbon in the forest floor de-
creased from L to F to H while in mineral soil it decreased with
increasing soil depth. Tree biomass increased with increasing age
in this pine age sequence and corresponded with increasing forest
floor C. Soil organic C and N concentration however decreased for
each stand age and natural forest with increasing soil depth from
a mean of 36.9 g of C kg�1 at 0–10 cm to about 19.4 g of C kg�1

at 30–60 cm depth although there were deviations in the MW.
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Nitrogen followed similar trends from 2.1 g of N kg�1 at 0–10 cm to
1.3 g of N kg�1 at 30–60 cm.

In pine plantations soil C storage is maximised at 10 years and
declines after thinning and gradually increases again towards the
rotation age of 25 years. Thickness of litter layer did not have cor-
responding effect on the amounts of C stored in forest soils
although there was positive correlation between litter layer and
MaHF and fLF. Total C and N in bulk soil and density fractions gen-
erally decreased with increase in soil depth for all forest types and
ages.

The contribution of fLF C, oLF C and MaHF C to SOC was 8–13%,
1–7% and 90–91% respectively. The C:N ratios of SOM fractions
decreased as: fLF > oLF > MaHF. Plantations can therefore be an
efficient means of creating C sinks owing to the rapid development
rates soon after establishment and additions that come as the trees
develop and grow into older age classes. Thus, the period of stand
maturing between the age of 20 and 25 may be considered most
important for C sequestration due to an increase in both the above
and below ground C and N storage. If plantation forestry is to ben-
efit from global arrangements such as REDD+, mitigation should
aim at reducing disturbances such as fire and other forms of C
emissions. The focus should be on afforestation and enrichment
planting to increase and maintain the area of forest land coupled
with proper monitoring and silvicultural practices that increase C
sequestration. Maintenance of high conservation value moist for-
ests has greatest benefits of both C and biodiversity conservation
and these should be conserved and if possible be considered as part
of future REDD + projects. Additional studies are needed on bio-
mass C stocks.
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