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Abstract

Introduction: Soil is the major reservoir of organic carbon. There is a paucity of soil organic carbon (SOC) stock
data of afroalpine and sub-afroalpine vegetation in Ethiopia. Hence, this study was conducted to estimate the SOC
stock and correlate it with soil physicochemical properties in Abune Yosef afroalpine and sub-afroalpine vegetation.
Systematic sampling was employed to collect soil samples from upper 30 cm. Dry bulk density soil pH (1:2.5 water);
organic carbon (Walkley and Black), and total nitrogen (Kjeldahl) were the methods used for soil analysis. Pearson
correlation and linear regression analysis were performed in SPSS 24 statistical software.

Results: The SOC stock of the study area was found to be 79.57 t C ha−1. Soil organic carbon stock showed
statistically significant positive correlation with vegetation type (r = 0.522, p < 0.01), bulk density (r = 0.62, p < 0.01),
total nitrogen (r = 0.41, p < 0.01), and altitude (r = 0.468, p < 0.01) and negative correlation with slope (r = − 0.298,
p < 0.05). The present study revealed similar soil organic carbon stock (SOCS) with the Intergovernmental Panel on
Climate Change (IPCC) default estimate for similar regions. Positive correlation of SOCS and altitude could be
resulted from the variations in anthropogenic disturbances, temperature, and precipitation vegetation types. The
negative correlation between SOCS and slope is the result from the predictably higher soil erosion at steeper
slopes. Temporal livestock trampling increased the bulk density but never affected the SOCS to decline. Aspect did
not show any significant relationship with SOCS due to either the under surveying of all aspects or similar solar
radiation found in the study area. Moreover, gazing, aspect, and soil pH did not show statistically significant impact
on SOCS.

Conclusion: The SOCS of Abune Yosef afroalpine and sub-afroalpine vegetation is similar to the IPCC default
estimate for similar regions. This is a great contribution both to the global and local terrestrial carbon sink.

Keywords: Abune Yosef, Afroalpine and sub-afroalpine vegetation, Altitude gradient, Correlation, Organic carbon
stock, Vegetation type

Introduction
It is obvious that soil is required by almost all living or-
ganisms in the terrestrial ecosystem. Besides the myriad
importance of soil, it is the major reservoir of organic
carbon which plays a crucial role in the global carbon
cycle. Furthermore, the concentration of soil organic
carbon (SOC) is used as an indicator of soil health and
quality (Waring et al. 2014). SOC is estimated to be

more than 2000 Pg of carbon (C) in the upper 100 cm
of soil depth (Batjes 1996) which is by far higher than
the cumulative SOC stock of the atmosphere and vegeta-
tion (Lal 2004).This reveals strong potential in mitigat-
ing climate change (Vagen and Winowiecki 2013; Lal
2004) because it has a strong influence on the carbon di-
oxide (CO2) concentration in the atmosphere (Genxu
et al. 2002). Due to the unsustainable utilization of re-
sources and land use systems, however, carbon is lost at
an alarming rate. The current carbon loss is estimated to
be 1.6 ± 0.8 Pg C year−1, mainly in the tropics (Smith
2008). Furthermore, Crowther et al. (2016) estimated
that carbon stock loss from the upper soil horizon is
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estimated to be 55 ± 50 Pg by 2050, which is about 17%
of the expected anthropogenic emissions over this
period (Ballantyne et al. 2015).
Africa adds 9% SOC, about 166,397 Tg C in 0 to 100-

cm soil layer, to the global SOC stock and 68% of the ter-
restrial carbon pool of Africa (Henry et al. 2009). The
SOC stock in 0 to100-cm soil layer of Ethiopia revealed
that 6459 Tg (or million tonnes) of C (Henry et al. 2009)
which is more than 14% of the eastern Africa SOC stock.
However, soil erosion together with deforestation and land
use changes caused the loss of 15 to 1000 kg C ha−1 year−1

in Ethiopia (Demessie et al. 2017). Ethiopia owns a diverse
topography which ranges from 126 m below sea level to
above 4533 m above sea level (m.a.s.l). Consequently, it
harbors very diverse soil types. However, there is a paucity
in the SOC stock assessment researches particularly in the
afroalpine and sub-afroalpine vegetation types, above
3200 m.a.s.l. This is due to the cold temperature because
these vegetation types did not support crop production.
These are usually areas above the treeline, i.e., they are
dominated by life forms different from the lower altitudes
such as giant rosette plants, tussock, and mat-forming
plants (Erica arboria, Lobelia rynchopetalum, Helichrysum
species, Alchemilla species, Festuca abyssinica, Euryops
pinifolius, Kniphofia foliosa, etc.) which are some of the
characteristic species of this vegetation type.
Mountain ecosystems are important carbon reservoirs.

They store about 26% of the terrestrial carbon (Charles
and Hanson 2006). However, Ethiopian mountain eco-
systems in general and Abune Yosef mountain, in par-
ticular, are facing anthropogenic pressures due to the
ever-increasing population and man-induced climate
change. Agricultural expansion to the higher elevations
is a common practice in Abune Yosef mountains. Al-
though the mountain is designated as a community con-
servation area, perturbations to the ecosystem are still
persisting. Consequently, Abune Yosef mountain is a
highly degraded ecosystem, and the remnant of afroal-
pine vegetation remains is above 3800 m.a.s.l. This could
critically influence the SOC stock of the mountain.
Moreover, there is a paucity of SOC stock data on
afroalpine and sub-afroalpine vegetation in Ethiopia be-
cause most of SOC stock researches in Ethiopia are on
agricultural lands. The only article on this vegetation
type to date is on Bale Mountains (Yimer et al. 2006).
Hence, estimating the SOC stock of the study area
would have a strong contribution for to management
and conservation of soil in the study area and other
similar vegetation types of Ethiopia. Furthermore, it
could also help to understand the crucial role of soil in
the global carbon cycle.
The objectives of the present study were, thus, to esti-

mate the SOC stock and correlate the physicochemical
properties of soil that influence SOC stock in Abune

Yosef afroalpine and sub-afroalpine vegetation, northern
Ethiopia.

Methods
Study area description
Abune Yosef mountain (AYM) is found in Amhara Re-
gional State, North Wollo Zone, Lasta district, at a lati-
tude of 12° 7′ to 12° 9′ N and longitude 39° 9′ to 39° 11′
E (Fig. 1). According to Friis et al. (2010), it is the sev-
enth highest mountain in Ethiopia. Its altitude reaches
up to 4284 m.a.s.l. The fragmented ericaceous forest
starts at about 3000 m.a.s.l and terminates at about
3300 m.a.s.l. It is dominated by Erica arborea. The peak
of the mountain is a basaltic rock. The peak is, thus,
covered by either a bare rock or plants which are
adapted to shady places at the base of rocks. The ridges
of AYM extend northeastwards to the Tigray mountains
through lower systems and northwestwards to the
Semien Mountains (4533 m.a.s.l). It is from this massif
where the Tekeze River rises.

Geology, soil, and climate
The mountains of northern Ethiopia consist of a high
basaltic plateau situated west of the main Ethiopian rift
(Coltorti et al. 2007). The climate of Ethiopian moun-
tains is mainly controlled by the Intertropical Conver-
gence Zone (ITCZ), which reaches its southern position
in January, thus strengthening the NE trade winds which
induce clear conditions with diurnal frost above
3700 m.a.s.l (Grab 2002). The highest rainfall is observed
in the kiremt (main rainy season) and belg (smaller rainy
season) seasons. However, this has been reducing by 15–
20% in several parts of the country since 1970 (FEW-
SNET 2012). Furthermore, the projection of the report
showed that there would be a decline of rainfall by about
150 mm/year and an increase of temperature by more
than 1.0 °C in between 2010 and 2039 in most parts of
Ethiopia.
The rainfall data of 1993–2014 was obtained from Ethi-

opian National Meteorological Agency (ENMA) Lalibela
station, 2500 m.a.s.l. The temperature data is, however,
collected from grid and satellite data from ENMA at an
altitude of 4284 m.a.s.l. The monthly maximum and mini-
mum temperatures of AYM are 26.6 °C and 4 °C, respect-
ively. The climate diagram showed that AYM receives an
unbimodal rainfall of about 790 mm/year in which highest
rainfall is received during kiremt (Fig. 2).
The soil type in the study area is dominantly andosol.

Furthermore, the soil texture is silty clay, silty clay loam,
and clay loam (Fig. 3).

Soil sampling
Five replicate soil samples were taken, four from the cor-
ners and one from the center, from a rectangular 5 ×
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5 m sample plot at 100 m interval at 0–30 cm depth.
Samples were collected by trowels. The replicates were
mixed thoroughly and bulked to make a composite sam-
ple so that one sample is taken from each plot for ana-
lysis. Elevation and slope of each plot were recorded by
using handheld Garmin GPS H72 and Suunto clinom-
eter, respectively. Moreover, grazing intensity of each
plot was conventionally estimated and coded as (1) slight
grazing; (2) medium grazing; and (3) severe grazing.
Vegetation cover of each plot was also estimated visually.
Soil samples were air dried, gently crushed, and passed
through a 2-mm sieve for chemical analysis.

Soil analysis
Dry bulk density was analyzed following Maynard and
Curran (2008), soil pH (Hendershot et al. 2008); organic
carbon was analyzed according to Walkley and Black
method (Walkley and Black 1934), while total nitrogen
(TN) was analyzed by Kjeldahl method (Rutherford et al.
2008). However, due to the high soil organic matter, po-
tassium dichromate (K2O2Cr7) and sulfuric acid (H2SO4)
solutions were doubled to 20 and 40 ml, respectively, for
0.5 g soil weight. Soil analysis was performed at Holetta
Agricultural Research Center (HARC). Soil organic car-
bon stock was calculated for each sample plot as follows:

Fig. 1 Map of the study area
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SOCsp ¼ %C� D� BDsp ð1Þ

Where, SOCsp = soil organic carbon stock (g cm− 2) of
a sample plot, %Csp = carbon concentration (g C kg−1)
of a sample plot, and BD = bulk density (g cm− 3) of a
sample plot.
It was reported in hectare base according to Eq. 2.

SOCsp tha−1
� � ¼ Carbon Concentration

100

� �

� bulk density
g

cm3

� �

� depth cmð Þ ð2Þ

The SOC stock of the study area is, thus, the sum of
the SOCsp.

SOC Stock ¼
Xn

i¼1
SOCsp ð3Þ

Statistical analysis
Soil organic carbon stock (SOCS) was correlated with
total nitrogen (TN), bulk density (BD), soil pH, eleva-
tion, slope, aspect, vegetation type, and grazing level by
using Pearson correlation coefficient and linear regres-
sion analysis using SPSS version 24 software package.

Results
Descriptive statistics (Table 1) showed that the mini-
mum and maximum bulk densities were 0.46 and
1.40 g cm− 3, respectively, with a mean bulk density of
0.7 ±0.19 g cm− 3. The mean soil organic carbon was
7.7 ±1.62% with a minimum 3.59 and maximum 11.22%.
Soil pH showed a little variation with minimum and
maximum pH of 5.23 and 6.58, respectively, along alti-
tude gradient. The soil organic carbon stock of the study
area was found to be 79.57 t C ha−1. Although it does
not show a statistically significant variation, afroalpine
grassland found to have higher SOC stock than the eri-
caceous forest with a mean SOCS of 1.79 and
1.29 t C ha−1.
The study revealed that soil organic carbon stock

showed a negative correlation with grazing, pH, and
positive correlation with aspect (Table 2). However, the
correlations were statistically significant positive with
vegetation type (r = 0.522, p < 0.01), bulk density (BD)
(r = 0.62, p < 0.01), nitrogen (r = 0.41, p < 0.01), and alti-
tude (r = 0.468, p < 0.01) and negative correlation with
slope (r = − 0.298, p < 0.05) (Fig. 4a–f). The distribution
of SOCS along altitude gradient followed an increasing
trend.

Discussion
The Soil Atlas of Africa (Jones et al. 2013) reported that
the average SOC stock for the continent at 0–30 cm

Fig. 2 Climate diagram of the study area
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depth is 35.08 t C ha−1. On the other hand, the SOC
stock of the upper 30 cm soil in tropical montane was
estimated to be 80 t C ha−1 (IPCC 2006). The present
study, however, revealed higher SOCS than reported by
the Soil Atlas of Africa while it is similar with to the
IPCC default estimate for similar regions. It is, however,
by far lower than a study from Tanzania (Munishi and
Shear 2004). Nevertheless, it falls in the global average
which is 3–41 kg C m−2 (Batjes 1996). It is also

consistent with the results of alpine and sub-alpine
grassland somewhere in the world (Garcia-pausas et al.
2007).
The present study revealed a positive correlation of

SOCS with altitude. The anthropogenic disturbances are
higher at the lower altitudes (for example, logging and
wood collection in the ericaceous forest) and lower at
the higher altitude (afroalpine grasslands). There is also
temperature (higher in the ericaceous belt and lower in
the afroalpine grassland) and precipitation (lower in the
ericaceous belt and higher in the afroalpine grassland)
variation along the altitude altitudinal gradient. These
could be some of the many reasons for the increasing
trend of SOCS along an altitude altitudinal gradient.
Several studies reported a positive correlation of SOCS
with altitude (Dar and Somaiah 2015; Du et al. 2014; He
et al. 2016; Parras-Alcántara et al. 2015). Furthermore, a
research in the dry evergreen Afromontane forest of
Ethiopia by Feyissa et al. (2013) also showed an increas-
ing trend of SOC stock along altitude gradient. This
could be due to the decreased decomposition in relation
to the production and long-term accumulation of or-
ganic carbon (Bolstad and Vose 2001). However, a study
from Himalaya reported the decrease of SOC with

Fig. 3 Soil texture triangle of the study area

Table 1 Descriptive statistics of variables

N Minimum Maximum Mean Std. deviation

SOC stock 50 0.63 2.66 1.59 0.47

SOC 50 3.59 11.22 7.70 1.62

BD 50 0.46 1.40 0.70 0.19

N 50 0.03 1.20 0.65 0.19

Altitude 50 3014.00 4168.00 3691.78 417.08

Grazing 50 1.00 3.00 1.86 0.88

Aspect 50 0.00 3.30 1.47 0.80

Slope 50 2.00 35.00 15.98 8.42

Vegetation type 50 1.00 2.00 1.60 0.49

pH 50 5.23 6.58 5.85 0.31
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increasing altitude (Sheikh et al. 2009). Consequently,
Tsui et al. (2013) claimed that altitude is possibly a sim-
ple and effective predictor of SOC stock.
Slope was found to be negatively correlated with soil

organic carbon stock. This seems a little tricky consider-
ing the positive correlation of SOCS with altitude. How-
ever, the afroalpine grassland is a sort of plateau which
is found at higher altitudes, and it possesses the lower
slopes whereas the ericaceous belt possesses higher
slopes and lower elevations altitude. Furthermore, soil
erosion is predictably higher at steeper slopes removing
soil organic carbon and other nutrients, which leads to
declined SOCS. Similar relationships were reported from
another region parts of the world (Bolstad and Vose
2001). On the contrary, Hamere et al. (2015) found no
relationships between soil organic carbon stock and
slope of southwest Ethiopia. The difference might be
emanated from the slope scales used and the vegetation
cover of the study areas.
Bulk density was positively correlated with SOCS. Pre-

vious studies (Potter et al. 2001; Reeder et al. 2004) have
reported the positive correlation between bulk density
and SOCS. A very small increase in bulk density has in-
creased the SOCS (Bolstad and Vose 2001). On the con-
trary, the negative correlation of bulk density with SOCS
was reported (Dar and Somaiah 2015). In the present
study, temporal livestock trampling, particularly in the
grassland, could have increased the bulk density but
never affected the SOCS to decline. Experimental re-
search in temperate and subtropical grasslands of South
America by Pineiro et al. (2009) showed that an exclu-
sion of cattle has decreased bulk density.
Grazing reduces SOC stock (Martinsen et al. 2011;

Zhao et al. 2014). A study in Ethiopia also reported a
highly strongly significant difference of SOC stock be-
tween grazing land and area exclosure, i.e., highest in
the area exclosure (Girmay and Singh 2012; Mekuria
2013). However, the present study found no statistically
significant relationships between grazing and SOCS.
Even though grazing was recorded at the top ridge of
the mountain, it was not in a condition to significantly
affect the SOCS.
Climate and vegetation types are some of the main

variables which influence SOC in the ecosystems

(Doblas-Miranda et al. 2013; Henkner et al. 2016). Simi-
larly, the present study found that vegetation type has a
strong influence on soil organic carbon stock. The
afroalpine grassland has higher SOC stock than the
ericaceous forest. This could be due to the minimum an-
thropogenic disturbances emanated from its inaccessibil-
ity and the relatively lower slopes which are not prone
to soil erosion. Higher SOC stock of grassland than a
forest was reported somewhere in Spain (Willaarts et al.
2016). Although it is in the upper 5 cm, Chibsa and
Asefa (2009) also found a higher SOC stock in
grasslands.
Previous researches on relationships of SOC and pH

are scanty. A negative correlation of pH and SOC was
reported in New Zealand (McIntosh and Allen 1993).
On the contrary, a study from Australia found no signifi-
cant correlation between soil pH and SOCS (Holmes
et al. 2017). In the present study, there appears no sig-
nificant correlation between pH and SOCS. The soil pH
showed a very minor variation along the elevation
gradient.
Although aspect effect is not highly pronounced like

the temperate region, it can influence the vegetation dis-
tribution in the tropics due to its impact on microcli-
mate. Consequently, its impact could be reflected in
SOC stock. Researchers have investigated the relation-
ship of aspect with soil organic carbon. A research in
Bale Mountain, Ethiopia, by Yimer et al. (2006) reported
statistically significant positive correlation between as-
pect and SOC stock. However, Måren et al. (2015) found
no significant relationship between SOC stock and as-
pect, north and south facing in a semi-arid trans-
Himalayan valley. There was a weak non-significant
positive correlation in the present study. This might be
due to either the under surveying of all aspects due to
inaccessibility and bare lands or similar solar radiation
found in the study area. Samples were collected from
southwest, northwest, southeast, northeast, and north
exclusive to pure east, west, and south.
Carbon and nitrogen are an important component of

the ecosystem both for plant growth and climate change.
The larger the stock of SOC and TN, the larger contri-
bution to climate change and global warming. Soil or-
ganic carbon stock and total nitrogen followed the same

Table 2 Correlation of SOC stock with selected variables

Correlations

SOCS SOC BD TN AL GR AS SL VT pH

SOCS Pearson correlation 1 0.55** 0.62** 0.40** 0.47** − 0.2 0.17 − 0.30* 0.52** − 0.21

Sig. (two-tailed) 0.000 0.000 0.004 0.001 0.124 0.230 0.036 0.000 0.144

SOCS soil organic carbon stock, SOC soil organic carbon, BD bulk density, TN total nitrogen, AL altitude, GR grazing, AS aspect, SL slope, VT vegetation type, pH
soil pH
*Correlation is significant at the 0.05 level (two-tailed)
**Correlation is significant at the 0.01 level (two-tailed)
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pattern with a strong positive correlation (Potter et al.
2001; Ying-zi et al. 2013). Consistent with the researches
stated, the present study revealed very strong positive
correlation between SOCS and TN.

Conclusions
The SOCS of Abune Yosef afroalpine and sub-afroalpine
vegetation is similar to the IPCC default estimate for
similar regions. This is a great contribution both to the

Fig. 4 a–f Scatter plots of SOC stock as the response variable and a bulk density, b SOC, c total nitrogen, d altitude, e slope, and f soil
pH (p < 0.05)
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global and local to the terrestrial carbon sink. SOC stock
showed statistically significant positive correlation with
vegetation type, bulk density, and altitude and negative
correlation with slope. Temporal livestock trampling
may have caused the increased bulk density of the
grassland.
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