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Abstract  

The Ethiopian government is working on restoring degraded areas and set the forest 

sector as one pillar in the country´s green economy strategy. Our study aims to (i) 

assess the impact of land use change on soil carbon stock, (ii) evaluate the 

biogeochemical ecosystem model Biome-BGC applicability in the Ethiopian 

Afromontane forest, (iii) identify potentially suitable reforestation areas in Amhara 

region, and (iv) predict the carbon sequestration potential and forest management 

impacts. We collected forest and soil data in four study areas located across the 

region. Biome-BGC outputs, including aboveground and soil carbon, and net primary 

productivity (NPP) were compared with field inventory results. Potentially suitable 

reforestation areas in the Amhara region were identified based on land use 

suitability, potential vegetation/elevation belt and aridity index. The carbon 

sequestration potential of identified area was predicted using Biome-BGC under 

different forest management scenarios: (i) unmanaged (ii) light thinning (thinning 1, 

5%, 20yr intervals) and (iii) heavy thinning (thinning 2, 10%, 20yr intervals) and with 

different rotation periods (10, 30, 50, 100 and 150 years). The inventory results of 

soil carbon ranged from 61 to 206 t C ha-1, whereas the aboveground carbon ranged 

from 13 to 60 t C ha-1. About 3.4 Mha (Mha = Million hectare) of land, including bare 

land (0.7 Mha), grass land (1.2 Mha) and shrub land (1.5 Mha) is suitable for 

reforestation in the Amhara region. Assuming all identified areas are reforested in a 

100 year rotation period, net carbon sequestration (soil and aboveground) could be 

178 Tg C (Teragram =1012 gram) in unmanaged, 168 Tg C in light thinned and 159 

Tg C in heavy thinned forests.  

Key Words: Ethiopia, Biome-BGC, reforestation, forest management, carbon 

sequestration 
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Zusammenfassung 

Die äthiopische Regierung hat sich zum Ziel gesetzt, den Verlust wertvollen Bodens 

anzuhalten und umzukehren. Der Forstsektor soll dabei eine Säule der grünen 

Wirtschaft des Landes darstellen. In dieser Studie war das Ziel für die Region 

Amhara (i) die Auswirkungen der veränderten Landnutzung auf die 

Bodenkohlenstoffspeicher zu untersuchen, (ii) die Anwendbarkeit des 

biogeochemischen Ökosystemmodells Biome-BGC zu testen, (ii) potenzielle 

Wiederaufforstungsgebiete zu bewerten und (iv) das 

Kohlenstoffsequestrierungspotenzial und die Auswirkungen von forstlicher 

Bewirtschaftung auf dieses Potential vorherzusagen. Wir erhoben Wald- und 

Bodendaten in vier Untersuchungsgebieten. Die Modellvorhersagen zu 

oberirdischem pflanzlichen Kohlenstoff, Bodenkohlenstoff und 

Nettoprimärproduktivität (NPP) wurden mit den erhobenen Daten verglichen. 

Potentiell geeignete Wiederaufforstungsgebiete wurden anhand Landnutzung, der 

Höhen- bzw. Vegetationsgürtel und des Trockenheitsindex identifiziert. Das Potential 

der Kohlenstoffsspeicherung wurde unter Verwendung von Biome-BGC unter 

verschiedenen Waldbewirtschaftungsszenarien, (i) unbewirtschaftet (ii) leichte 

Durchforstung (5%, 20-JahrIntervalle) und (iii) starke Durchforstung (10%, 20-Jahr 

Intervalle) und mit unterschiedlichen Rotationsperioden (10, 30, 50, 100 und 150 

Jahre) vorhergesagt. Die Messungen zeigten einen höheren Kohlenstoffgehalt des 

Bodens von 61 t C ha-1 bis 206 t C ha-1. Der entsprechende oberirdische 

Kohlenstoffspeicher reichte von 13 bis 60 t C ha-1. Etwa 3,4 Mha (= Million Hektar), 

einschließlich Brachland (0,7 Mha), Grasland (1,2 Mha) und Buschland (1,5 Mha) 

sind für die Wiederaufforstung in Amhara geeignet. Unter Annahme einer 100-Jahre 

Rotationsperiode und Aufforestung aller potentiellen Gebiete liegt das Potential der 

netto Kohlenstoffbindung (Boden und oberirdisch) bei ca. 178 Tg C (Teragram = 1012 

Gramm) in unbewirtschafteten, 168 Tg C in leicht durchforsteten und 159 Tg C in 

stark durchforsteten Wäldern.  

Schlüsselwörter: Äthiopien, Biome-BGC, Wiederaufforstung, Forstwirtschaft, 

Kohlenstoffsequestrierung 
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1. Introduction 
1.1 Background  

Forests are the main important components of the terrestrial ecosystem. Forests, 

which have 10% tree cover, account for 30-31% (about 4 billion hectare) of the 

world’s terrestrial ecosystem (Keenan et al., 2015; MacDicken, 2015). The highest 

world’s total forest proportion (31%) is found in Asian countries, including Russia, 

followed by South America (21 %) and Africa 17% (FAO, 2010). Tropical and sub-

tropical countries together account for roughly 52% of global forest cover, followed 

by temperate and boreal countries with 26% and 22%, respectively (Keenan et al., 

2015). From total global natural forest (4 billion hectare), only 26% is reported to be 

primary natural, while 5% is a commercial plantation. 

Forests are also an integral part of people´s livelihood in many parts of the world, 

either directly as a source of wild fruit, timber, fodder and fibre, fuelwood, medicine, 

food, and income and employment or indirectly through ecological and 

environmental protection and stabilization (Köhl et al., 2015; Price et al., 2011; 

Rasmussen et al., 2017). Approximately 1-2 billion people in the world depend on 

forests to a varying degree, but about 200 million indigenous communities are almost 

fully dependent on forests (Chao, 2012). Particularly people who live near the forest 

have a greater opportunity to access food, including wild fruits, edible green leaves 

and herbs, root tubers, mushrooms and wild meats (Pingali, 2015; Powell et al., 

2015). In addition, forest-based activities provide about 30 million jobs in the informal 

sector, as well as up to one-third of all rural, non-farm employment in developing 

countries. According to the Food and Agriculture Organization of the United Nations 

report (FAO, 2010), globally, about 10 million people are employed in forest 

conservation and management activities. 

Along with income maximizing through wood and non-wood products, forests and 

trees are increasingly demanding for environment protection and regulation services, 

public recreation and other spiritual/cultural values (Reed et al., 2017). Though all 

forests and woodlands provide protection or play a protective role, a report in 2015 

shows that about 1 billion hectare of forest areas are particularly allocated for the 

protection of soil and water resources across the world (Miura et al., (2015). 
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Similarly, about 4% of world´s forest is designated for the provision of social services 

(FAO, 2010). 

Following global warming, mainly due to human-driven activities, forests have got the 

world´s attention as a mitigation mechanism of climate change. Forests store a large 

amount of carbon as aboveground live biomass or in the soil and can thus potentially 

determine carbon cycle/exchange between the terrestrial ecosystem and the 

atmosphere (Baccini et al., 2012; Houghton, 2005; Pan et al., 2011). In this regard, 

apart from understanding and protecting current forests’ carbon stock, increasing 

carbon sink through reforestation of degraded or marginalized areas and improving 

forest management techniques have got national and international attention.  

1.2  Forest ecosystem and carbon stock 

According to Pan et al., (2011) the world´s forest stored about 861 Pg (pentagrams = 

1015 g C) of carbon stock with 383 Pg C in the soil, 363 Pg C in live biomass (above 

and below ground) and 116 Pg C in deadwood and litter. Given the estimation 

difference within the literature, forests store about 77-80% vegetation carbon as 

live/tree biomass and 42-80% of the global soil carbon (Jandl et al., 2007; Jobbagy 

et al., 2000; Six et al., 2002), and also share 75% of the terrestrial gross primary 

production (Beer et al., 2010).  

With a terrestrial biomass share (~92%), forests control the geographical distribution 

of global biomass (Pan et al., 2013) thus, the highest total carbon storage is found in 

tropical forests with 471 Pg C (55%) followed by boreal forest 272 Pg C (32%) and 

temperate forest 119 Pg C (14%) (Pan, 2011). The carbon stock also follows the 

same pattern, i.e. tropical, boreal and temperate forest with 242 t C ha-1, 239 t C ha-

1, 155 t C ha-1, respectively. Mostly, tropical forests store the highest proportion of 

total carbon on aboveground biomass (~56%) whereas boreal forests contain in the 

soil (~60%). Global annual carbon sink rate, between the year 2000-2007, varies 

from 0.5 Pg C year-1 in boreal forest and is proceeded by 0.78 Pg C year-1 and 1.02 

Pg C year-1 in temperate and tropical, respectively (Pan, 2011). The total global 

forest carbon sinks are estimated to have been about 2.4 Pg C yr-1 between the 

years 1990 to 2007 (see Pan et al., 2011).  

2



 
 

1.3  Forest loss and climate change  

Land use change, e.g. changing forest to agricultural land is an important 

anthropogenic carbon emission. Due to population growth followed by a growing 

demand for agricultural land and fuelwood, forest land is increasingly declining 

across the world (Laurance et al., 2014). The satellite imagery-based study by 

Hansen et al. (2013), showed a total of 230 Mha of forest lost between the years 

2000-2012. According to FAO global forest resources assessment, total forest area 

coverage in the world has declined by 129 Mha (3%), from 4128 Mha in 1990 to 

3999 Mha in 2015 (Keenan et al., 2015). In the same time interval, plantation forests 

increased from 168 Mha to 278 Mha, but natural forest dropped from 3961 Mha to 

3721 Mha (see Keenan et al., 2015). The FAO (2010) also reported that 13 Mha 

year-1 of the forest was converted to other land use forms during the period 2000–

2010. Tropical forest conversion to other land use, particularly to crop and pasture is 

the main reason for the forest loss worldwide. For instance, between 1980 and 1990, 

more than 28% of new agricultural land came from the expansion of intact tropical 

forests (Gibbs et al., 2010). 

The decrease in forest area coverage or density/per hectare biomass tremendously 

affects the flux of carbon between the earth and atmosphere (Houghton, 2005), 

because forests are the largest carbon sinks of terrestrial ecosystems. Different land 

use change and management accounted for 33% of the total anthropogenic carbon 

emission between the years 1850 and 2000 (Houghton et al., 2004). The majority 

(~60%) of these emissions is attributed to tropical and subtropical deforestation 

(Houghton et al., 2004; Ross et al., 2016). Similarly, a study in Ethiopia showed that 

the change of forest to crop- or grass land has led to a loss of 40–85% of the soil C 

stocks (Belay et al., 2018a).  

1.4  Reforestation and international agreements 

Reducing emissions and/or removing of CO2 from the atmosphere is important to 

achieve international climate change mitigation targets, such as keeping the increase 

of global temperatures to less than 2 °C, compared to the preindustrial level (Clarke 

et al., 2014). Thus, reforestation has been believed to be one of such cost-effective 

mitigation options (Bolin, 1995), because it offers a high carbon sequestration 

potential at a moderate cost (Kreidenweis et al., 2016;IPCC, 2014; Smith et al., 
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2015). This made the forest sector to be considered as one of the main options in 

many climate change mitigation policies to combat human-induced carbon emission 

(Reyer et al., 2009). 

Large-scale reforestation for more carbon sequestration might compete with other 

land use forms, such as agricultural and grazing land and increase food prices 

(Kreidenweis et al., 2016). Hence, legally bound compensations have to be 

developed to balance such competitive relations. This should also increase the 

willingness of farmers and developing nations to practice reforestation and avoid 

further deforestation. As a result, the Kyoto protocol accord has established and set 

different mechanisms to enhance reforestation, including subsidizing or funding such 

activities for less developed countries (Babiker et al., 2000). In the Kyoto protocol of 

the United Nations framework convention to combat climate change (UNFCCC, 

1997), especially reforestation activities were legally set to be done under clean 

development mechanism to enhance the CO2 sink.  

Thus the impact of land use change on global climate change, including 

deforestation and forest degradation and reducing emissions from land use change 

were also included in the climate mitigation objectives. Especially in the UNFCCC 

2005 meeting, reducing emissions from deforestation and forest degradation and the 

role of conservation, sustainable management of forests and enhancement of forest 

carbon stocks in developing countries (REDD+) was negotiated as an emission 

reduction option for the first time. The main aim of REDD+ is to produce sustainable 

development in developing countries and implement cost-effective emissions 

reductions by avoiding further afforestation (Zomer et al., 2008).  

2. Forest in Ethiopia  
2.1  Forest resource  

The Ethiopian vegetation is classified into 8 main types (Friis et al., 2010) where 

montane forest types constitute the main part of the natural vegetation, with dry 

Afromontane forests being the largest part (Demessie et al., 2017). Though 

available, scientific evidence is very limited (McCann, 1997); it is believed that about 

30-40% of Ethiopia was covered with forest in the late nineteenth century (Bishaw, 

2001). Remnant patch forests composed of old-aged indigenous tree species on 
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religious or cultural places and inaccessible areas of the country are living witnesses 

that Ethiopia had a very good forest cover. According to the forest resource 

assessment of the Woody Biomass Inventory and Strategic Planning Project 

(WBISPP, 2005), the current Ethiopian forest is estimated to cover 4.1 Mha, or 3.6% 

of the whole land area of the country. Wood and shrub land, however, cover a 

greater portion of the country, i.e. 56.0 Mha (48.9%), followed by plantation with 0.5 

Mha (0.4%) and low and high land bamboo with 1.1 Mha (1%), and Afro-alpine land 

with 0.2 Mha (0.2%).  

Based on definitions and classifications of the global forest resource assessment 

(FRA, 2010), the total woody vegetation cover of Ethiopia reached about 60.0 Mha 

(FAO, 2010), accounting for about 55.8% of the country. This includes about 12.3 

Mha (11%) of forest and about 44.7 (41%) of other wooded lands. Currently, except 

for a few patch forests in the northern and central parts of Ethiopia, the majority of 

remnant dense forests have retreated to the southern and western edges of the 

country (Lemenih and Kassa, 2014).  

2.2  Deforestation, drivers and consequences 

Forest cover in Ethiopia is steadily decreasing from 15.1 Mha in 1990 to 12.3 Mha in 

2010 (FAO, 2010), which implies about 140,000 ha of natural forest is lost every 

year. The increasing demand for arable land is the main driver of deforestation in 

Ethiopia as agriculture is the nation’s dominant economic sector, on which 85% of 

the population’s livelihood depends. In addition, most of the agriculture-related big 

investment programs currently running in the country are mostly implemented at the 

cost of remnant forests found on the periphery of the country (Degife, 2017; Palm et 

al., 2009). People who settled around or within the investment target areas are also 

moved to other areas, including forests, woodlands or grazing lands.  

Forest fuel wood harvesting (Amare et al., 2017; Belay et al., 2012; Dresen et al., 

2014) and livestock grazing and trampling (Mamo et al., 2016) have also greatly 

contributed to the decline of forest coverage and quality in Ethiopia. Since over 80% 

of the population live in rural areas and have less electric power access, more than 

88% of the total energy consumed in the country comes from biomass fuels (mainly 

woody biomass) (FDRE, 2012). The traditional energy-insufficient stoves, commonly 

used in many rural areas of Ethiopia are the other indirect deforestation drivers 
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(Beyene and Koch, 2013; Gebreegziabher et al., 2012). However, the government 

and non-governmental organizations are intensively working to change this with 

improved stoves (Mamuye et al., 2018).  

Permanent change of forest land into other land use systems is not only impairing 

the direct forest benefits, but has a multitude of impacts on food security and 

sustainability, and other environmental and ecological services. Due to forest cover 

change and agricultural practices in Ethiopia, soil erosion and land degradation have 

become a serious environmental problem. This results in a loss of fertile and 

productive soil, deterioration of water availability and quality (Miheretu and Yimer, 

2018, 2017) and sediment loads on dams and lakes (Bewket and Tefer, 2009; 

Haregeweyn et al., 2017). For instance, a study in Ethiopia shows annual soil losses 

ranging from 4.8 to 7.7 t ha-1 yr-1 in different years (Tadesse et al., 2017). 

2.3 Reforestation initiatives  

Ethiopia has been taking actions through degraded area rehabilitation and 

reforestation to avoid further forest loss and subsequent economic, as well as 

environmental problems. According to Lemenih and Kassa, (2014), 3.1 Mha of 

degraded land was rehabilitated as exclosure in the Amhara and Tigray region. 

Small and large-scale plantations are also increasing in many parts of the country. 

Bekele (2011) reported that 972,000 ha (including industrial and non-industrial) are 

growing as forest plantations in Ethiopia. Especially small-scale private plantations 

are of high interest following a decline of fuelwood source and growing market for 

construction poles and charcoal. This considerably contributed to the energy 

demand and thus minimizes the human pressures on remnant natural forests.  

Currently, the Ethiopian government has joined the international reforestation 

programs (FDRE, 2011; MEFC, 2017). Thus, recently the forest sector is being held 

to be one of the green economy development pillars of the country and REDD+ 

secretariats and implementation strategies were established (Arbonaut, 2016; FDRE, 

2011; MEFC, 2017). In the REDD+ implementation strategic plan, the main targets of 

Ethiopia are avoiding deforestation, improving management and protection of 

existing forests, as well as increasing carbon sequestration through reforestation. 

The Amhara region, our specific study area, has made progress in the rehabilitation 

of degraded forest areas through area exclosure and expanding plantation (Lemenih 
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and Kassa, 2014). The Amhara region in Ethiopia has the largest share of the 

country´s potential future reforestation areas (Arbonaut, 2016; FDRE, 2011; MEFC, 

2017).  

3. Study objectives and framework 

The main mission of this PhD work is to model the carbon flux under reforestation on 

different land use forms and forest management activities and develop a regional 

and/or landscape level sustainable forest management framework for the Amhara 

region. The study combines plot level inventory forest and soil data with process-

based ecosystem modeling techniques based on the following objectives: 

i. Evaluate the process-based ecosystem model Biome-BGC in explaining forest 

carbon flux under changing land use system 

ii. Identify suitable reforestation areas and estimate carbon sequestration potential 

of those areas  

iii. Predict the dynamics of forest carbon stock under different management 

scenarios  

Figure 1 depicts the study procedure for this PhD study. The first section deals 

with the evaluation of the ecosystem model Biome-BGC applicability for the 

Ethiopian Afromontane forest ecosystem (Paper 1). In this section, field inventory 

data (including vegetation/aboveground carbon, NPP and forest soil carbon) were 

used to compare Biome-BGC model outputs. Data collected from grazing land was 

used as soil initial values of the model for degraded land recovery estimations (see 

Belay et al., 2018a). Model input parameters, including eco-physiological 

parameters, daily climate data, and site physical variables are used to run the model 

simulation. In the second section (Paper II), we selected potentially suitable future 

reforestation areas and estimated the sequestration potential of the aboveground 

and soil carbon stock and NPP with varying forest management scenarios and 

rotation periods, using Biome-BGC (see Belay et al., 2018b ).  
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Figure 1. The study framework  

4. Materials and methods 
4.1  Study area 

Our study area, the Amhara region in Northern Ethiopia, extends 9° 20' - 14° 20' N 

and 36° 20’ - 40° 20' E, and covers 15.7 Mha. The region has high altitudinal 

gradients, ranging from the lowland area (500 m) to the highest peak, the Ras Dejen 

(4600 m) (Figure 2). The mean monthly minimum and maximum temperature range 

from 7.8 to 26.1 °C, respectively (Figure 3). The mean annual precipitation is 1270 

mm with a pronounced rainy season, about 80% of the annual rainfall, between June 

and September. 

 

 Figure 2. The study region and location of the inventory sites.  

Similar to the other part of the Ethiopian vegetation distribution, crop production and 

other farming activities, and even the population settlement in the Amhara region 

follows the topographic condition and climatic pattern of the region (Friis, 2010; Friis 
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et al., 2016; Headey et al., 2014). Midland and highland areas are more productive 

and highly populated compared to the lowland and alpine highland areas. 

  
Figure 3. The mean monthly precipitation, mean daily maximum and minimum 
temperature between the years 1979-2010 of the study region. 

Thus, average landholding size per household in the region varies from 0.4 ha 

(Headey et al., 2014) to 1.8 ha (ERSS, 2013), depending on the population density.  

4.2  Data  

Four study areas were selected in different agro-ecological zones of the Amhara 

region in Northern Ethiopia, for soil and vegetation data collection (Figure 2 & 4). 

These include Gelawdiwos, representing the highland area, Injibara/Katassi and 

Taragedam in midland and Mahibereselassie in the lowland area (Belay et al., 

2018a). Each study area encompassed natural forest and crop/grazing sites located 

next to each other, for pairwise comparison of the impact of land use change on soil 

carbon stock. The three forests sites are maintained and managed by the Ethiopian 

Orthodox Tewahedo Church, but Katassi is owned by the local government.  

4.2.1 Forest data 

Circular sample plots were systematically laid out in the four selected forest sites for 

forest data collection. The sample sizes were a 10/15 m radius, depending on forest 
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area coverage and forest stand density (Belay et al., 2018a). Each tree with a DBH 

(diameter at breast height) >10 cm in every sample plot was recorded for species 

name, location in the plot, DBH, crown width in the four cardinal directions and 

height to live crown base. Height and core increment from one median/central stem 

DBH of each species was measured for each species in each sample plot. The other 

missing heights were derived from the Petterson height-diameter curve (Schmidt, 

1976). The core increment data was used to calculate radial increment/growth of 

each tree. Similarly, trees with DBH <10 cm and a height >1.5 m were collected in a 

smaller, circular (4 m radius) for the same tree variables. 

  
Figure 4. Photo of the four study forest sites taken during preliminary survey and 
data collection. 

The aboveground biomass of each tree was measured using the allometric equation 

of Chave et al. (2005). The corresponding aboveground carbon was derived from the 

biomass, as the carbon content was assumed to be 50% of the biomass. Similarly, 

the annual NPP (g C m−2 year−1) of the woody part of each tree was calculated as 

the mean annual woody carbon increment for the 10 year period between 2005 and 

2014. The total annual terrestrial NPP for each inventory plot is the sum of woody 

carbon increment, the litterfall and the root increment (fine root production and 

Katassi 

Taragedam 

Gelawdiwos 

Mahibereselassi
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coarse root increment) (Van Do et al., 2015). For the detailed forest inventory data 

collection and methodology refer to (Sisay et al., 2017). 

4.2.2 Soil data 

In each of the four study sites, soil data was collected both in the forest and nearby 

agricultural/grazing sites. In the forest, soil samples were taken from about one-

fourth of the forest sampling grid points. Similarly, for neighboring crop/grazing sites, 

we sampled a total of 40 plots, 10 plots for each study site, on transects at 50 m/100 

m intervals. The soil samples on each point were taken in 0–10 cm, 10–20 cm, 20–

30 cm, and 30–50 cm soil depth with a soil corer (Pürckhauer type, inner diameter 

30 mm).  

The samples were sieved to 2 mm and analyzed in a laboratory for soil organic 

carbon, nitrogen and texture. The soil organic matter was calculated as the loss of 

ignition when heating the soil samples in a muffle furnace (Heiri et al., 2001). The 

organic matter was combusted to ash at a temperature of 450 °C and the weight loss 

is proportional to the amount of organic carbon contained in the sample. The carbon 

concentration was corrected for bulk density and soil volume (see Belay et al., 

2018a).  

4.2.3 Climate data 

For the whole Amhara region, the daily climate data was downscaled with 1km * 

1km resolution from global datasets (WorldClim and NCEP) and corrected using 

observed climate data from weather stations (Sisay et al., 2016). However, the 

correction was done using a single correction equation for the whole Amhara region, 

which resulted in over/under estimation of climate values in some areas compared 

to observed data, especially daily precipitation. Using single correction equation for 

the whole Amhara region might create some bias because (i) the study region is 

very large and is highly mountainous, ranging from 500 m to peak Ethiopian 

mountain 4300 m and (ii) precipitation is highly affected by topography and 

orography. Hence, another correction method was employed specifically for daily 

precipitation, because it significantly dictates forest productivity. The daily minimum 

and maximum temperature were directly used from  Sisay et al., (2016), because 

his corrected values well fit with observed values.  
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Figure 5. Weather stations and the four sub-regions of Amhara region.  

For the new correction method, the whole region was classified into four sub-

regions (Figure 5), based on the correlation of mean annual precipitation difference 

between downscaled and observed climate data (Figure 6). Note that the 

downscaled values were taken at the same coordinate point with the corresponding 

observed stations. Once we classified the sub-regions, the daily mean precipitation 

difference between downscaled and observed data was calculated in a 10 day 

interval, implying a year has 37 groups each, with 10 days, except the 37th. Hence, 

a total of 37 correction equations were developed for each sub-region, based on the 

regression correlation between each daily interval precipitation difference and 

corresponding pixel elevation. The developed correction equations were applied for 

each corresponding sub-region to calculate the final corrected precipitation data of 1 
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km* 1 km resolution. Generally, the procedure followed is similar to Sisay et al., 

(2016) but the correction was done separately for each sub-region (Figure 6). 

 

Figure 6. Correlation between the annual mean precipitation difference (ΔPrcp) and 
elevation of a pixel in each of the sub-regions. ΔPrcp is a difference between 
downscaled and observed precipitation of each pixel. 

4.3 Biome-BGC model 

Predicting the future is difficult under the changing climate and interaction with 

different biophysical conditions. Therefore, models are better options for estimating 

process responses. The biogeochemical-mechanistic ecosystem model Biome-BGC 

version 4.1.2 (Running and Coughlan, 1988; Running and Gower, 1991) was used 

for this study. The current improved Biome-BGC version was developed for the self-
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initialization algorithm to mimic undisturbed ecosystems (Hasenauer et al., 2005; 

Pietsch and Hasenauer, 2006) and forest management interventions e.g., historic 

land use changes, thinning, clear-cut and planting (Petritsch et al., 2007; Thurnher et 

al., 2014). Biome-BGC is fully prognostic, which does not require detailed input data 

for self-initialization simulation. The Biome-BGC model needs three main input 

variables for a simulation run (Chiesi et al., 2016; Hidy et al., 2012; Mao et al., 2016; 

Pietsch et al., 2005): (1) eco-physiological parameters (2) site physical variables (3) 

climate/ atmospheric data. 

Eco-physiological parameters: Characterize the physiology of the given forest 

ecosystem. Originally, seven biome level parameter sets were developed, including 

evergreen broadleaf, deciduous broadleaf, evergreen needle, deciduous needle, 

shrubs, and C3 grass and C4 grass (White et al., 2000), but today, there exist 

several regional or species-specific parameters, mostly for European species (Ichii et 

al., 2005; Pietsch et al., 2005). Each Biome or species level set can be defined by 

about 39 main eco-physiological parameters containing a canopy water interception 

coefficient, maximum stomatal conductance, leaf water potential, and carbon 

allocation in plant parts (Table 2). For this study, we used evergreen tropical 

broadleaved forest (EBF) parameters set by Ichii et al. (2005).  
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Table 1.The ecophysiological parameters used for the simulation of forests in four of 
the study sites (Ichii et al., 2005) 

Parameter description  unit EBF 
true = EVERGREEN, false= DECIDUOUS - true 
true= MODEL PHENOLOGY, false =  
USER- SPECIFIED PHENOLOGY 

 
true 

Year day to start new growth (when phenology flag = false)  yday - 
Year day to end litterfall (when phenology flag = false)  yday - 
Transfer growth period as fraction of growing season  prop. 0.2 
Litter fall as fraction of growing season  prop. 0.2 
annual leaf and fine root turnover fraction  yr-1 0.5 
annual live wood turnover fraction  yr-1 0.7 
Annual whole-plant mortality fraction  yr-1 0.03 
Annual fire mortality fraction  yr-1 0 
Allocation new fine root c : new leaf  ratio 1.2 
Allocation new stem c : new leaf  ratio 2.2 
Allocation new live wood c : new total wood  ratio 0.16 
Allocation new coarse root c : new stem  ratio 0.22 
Allocation current growth proportion : Storage growth  ratio 0.5 
C : N of leaves  kg C/kg N 25 
C : N of leaf litter, after retranslocation  kg C/kg N 55 
C : N of fine roots  kg C/kg N 48 
C : N of live wood  kg C/kg N 50 
C : N of dead wood  kg C/kg N 550 
Leaf litter labile proportion  DIM 0.38 
Leaf litter cellulose proportion  DIM 0.44 
Leaf litter lignin proportion  DIM 0.18 
Fine root labile proportion  DIM 0.34 
Fine root cellulose proportion  DIM 0.44 
Fine root lignin proportion  DIM 0.22 
Dead wood cellulose proportion  DIM 0.77 
Dead wood lignin proportion  DIM 0.23 
Canopy water interception coefficient  1/LAI/d 0.01 
Canopy light extinction coefficient  DIM 0.54 
All-sided to projected leaf area ratio  DIM 2.0 
Canopy average specific leaf area (projected area basis)  m2/ kg C 18 
Shaded SLA : sunlit SLA  DIM 2.0 
Fraction of leaf N in Rubisco  DIM 0.062 
Maximum stomatal conductance (projected area basis)  m s-1 0.006 
Cuticular conductance (projected area basis)  m s-1 0.00001 
Boundary layer conductance (projected area basis)  m s-1 0.01 
Leaf water potential :start of conductance reduction  MPa -0.34 
Leaf water potential : complete conductance reduction  MPa -2.2 
Vapour pressure deficit : start of conductance reduction  Pa 1100 
Vapour pressure deficit : complete conductance reduction  Pa 3600 

Site physical variables: describes the study site condition, which includes location, 

elevation, soil texture and effective soil depth, slope,and aspect. For the first section 

of this study/model evaluation (Appendix 9.1), soil texture was determined from soil 

samples collected in the four study sites but for the second section/landscape level 

study (Appendix 9.2), we extracted soil texture from the soil texture map of the 

Amhara Design and Supervision Works Enterprise (ADSWE, 2012). Similarly, soil 

depth was obtained from the regional soil depth map provided by ADSWE (2012).  

16



 
 

Climate variables: Climatic variables are one of the main Biome-BGC model input 

variables, and are important for forest productivity. Biome-BGC requires daily 

metrological data, including minimum and maximum temperature and precipitation 

(see section 4.2.3), pre-industrial and current atmospheric CO2 and nitrogen 

deposition. 

4.4  Model simulation procedure 

Modeling with Biome-BGC requires two steps: 

Spin-up simulation: It is an adjustment process of the model internal state to an 

equilibrium level, starting from few initial input variables and pre-industrial 

atmospheric CO2 and nitrogen deposition. Accordingly, BGC spin-up runs to mimic a 

fully grown forest ecosystem or accumulation of soil carbon at a “steady state”, which 

might take hundreds to thousands of years to achieve, depending on climate and site 

condition of the study area. In our spin-up run, the constant preindustrial atmospheric 

CO2 concentration was set to 278 ppm (Enting et al., 1994; IPCC, 1992) and 0.129 g 

N m-2 year-1 for Nitrogen deposition (Dentener et al., 2006).  

Current forest simulation: The spin-up run is followed by current forest simulation, 

which explains the current forest ecosystem under the changing climatic condition 

and forest management interventions (eg. thinning, clear-cut and replanting). The 

soil carbon and nitrogen stock final value from the spin-up run are adjusted to the 

current degraded site level and used as initial values to run current forest simulation 

or future reforestation prediction (see Appendix 9.1 and 9.2).  

4.5  Carbon sequestration potential of reforestation at landscape level 

There is a considerable amount of degraded land in Ethiopia, which needs 

restoration either through plantation or natural regeneration. Suitable environmental 

or biophysical variables are crucial for successful forest growth and productivity in 

those areas. Moreover, the policy of the government and competition between other 

land uses also determine the available suitable reforestation area. Most midland and 

highland parts of Ethiopia are relatively productive and can support forest 

plantations, but are highly populated and intensively used for crop production 

compared to lowland and highland alpine areas (Friis, 2010; Friis et al., 2016; 

Headey et al., 2014; Taffesse et al., 2011). 
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Despite the existing intensive land competition, current plantation activities are 

dominantly found within these areas (Mekonnen et al., 2016; Zeleke and Hurni, 

2001) on former crop or grass lands. Hence, for a cost-effective and successful 

reforestation plan, we identified suitable reforestation areas based on: (i) land use 

suitability, the (ii) potential elevation/vegetation belts and (iii) aridity index and (see 

Appendix 9.2). 

Once the potential area is identified, we set simulation points with 9 km* 9 km 

resolution in each land use (bare land = 81, grass land = 135 and shrub land = 160). 

In each point, we modeled the carbon sequestration potential of reforestation under 

different management intervention using site condition, climate variables and eco-

physiological parameters. Since there is no documented evidence of forest 

management practices in Ethiopia, we set different management scenarios 

considering continuous timber harvest and carbon sequestration. Accordingly, three 

forest management options are applied, including: (i) no management (control 

scenario), (ii) light thinning (thinning 1) with tree removal of 5% of the standing stock 

every 20 years and (iii) heavy thinning (thinning 2) with a removal of 10% of the 

standing stock every 20 years. 

Based on the above thinning management scenario, the system does not allow 

yearly harvest for 100 years except thinning and this is against sustainable 

management principle. Because maintaining forest stand util full maturation might 

increase carbon sequestration potential but no chance of timber harvest for the local 

people or forest owners. To balance such environmental and economic benefits we 

propose the implementation of the Normal-forest approach, which provides a simple 

framework for ensuring sustainability based on an equal distribution of the land area 

by age and a defined rotation length. In this study, five different rotation lengths (10, 

30, 50,100 and 150 years) were implemented together with management scenarios 

to show regional carbon sequestration potential in a Normal-forest system.  

5. Results  
5.1  Biome-BGC model evaluation and forest carbon flux 

For the Biome-BGC model evaluation, we first analyzed the field inventory results of 

selected forests and nearby crop/grazing sites in four areas (Gelawdiwos, Katassi, 

18



 
 

Mahibereselassie and Taragedam). The inventory results recorded a significant 

difference between the study sites in their aboveground carbon stock ranging from 

13.0 t C ha-1 to 60.4 t C ha-1 and soil carbon from 61 t C ha-1 206 t C ha-1 (Table 2). A 

similar variation is observed in NPP between sites. Despite the assumption that all 

study sites except Katassi are “protected” church forests, the aboveground carbon 

recorded is very low. However, the soil carbon stock is relatively high in all study 

sites except Mahibereselassie (see Belay et al., 2018a). In general, study sites at 

higher elevations show the highest productivity and carbon storage compared to 

lowland sites (see Table 2). 

We did a pairwise comparison of the soil carbon and nitrogen content between the 

forest and the neighboring crop/grazing sites (Belay et al., 2018a). Crop/grazing sites 

depict a significantly lower soil carbon and nitrogen content (about 40-85% 

reduction) compared to corresponding forest sites but not in Mahibereselassie forest 

site showed lower soil carbon than nearby crop study site. 

Table 2. The four study forest sites: Gelawdiwos, Katassi, Mehabereselessie and 
Taragedam. Site elevation; the number of sample plots, plot number; aboveground 
carbon, Vegetation C; soil carbon, Soil C; and NPP of each study site plus the 
corresponding standard deviation. 

Parameters Gelawdiwos Katassi Mahibereselassie Taragedam 
Elevation (m) 2487 2150 863 2325 
Plot number 33 56 19 36 
Vegetation C (t C ha-1) 60.4 ± 46.5 41.2 ± 34.3 13.0 ± 5.5 19.9 ± 19.5 
Soil C (t C ha-1) 206 ± 24.0 205 ± 31.8 61 ± 38.5 173 ± 28.4 
NPP (g C m-² yr-1) 640 ± 425 490 ± 327 150 ± 63 431 ± 333 
 

For the same set of variables as analyzed in forest inventory data, we run the Biome-

BGC model for each study area using the available climate data, soil physical 

conditions and eco-physiological parameters (see Table 1). The predicted result 

shows a well-fitted pattern of carbon (aboveground or soil) and NPP with the 

corresponding inventory results of four study areas. Figure 7 compares observed 

versus Biome-BGC predicted aboveground and soil carbon stock and NPP.  
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Figure 7a. Observed versus Biome-BGC predicted vegetation carbon of study sites 
(G=Gelawdiwos, K=Katassi, M=Mehabereselassie, T=Taragedam). The boxplots 
depict the median (black central line) and the 25th and 75th quartile of the samples.  

 

Figure 7b. Observed versus Biome-BGC predicted soil carbon of study sites 
(G=Gelawdiwos, K=Katassi, M=Mehabereselassie, T=Taragedam). The boxplots 
depict the median (black central line) and the 25th and 75th quartile of the samples.  
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Figure 7c. Observed versus Biome-BGC predicted NPP of study sites 
(G=Gelawdiwos, K=Katassi, M=Mehabereselassie, T=Taragedam). The boxplots 
depict the median (black central line) and the 25th and 75th quartile of the samples.  

Next, we evaluated the recovery potential of degraded crop/grazing sites through 

reforestation, using Biome-BGC. The model predicted results show that from a few 

decades to thousands of years are needed to restore the carbon and nitrogen stock 

of degraded areas to the current forest level or new steady state (Appendix 9.1). As 

management intensity increases, carbon accumulation velocity is getting very slow 

and increases the years required to attain a steady state.  

5.2  Potentially suitable reforestation areas  

Degraded area restoration has been given great attention by the Ethiopian 

government as one important option to meet Climate Resilient and Green Economy 

strategy (CRGE) which aim to transform the economy by 2025. For the successful 

implementation of such forest-related strategies, however, need to consider many 

ecological and economic and social factors. Accordingly, in this study, we estimated 

the available suitable reforestation area in the Amhara region based on: (i) land use 

suitability, (ii) potential elevation/vegetation belt and (iii) aridity index.  

Land use suitability: In accordance with the government forest restoration strategic 

plan, we identified three potential land use types in the Amhara region using the 
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regional land use map (BoA, 2012), which includes: (i) bare land, (ii) grass land and 

(iii) shrub land. Potential elevation/vegetation belt: Once we selected the land use 

types, we additionally limited the reforestation areas within the vegetation belt 

classified as ‘Dry evergreen Afromontane forest and grassland’, found between 1800 

m and 3200 m. In addition, we divided this vegetation belt into two elevation classes: 

(i) midlands (< 2300 m) and (ii) highlands (> 2300 m) highland. Depending on 

elevation and the corresponding annual precipitation in the area, each elevation 

class was re-classified into six agro-ecological zones (Hurni (1998) (see Table 3). 

Aridity index: in dryland areas where annual evaporation is higher than 

precipitation, it is hard to have dense plantation forest without supplementary water, 

and thus we still used an aridity index (AI) for further decision in potential 

reforestation areas. Hence, areas with an aridity index AI < 0.65 are excluded from 

reforestation. For detailed methods and results (See Appendix 9.2).   

With these aforementioned selection criteria, from the total Amhara region land size 

(15.7 Mha), about 3.4 Mha area of land (including shrub land, grass land and bare 

land) is suitable for reforestation. Among the identified land uses, shrub land covers 

a relatively large area (1.5 Mha), followed by grass land (1.2 Mha) and bare land (0.7 

Mha). The identified reforestation areas are distributed as mosaic/patchy throughout 

the landscape of Amhara region, though most of the bare land and shrub land are 

concentrated in the central eastern and north-eastern part of the Amhara region. 

Figure 8 shows the distribution of identified potential reforestation areas across the 

Amhara region.  
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Figure 8. The spatial distribution of identified potentially suitable reforestation areas 
of different land uses (bare land, grass land and shrub land) across the Amhara 
region.  

5.3 Carbon sequestration and distribution in the study area  

5.3.1 Thinning management and carbon stock  

Reforestation under different management interventions (no management, light 

thinning and heavy thinning) was simulated using the Biome-BGC to predict above 

and below ground carbon accumulation across the identified area. The gross 

accumulated carbon stock, including aboveground and soil carbon after 100 year 

reforestation varied from 156 t C ha-1 in the unmanaged forest to 145 t C ha-1 C ha-1 

in light thinning and 135 t C ha-1 heavy thinning (Figure 9). The impact of 

management intensity is clearly seen in aboveground carbon stock rather than in 
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other carbon pools (see Figure 9). Among model predicted carbon pools 

(aboveground, soil, root and litter), aboveground contributed the highest share 

(about 50%) of the whole forest ecosystem carbon stock.  

 

Figure 9. Predicted mean carbon stock in different pools of 100 years reforestation 
with different management scenarios.  

The mean soil and aboveground carbon and annual NPP after 100 years 

reforestation with different management scenarios are shown in Table 3. Under no 

management, the highest accumulated soil carbon stocks are evident in the 

highland-wet grass land zone (91.0 t C ha-1), while the lowest sequestration potential 

can be expected in the midland-dry bare land zone (26.2 t C ha-1). Similarly, the 

highest NPP is found in highland-wet grass land zone. Both in highland and midland, 

dry locations have lower sequestration potential than moist and wet locations (see 

Table 3). The spatial distribution of the soil and aboveground carbon as well as NPP 

sequestered during a 100 year afforestation period (unmanaged condition) is 

mapped (Figure 10 ). 
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Table 3. Model predicted carbon sequestered through reforestation after 100 years for different current land uses, in different agro-
ecological zones and management scenarios. Number of simulation points (Points), initial soil carbon (SoilCI) and aboveground 
carbon (AboveCL) are obtained from spin-up simulation and literature (see Appendix 9.2). Net carbon stock (SoilCN, AboveCN) is 
the difference between gross carbon stock (SoilCG, AboveCG) and the corresponding initial carbon stock (SoilCI and AboveCL).  

Land use 
  

Agro-ecology 
 

 
SoilCI 

(t C/ha) 
AboveCL 
(t C/ha) 

 Gross carbon stock (t C/ha)  Net carbon stock (t C/ha) 
points  Unmanaged Light thinning Heavy thinning  Unmanaged Light thinning Heavy thinning 

  SoilCG AboveCG SoilCG AboveCG SoilCG AboveCG  SoilCN AboveCN SoilCN AboveCN SoilCN Above-N 
 Highland-dry 11 23.9 0  32.8 52.7 32.9 47.1 32.9 42.1  8.9 52.7 9.0 47.1 9.0 42.1 
 Highland-moist 22 31.3 0  41.1 69.1 41.2 61.8 41.1 55.2  9.8 69.1 9.9 61.8 9.8 55.2 
 Bare  Highland-wet 11 41.2 0  51.3 90.1 51.3 80.6 51.2 72.0  10.1 90.1 10.1 80.6 10.0 72.0 
land Midland-dry 12 18.1 0  26.2 51.4 26.3 45.9 26.2 41.0  8.1 51.4 8.2 45.9 8.1 41.0 
 Midland-moist 16 19.5 0  28.3 61.4 28.3 54.9 28.3 48.9  8.8 61.4 8.8 54.9 8.8 48.9 
 Midland-wet 9 21.5 0  31.3 75.4 31.3 67.2 31.2 60.0  9.8 75.4 9.8 67.2 9.7 60.0 
 Highland-dry 7 44.9 2.4  50.5 70.0 50.5 62.2 50.4 55.1  5.6 67.6 5.6 59.8 5.5 52.7 
 Highland-moist 31 71.4 2.4  77.8 106.9 77.9 94.9 77.8 84.3  6.4 104.5 6.5 92.5 6.4 81.9 
Grass  Highland-wet 26 83.3 2.4  91.0 149.7 91.0 132.7 90.9 117.7  7.7 147.3 7.7 130.3 7.6 115.3 
land Midland-dry 10 30.4 2.4  35.1 64.2 35.1 57.0 35.0 50.5  4.7 61.8 4.7 54.6 4.6 48.1 
 Midland-moist 25 44.6 2.4  50.4 93.6 50.4 83.2 50.4 73.8  5.8 91.2 5.8 80.8 5.8 71.4 
 Midland-wet 36 51.2 2.4  58.3 135.3 58.3 119.9 58.2 106.4  7.1 132.9 7.1 117.5 7.0 104.0 
 Highland-dry 8 69.9 7.1  73.9 92.9 73.9 82.5 73.9 73.1  4.0 85.8 4.0 75.4 4.0 66.0 
 Highland-moist 27 82.2 7.1  86.2 115.0 86.3 102.2 86.3 90.7  4.0 107.9 4.1 95.1 4.1 83.6 
Shrub  Highland-wet 7 76.1 7.1  80.7 143.1 80.8 126.8 80.8 112.5  4.6 136.0 4.7 119.7 4.7 105.4 
land Midland-dry 30 43.7 7.1  46.3 73.3 46.4 65.0 46.2 57.4  2.6 66.2 2.7 57.9 2.5 50.3 
 Midland-moist 65 53.3 7.1  56.5 98.9 56.6 87.9 56.5 77.8  3.2 91.8 3.3 80.8 3.2 70.7 
 Midland-wet 23 52.7 7.1  56.8 119.2 56.9 105.9 56.8 93.8  4.1 112.1 4.2 98.8 4.1 86.7 
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Figure 10. Spatial distributions of predicted soil and aboveground carbon and annual 
NPP after 100 years of reforestation (unmanaged) for the selected areas on the 9 km 
by 9 km resolution. (a) SoilCG – Gross soil carbon stock; (b) SoilCN – Net soil 
carbon stock calculated as the difference between SoilCG and the initial soil carbon 
stock SoilCI; (c) AboveCG – Gross aboveground carbon stock; (d) annual net 
primary production (NPP, 10 year mean, years 91-100 after reforestation). 

5.3.2 Normal-forest system and carbon stock 

In section 5.3.1 we presented the carbon accumulation potential of identified 

degraded areas after 100 years of reforestation with different thinning scenarios. 

This idea does not consider age variation and rotation periods of a given forest 

stand, which highly affect carbon sequestration potential and limit a continuous 

timber harvest. Hence, in addition to thinning scenarios, we applied the Normal-

forest approach, which supports the idea of continuous and maximum production in 
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perpetuity with an equal distribution of the land area by age classes and a defined 

rotation period. In the Normal-forest system, equal area stands are distributed by 

equal area class in equally productive areas. For example, we need to reforest 100 

ha of land with a defined rotation length/period of 20 years. This means we reforest 5 

ha of land every year for 20 years so that we have an equal area distribution of 

plantation by age class (5 ha/yr). Once, the whole area (100 ha) is fully reforested, 

we will have a continuous or yearly harvest of 5 ha timber, in addition to thinning (if 

thinning scenarios considered). 

With this Normal-forest principle, we again predicted the carbon stock potential of 

reforestation in all identified degraded areas (3.4 Mha) with five different rotation 

periods and different management interventions (no management, light thinning and 

heavy thinning). The detailed methods and results of the gross and net total carbon 

stock (both soil and aboveground) under a Normal-forest system and five rotation 

length (10, 30, 50, 100, and 150 years) are presented (see Appendix 9.2).  

There is a great amount of potential reforestation area in the Amhara region, 

however, this area is found distributed in the landscape as small patches 

intermingled with other different land uses (see Figure 8). As a result, most current 

and future reforestation activities in the region are small and mosaic in the 

landscape. Thus, here we are interested to show an example of Normal-forest 

system application on a small area of land (600 ha) under the identified different land 

uses (bare land = 200 ha, grass land = 200 ha, and shrub land = 200 ha) without 

management intervention in medium rotation length (20 years). In each year, 10 ha 

of land has to be reforested in each land use type for 20 years to cover the whole 

area (200 ha), because Normal-forest system approach considers an equal share of 

the area in each age class depending on the rotation length. Table 4 shows the 

gross and net soil and aboveground carbon sequestration of the Normal-forest 

system reforestation practice without management in a 20 year rotation length in 

different agro-ecologies. The carbon stock recorded in a short rotation period is 

lower (see Table 4) than the long rotation period (100 years) (see Table 4 in 

Appendix 9.2). The net aboveground carbon stock considerably increased with 

rotation length, whereas net soil carbon stock shows very little difference.   
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Table 4. Model predicted carbon sequestration potential through reforestation in a Normal-forest system without management in a 
20 year rotation period in different land uses and agro-ecological zones. Initial soil carbon (SoilCI) and aboveground carbon 
(AboveCL) are as described in Table 3. Normal-forest gross carbon stock (SoilCNF-G, AboveCNF-G) is derived by summing model 
predicted carbon stock from year 0 to 20 and divided by the rotation period (20 years). Net carbon stock (SoilCNF-N, AboveCNF-N) is 
the difference between gross carbon stock and the corresponding initial carbon stock (SoilCI and AboveCL).  

Land use 
  

Agro-ecology 
 Points SoilCI 

(t C/ha) 
AboveCL 
(t C/ha) 

Normal-forest gross 
carbon stock (t /ha) 

Normal-forest 
net carbon stock (t /ha) 

SoilCNF-G AboveCNF-G SoilCNF-N AboveCNF-N 
 Highland-dry 11 23.9 0 26.5 0.6 2.6 0.6 
 Highland-moist 22 31.3 0 34.3 0.5 3.0 0.5 
 Bare land Highland-wet 11 41.2 0 44.8 0.5 3.6 0.5 
 Midland-dry 12 18.1 0 20.5 1.0 2.4 1.0 
 Midland-moist 16 19.5 0 22.1 0.9 2.6 0.9 
 Midland-wet 9 21.5 0 24.4 1.0 2.9 1.0 
 Highland-dry 7 44.9 2.4 46.9 4.3 2.0 1.9 
 Highland-moist 31 71.4 2.4 74.0 5.1 2.6 2.7 
Grass land Highland-wet 26 83.3 2.4 86.4 6.6 3.1 4.2 
 Midland-dry 10 30.4 2.4 32.2 4.8 1.8 2.4 
 Midland-moist 25 44.6 2.4 46.8 5.9 2.2 3.5 
 Midland-wet 36 51.2 2.4 53.5 8.2 2.3 5.8 
 Highland-dry 8 69.9 7.1 71.9 7.9 2.0 0.8 
 Highland-moist 27 82.2 7.1 84.3 8.0 2.1 0.9 
 Shrub land Highland-wet 7 76.1 7.1 78.1 10.1 2.0 3.0 
 Midland-dry 30 43.7 7.1 45.3 7.6 1.6 0.4 
 Midland-moist 65 53.3 7.1 55.1 8.1 1.8 1.0 
 Midland-wet 23 52.7 7.1 54.4 9.5 1.7 2.4 
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Reforesting bare land recorded higher total net soil carbon storage than grass and 

shrub land within the same unit of land in a 20 year rotation period (Table 5). 

However, the net aboveground carbon stock is higher in grass land than the other 

land uses. Generally, in a short rotation period, higher total net carbon was stored in 

the soil than aboveground (see Appendix 9.2).  

Table 5. Total carbon storage over the corresponding area coverage of different land 
uses. Initial soil carbon (SoilCI-T) and aboveground carbon (AboveCI-T) are as 
described in Table 3, model predicted gross and net soil and aboveground carbon 
sequestration potential in a 20 year rotation period under the Normal-forest system 
without management. All carbon values are in Gigagram (Gg C= 109 g C).  

Land use Area (ha) 
SoilCI-T 
(Gg C) 

AboveCI-T 
(Gg C) 

 Total Normal-forest 
gross carbon stock (Gg C) 

 Total Normal-forest 
net carbon stock (Gg C) 

 SoilCNF-GT AboveCNF-GT  SoilCNF-GT AboveCNF-GT 
Bare land 200 5.3 0.0  5.8 0.1  0.6 0.1 
Grass land 200 11.7 0.5  12.3 1.3  0.5 0.8 
Shrub land 200 11.6 1.4  12.0 1.7  0.4 0.2 
Sum 600 28.6 1.9  30.1 3.1  1.5 1.2 

6. Discussion 

The forest cover in Ethiopia is continuously declining, following a steadily increasing 

population growth. As a result, especially in the northern part of the country, many 

of the remnant forests are limited in some remote/non-accessible and 

cultural/religious areas. This does not only bring fuel/construction wood shortage but 

a huge amount of soil loss all over the country (Belay et al., 2018a; Bewket and 

Tefer, 2009; Tadesse et al., 2017), which in turn imposes agricultural productivity. In 

response to environmental and economic problems and international attention to 

avert climate change, Ethiopia is working on reforestation and forest conservation 

(MEFC, 2017).  

In this study, we assessed the current forest condition, predicted the dynamics of 

aboveground and soil carbon under different management intervention and rotation 

periods using Biome-BGC in the Amhara region. The inventory results reveal a 

significant difference between the study forests in their aboveground and soil carbon 

stock, and NPP (Table 1), which might be the result from the difference in 

environmental condition and disturbance intensity. Despite the assumption that all 

study sites except Katassi are “protected” church forests, the aboveground carbon 

was very low, which indicates the existing disturbance pressure; this fits with other 
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studies (Assefa et al., 2017; Wondie et al., 2016). There are also areas where 

church forests are the only remnant natural forest and source of many economic and 

medicinal valuable indigenous trees/shrubs species, which worsen the human 

disturbance pressure. Unlike aboveground carbon, all study sites except 

Mahibereselassie recorded considerably higher soil carbon stock, which might be the 

legacy of previously existing dense forest cover (Belay et al., 2018a). The forest in 

Mahiberseselassie, however, is found in a dry lowland part of the study region 

experiencing low precipitation and intensive grazing, and regular grass burning 

impacts.  

The model predicted aboveground and soil carbon, as well as NPP were comparable 

with field inventory results (Belay et al., 2018a), implying the model can express the 

Ethiopian Afromontane forest ecosystem. Using the study forest eco-physiological 

parameters and documented historical management/human interventions, which we 

lacked in this study, could further improve the prediction accuracy of Biome-BGC. As 

all models are an abstraction or simplification of a real condition, the Biome-BGC 

model is also limited in showing the difference recorded between inventory plots, 

which could be due to age or disturbance variation within each forest.  

In the Amhara region, a total of about 3.4 Mha of land (0.7 Mha bare land, 1.2 Mha 

grass land, and 1.5 Mha shrub land) is suitable for future reforestation (Belay et 

al.,2018b). The result only includes areas within the dry evergreen Afromontane 

forest vegetation belt (1800 m – 3200 m). As the main aim of this study is to identify 

potentially suitable plantation areas, moisture-stressed lowland and highland afro-

alpine areas were excluded based on our selection criteria (land use suitability, 

potential elevation/vegetation belt and aridity index). However, these marginalized 

areas are still ecologically and economically important and have been rehabilitated 

through area exclosure (Lemenih and Kassa, 2014). 

We also examined aboveground and soil carbon sequestration potential of identified 

degraded areas (bare land, grass land or shrub land) through reforestation with 

different management intervention and rotation periods (See Belay et al., 2018b). 

The model predicted reforestation shows a considerable increase in both soil and 

aboveground carbon. However, the reforestation site condition, applied management 

intervention and rotation length determine the carbon accumulation rate. Moreover, 
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the initial land use, site elevation and the corresponding climatic conditions are also 

important factors in determining forest productivity and carbon sequestration 

potential (Barnes et al., 2016; Berthrong et al., 2012; Josephson et al., 2014; Toledo 

et al., 2011).  

Reforestation on grass land and shrub land result in higher NPP and aboveground 

carbon stocks after 100 years compared with the bare land (See Belay et al., 2018b). 

Better current soil carbon and nitrogen stock in the grass and shrub land than in bare 

land might enhance forest productivity. In comparing agro-ecological zones, NPP 

and aboveground and soil carbon stocks, in general, are higher in the highland 

zones (with higher precipitation or wet areas) than the midlands (with low 

precipitation or dry areas). Specifically, the highest productivity in both in 

aboveground and soil carbon was recorded in highland-wet grass land, whereas the 

lowest in midland-dry bare land. The climatic conditions in highland-wet zones that 

induce less drought stress could be shown to be favorable for growth processes 

(Rahman et al., 2015).  

Reforestation of degraded areas by itself is no guarantee for climate change 

mitigation and continuous timber harvest unless sustainably managed. Sustainable 

forest management increases direct economic benefits and environmental services 

while protecting deforestation and forest degradation. Many forests in the tropics and 

subtropics are still not managed sustainably. For instance, degraded areas have 

been rehabilitated in many parts of Ethiopia through closing from human and 

livestock intervention to promote natural regeneration (Mekuria et al., 2017, 2011; 

Yimer et al., 2015) but no management plan designed for how long the areas will be 

closed and how they will be managed for better economic and ecological outcomes 

(Lemenih and Kassa, 2014). This threatens the sustainability of reforested areas 

because local people will not get economic benefit from it (Balana et al., 2010). In 

implementing sustainable forest management, a range of ecological and economic 

and social factors need to be considered (Skovsgaard and Vanclay, 2008).  

In this study, we first identified the available potential area in the Amhara region and 

estimated the carbon sequestration potential after 100 years reforestation under 

different management intervention (no management, light thinning and heavy 

thinning). Reforesting such a huge area of land in the same year and maintaining it 
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for 100 years with only thinning management is far from a realistic situation because: 

(i) Resource and time is always limited to reforesting in one year, and (iii) It over-

estimates the expected carbon sequestration potential of reforestation because the 

assumption does not consider different age class and rotation length. Hence, we 

again applied the Normal-forest principle with different rotation lengths to estimate 

the study area carbon sequestration potential. For instance, the maximum net soil 

carbon stock recorded after a 100 year reforestation without management was 10.1 t 

ha-1 in the highland-wet bare land zone, whereas the maximum net aboveground 

carbon stock was 147.3 t ha-1 in highland-wet grass land (See Table 3). However, 

the corresponding net soil and aboveground carbon stocks in Normal-forest system 

with 100 years rotation were 5.9 ha-1 and 77.3 ha-1, respectively (See Table 4 in 

Appendix 9.2).  

Though the optimal rotation period of a forest depends on the aim of the plantation, 

species type and climatic condition (Nyakundi et al., 2018), we investigated carbon 

sequestration potential based on Normal-forest system under different rotation 

lengths from short (10 years) to long (150 years) (see Table 3 and Appendix 9.2). In 

general, the aboveground carbon stock increased with rotation length, but very little 

difference is observed in soil carbon with rotation length. The Normal-forest practice 

assumes an equal share of age classes with annual normal-increment, which implies 

a continuous and maximum production in perpetuity (Leslie, 1966). Hence, Normal-

forest can be described as pure, even-aged, densely stocked stands, and each age 

class represents in an equally productive area (Knuchel, 1953). In practice, the 

current plantation trend is focusing more towards mixed forests, less regular in 

composition, structure and arrangement which are different from the ideal Normal-

forest principle. However, as the model is a simplified representation of reality, it is 

not intended to be an exact description of reality but it can show the patchy or 

mosaic type plantation practiced in the Amhara region and attempts to show the 

relationship between rotation length and carbon stock.  

7. Conclusion  

The dry Afromontane forest ecosystem in the Ethiopian highlands, covering about 

50% of the African Afromontane forests, are known for their floral and faunal species 

32



 
 

richness and a high number of endemic species. Despite their ecological and 

economic significance, most of the Afromontane forests are being fragmented and 

modified or changed into other land use, driven by extensive farming and intensive 

grazing and fuelwood harvest. Designing viable forest management mechanisms, 

which the Ethiopian forest sector lacks, is very crucial for the sustainability of current 

forest and future reforestation. Sustainable forest management at a landscape level 

is crucial for alleviating forest degradation and deforestation, while increasing social 

benefits, including livelihood, income generation and employment and environmental 

services, like carbon sequestration, soil productivity and biodiversity conservation. 

This study is aimed at understanding the existing forest conditions and predicting 

future reforestation potentials, with possible management intervention in the Amhara 

region. 

The inventory result on the existing remnant natural forest explained higher soil 

carbon sequestration stock but very low aboveground carbon stock. Changing these 

forests into crop/grazing or other non-forest lands, costs a considerable amount of 

forest carbon stock, which could require many centuries to restore. The study also 

shows that the terrestrial ecosystem model Biome-BGC did well in 

expressing/estimating the carbon stock compared to the inventory results. Thus, the 

model could be used in showing the dynamics of carbon, either during deforestation 

or reforestation, especially at a landscape level. 

This study also identifies the potentially suitable reforestation areas in the Amhara 

region, which helps to set the future forest development plan. In the region, a total of 

about 3.4 Mha of land is potentially suitable for reforestation, including bare land (0.7 

Mha), grass land (1.2 Mha), and shrub land (1.5 Mha). Moisture-stressed lowland 

areas and highland afro-alpines are excluded in the identified potential reforestation 

area based on the selection criteria. The study also shows the recovery potential of 

degraded, identified potential areas through reforestation, especially in restoring 

vegetation and soil carbon stock. This also fits with the current national and regional 

government strategic plans, aiming to improve carbon sequestration under the 

REDD+ strategic plan through forest management and reforestation of new areas.  

Moreover, the study investigated carbon sequestration potential of the Amhara 

region with different management interventions, both with and without rotation period 
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under different land uses and agro-ecologies. The management intervention shows a 

significance difference on aboveground carbon sequestration but negligible on soil 

carbon. In comparing agro-ecological zones, the highest total net carbon 

sequestration (soil and aboveground) was recorded in the highland-wet agro-

ecological zone and the lowest values in the midland-dry zone. Reforestation of 

current grass and shrub land shows the highest net aboveground carbon 

sequestration than bare land, whereas the highest net soil carbon sequestration was 

observed in the current bare land.  

Reforestation prediction without a rotation period shows higher carbon sequestration 

than Normal-forest with rotation period. However, Normal-forest system is more 

reliable in explaining the Amhara region reforestation practice because it can 

represent the patchy or mosaic forest practice in the landscape and also considers 

age and harvesting/rotation period variation of plantations. Generally, this study 

gives insight into combining plot level inventory data with ecosystem models for 

landscape-level forest carbon dynamics estimation and designing sustainable forest 

management strategies in the Amhara region, which has not been done before. 
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Abstract: Forest degradation due to land use change is a severe problem in Ethiopian Afromontane
Forests. We investigated such degradation effects by comparing degraded agricultural land
(previously covered with forest) with neighboring natural forests, 40 to 50 years after conversion.
We selected four different study areas to cover the eco-climatic conditions of the Amhara region
in Northwestern Ethiopia. For a paired-stand comparison we collected soil data on both land use
types. We calculated forest biomass to evaluate the biogeochemical-mechanistic ecosystem model
Biome-BGC, which is used as a diagnostic tool to assess the site and management impacts on
productivity as well as ecosystem carbon and nitrogen accumulation. We applied Biome-BGC to
assess rehabilitation options on such degraded land. Afromontane forests in the highlands of Ethiopia
showed high soil C stocks, resulting from long lasting biomass accumulation. Removing the tree
cover and converting forest areas to crop- or grassland, has led to a loss of 40–85% of the soil C stocks
and thus a loss in soil fertility within only 40 to 50 years. Rehabilitation efforts by replanting trees
will improve soil fertility, but may require over a thousand years to achieve a similar level in biomass
and soil fertility versus the situation prior to the land use change.

Keywords: carbon; land use change; Ethiopia; ecosystem modeling

1. Introduction

Tropical forests account for 50% of the Earth’s total plant biomass [1] and store 40% (428 Gt C)
of the terrestrial carbon [2]. Tropical forests are threatened by deforestation due to land use changes.
A good example is Ethiopia, which experienced a decline in forest covered land area from 40% to less
than 10% during the last century [3]. The removal of the forest cover has resulted in severe soil erosion,
species extinction, as well as reduction in productivity and carbon sequestration [4]. The main reasons
for the rapid land use change is the expansion of agricultural land associated with the demand for
fuelwood for a fast growing population [5]. Ethiopia has a population of about 100 million people
and an estimated annual increase of 3% or 3 million people, 73% of them working in the agricultural
sector [6]. For the rural population, it is increasingly difficult to cover the supply of fuel wood for
heating homes and cooking, since only small forest areas are left, and the remaining forests are largely
protected. In most of the cases, these forests remained because they are located next to monasteries and
are preserved as “church forests”. However, these “church forests” are not untouched, since we can
observe strong evidence for forest management impacts.
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In order to avoid further deforestation and to promote afforestation, the Ethiopian government
has selected the forestry sector as one of the green economic pillars to be developed by 2030 [7]. The key
goals of the green economy plan are: (i) avoiding further deforestation, (ii) inducing reforestation
programs, and (iii) improving forest management by establishing sustainable forest management plans.
Ethiopia already takes part in international reforestation programs [8,9] and has expanded its national
goal for reforestation and afforestation to reach 7 million hectares of forests [10]. The goals of the green
economy plan are consistent with the strategy for reducing emissions from deforestation and forest
degradation (REDD+), promoting sustainable forest management, conserving forest carbon stocks,
and increasing the forest carbon stocks of developing countries [11–15]. One of the main difficulties in
implementing REDD+ activities is measuring and ensuring the sustainability of forest management
activities based on consistent and reliable biomass and soil data [12,16].

Out of three different common approaches for assessing the dynamics of forest ecosystems,
(i) repeated forest inventories, (ii) repeated forest cover, NPP and NEE estimates from remote sensing
(NPP—Net Primary Production, NEE—Net Ecosystem Exchange), and (iii) the application of ecosystem
models e.g., biogeochemical-mechanistic models [17], only the latter is applicable for Amhara region.
Repeated forest inventories are not available in many developing countries, including Ethiopia
whereas remote sensing technology [18–20] has strong limitations when it comes to addressing
stand density changes (e.g., changes in the number of trees within a given stand due to forest
management) if the crown cover—often expressed by the leaf area index—is assumed to remain
closed [21–24]. The third carbon assessment option, the application of biogeochemical-mechanistic
ecosystem models (BGC-Models) has several advantages. For a comparison of different BGC-Models,
see [25,26]. BGC-Models address carbon, nitrogen, water and energy flux dynamics (above and below
ground) within ecosystems and respond to forest management and climate change effects [27–31].
The carbon storage of ecosystems can be calculated based on key input data such as daily weather,
atmospheric CO2 concentration, nitrogen deposition, general soil information (soil depth, texture)
and an eco-physiological parameter setting characterizing the vegetation type or species. Biome-BGC
specifically has the advantage that it is fully prognostic, applicable on large temporal and spatial
scales and includes effects of forest management on carbon and nitrogen stocks [27]. Besides enabling
the evaluation of the sustainability of certain management measures, Biome-BGC may also be used
for long-term projections of soil development. So far, data on soil recovery from afforestation in
Ethiopia only cover the development of 30–40 years [32–34] and most often involve Eucalyptus sp.,
Cupressus lucitanica or other exotic species because of their fast growth [35].

In this study, we investigate the impact of deforestation and the long-term recovery process
of degraded land expressed by carbon sequestration potential from afforestation to improve
our understanding of land-use change and forest management on the soil carbon dynamics.
We obtained forest and soil data from different agro-ecological zones and land use types in the Amhara
region, and applied the biogeochemical-mechanistic ecosystem model Biome-BGC to assess the flux
dynamics within the highlands of Afromontane forests in the Amhara region of Northwestern Ethiopia.
The key objectives of our study are:

1. Evaluate the biogeochemical ecosystem model Biome-BGC for Ethiopian Afromontane forests.
2. Assess the degradation effect of land use change from forest to agricultural land.
3. Analyze the rehabilitation processes following afforestation on degraded agricultural land

using Biome-BGC.

2. Materials

2.1. Study Areas

We selected four study areas covering different agro-ecological zones within the Amhara region in
Northwestern Ethiopia (Figure 1). The four sites were selected to represent different forest ecosystems
ranging from low (860 m a.s.l.) to high (2500 m a.s.l.) altitudes, a mean total annual precipitation
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from 1080 mm to 1708 mm, and a mean annual temperature from 17.1 ◦C to 26.1 ◦C (Figure 2).
Each study area covers two different land use forms located next to each other: (i) natural forests and
(ii) agricultural land. The agricultural land was established on former natural forest about 40 to 50 years
ago [32]. This paired-plot approach enabled us to directly address the impact of land use changes,
as climatic and site conditions can be assumed having been similar.

The four study areas are located in Gelawdiwos, Injibara/Katassi, Mahibereselassie
and Taragedam. The forest areas in Gelawdiwos, Taragedam and Mahibereselassie are owned by
the Ethiopian Orthodox Tewahedo Church, whereas the forest in Katassi is owned by the local
government. Gelawdiwos represents the growing conditions in the highlands of the Amhara region.
The forest composition is mostly dominated by evergreen highland tree and shrub species, such as
Chionanthus mildbraedii (Gilg & G.Schellenb.) Stearn, Euphorbia abyssinica J.F.Gmel. and Ekebergia capensis
Sparrm. Katassi and Taragedam are both located in mid-high altitudes. The Katassi forest is dominated
by the mid-altitude Afromontane tree and shrub species Albizia schimperiana Oliv., Prunus africana
(Hook.f.) Kalkman and Croton macrostachyus Hochst. ex Delile. Similarly, Taragedam is composed of
many Afromontane forest species, including Juniperus procera Hochst. ex Endl., Teclea nobilis Delile
and Schefflera sp. J.R.Forst. & G.Forst.; Mahibereselassie is the typical ecosystem in the lowlands of the
Amhara region and contains deciduous and semi-deciduous woodland and savanna grassland tree and
shrub species such as Sterculia setigera Delile., Boswellia papyrifera Hochst. and Terminalia laxiflora Engl.
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2.2. Forest Data

Forest data in the four study areas were collected based on a systematic grid sampling approach
(Figure 1, Table 1). The grid size of the systematic sampling within each of the four study areas differed
according to the size of the forest. Slope, aspect, latitude and elevation were recorded for each plot.

Table 1. Overview of the forest areas of the four study areas Gelawdiwos, Katassi, Mehabereselessie
and Tarageedam. The four sites cover different agro-ecological zones. Area refers to the forest area in
hectares, for which the sampling point grid design was applied, Grid size refers to the distance between
sampling points, N is the number of sample plots, Elev: the elevation, Sl: the slope, C: the mean
of the periodic (2005–2014) mean annual above ground carbon content of the vegetation in tons per
hectare and NPP: the mean of the periodic mean annual NPP for 2005 to 2014 plus the corresponding
standard deviations.

Study Area Forest
Area (ha) Grid Size (m) N Elev.

(m) Sl (◦) Stem C
(t C ha−1)

NPP
(g C m−2 year−1)

Gelawdiwos 68 250 × 250 33 2487 10–40 60.4 ± 46.5 640 ± 425
Katassi 553 300 × 300 56 2150 1–36 41.2 ± 34.3 490 ± 327

Mehabereselessie 19,162 3000 × 3000 19 863 3–41 13.0 ± 5.5 150 ± 63
Taragedam 324 250 × 250 36 2325 1–43 19.9 ± 19.5 431 ± 333

50



Forests 2018, 9, 18 5 of 16

Since average stand density varied by study area but forest inventories require a certain average
minimum number of trees per plot, we varied the plot size by study area. In Gelawdiwos and
Taragedam, information for trees with a DBH (diameter at breast height) >10 cm was collected on plots
with a 10 m radius, while for Mahibereselassie and Katassi a plot size radius of 15 m was chosen.
On these plots, the following tree information was recorded: tree species, tree location, DBH, crown
width in the four cardinal directions, tree height and height to live crown base. In addition, increment
core data were collected by major species groups on each sampling plot and for each “central stem”.
The term “central stem” refers to the 60th percentile of the DBH distribution and follows a suggested
procedure by [36], which showed that the central stem represents the “mean tree” (=quadratic mean
DBH) on a given plot.

In addition, for trees with DBH <10 cm and a height >1.5 m, the same set of tree variables (except
the increment cores) was collected on subplots with a radius of 4 m. All trees (from plots and subplots)
with a DBH ≥2.5 cm were used for deriving vegetation carbon and carbon increment. Missing tree
heights H were derived from the Petterson height-diameter curve [37]:

H =
1

(a + b
DBH )

2 + 1.3 (1)

where the parameters a and b were derived for the twenty most important tree species in the study
areas [38]. Above ground carbon vegetation Cveg was calculated according to the following
formulation [39]:

Cveg = e−2.922+0.99×ln (DBH2×H× )×0.5 (2)

where DBH and H are as previously defined and is the mean wood density of African tree species
set equal to 0.614 g cm−3 [40]. The carbon content was assumed to be 50% of the biomass [41–43].

The annual NPP (g C m−2 year−1) of the woody part of each tree was calculated as the mean
annual woody carbon increment for the 10 year period 2005–2014. The increment was derived
from the increment cores of the central stem [38] since the growth rate of the central stem is
proportional to the growth rate per hectare, assuming that the stem number remains equal within
the growth period. The total annual terrestrial NPP for each inventory plot is the sum of woody carbon
increment, the litterfall and the root increment (fine root production and coarse root increment) [44].
Since no litterfall and root data are available, we followed [45], who suggest a wood increment of
about 40% of the total carbon increment. The remaining 60% are the litterfall and the root increment
(30% each). For further details regarding the sampling method and details related to the calculation
of the standing timber volume and volume increment rates, we refer to [38]. Summary statistics
of the forest data by study area are shown in Table 1. Note that the number of plots in this study
are slightly lower versus [38] because we eliminated plots with no tree coverage at the edge of the
sampled forests.

2.3. Soil Data

2.3.1. Forest Area

Soil samples from the forested areas were systematically taken on the same general grid as
the forest biomass samples, at about one fourth of the forest sampling grid points (see Figure 1 and
Table 1). The litter layer was removed and soil probes were taken with a soil corer (Pürckhauer type,
inner diameter 30 mm). The soil samples were taken in 0–10 cm, 10–20 cm, 20–30 cm, and 30–50 cm soil
depth and stored in plastic bags. The probes were sieved to 2 mm and soil organic carbon, nitrogen,
and texture were determined in the laboratory in Vienna.

The relative weight proportion of the soil organic matter was calculated as the loss of ignition
(LOI), heating the soil samples in a muffle furnace [46]. After oven-drying the samples at 105 ◦C until
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a constant weight was achieved, the organic matter was combusted to ash at a temperature of 450 ◦C
for 4 h. The LOI was then calculated using the following equation:

LOI450 =

(
DW105 − DW450

DW105

)
× 100 (3)

where LOI450 represents LOI at 450 ◦C (as a percentage), DW105 represents the dry weight of the sample
before combustion and DW450 the dry weight of the sample after heating to 450 ◦C. The weight loss is
proportional to the amount of organic carbon contained in the sample. Carbon stocks were determined
on a weight to area basis (kg C m−2). The carbon concentration was corrected for bulk density and soil
volume. The total carbon TC (kg C m−2) was calculated as:

TC = C × BD × V × 0.001 kg (4)

where C is carbon concentration (%), BD is bulk soil density and V is volume of soil for each sample
plot. Bulk soil density was determined from samples taken separately on the side of each soil carbon
sampling point.

Soil texture was determined by a combination of wet sieving and sedimentation methods [47].
Texture classes were defined according to the USDA particle size classes sand (2.0–0.053 mm), silt
(0.053–0.002 mm), and clay (<0.002 mm).

Soil depth as needed for Biome-BGC was obtained from the regional soil depth map provided by
Amhara Design and Supervision Works Enterprise (ADSWE) [48]. Based on the ADSWE soil depth
ranges and the local experience, we defined for the shallow lowland site (Mahibereselassie) a range
of 40 cm and the deeper highland sites a range of 1 m (Table 2) to cover uncertainty from natural
variation in soil depth.

2.3.2. Agricultural Area

In addition to the forested areas, we obtained soil data from neighboring agricultural sites
(cropland and grazing land). A total of 40 sample plots, 10 plots for each study area, were taken
on transects at 50 m/100 m intervals. All soil samples were taken at the same time as the forest soil
samples. For further details, we refer to [32].

2.4. Atmospheric Data

We obtained downscaled 1 km × 1 km daily meteorological data, i.e., daily minimum
and maximum temperatures (◦C), daily precipitation (mm) from Sisay et al. [49]. The data cover
a 32 years period ranging from 1979 to 2010 and have been downscaled from global precipitation
and temperature data on a 1 km × 1 km resolution for the whole Amhara region. The downscaled
precipitation was further improved based on the difference in mean annual precipitation between
the downscaled dataset and the closest climate station to each study area. Each daily value
of the downscaled precipitation was multiplied with the ratio of observed mean annual precipitation
to downscaled mean annual precipitation, to ensure correct precipitation sums. Solar radiation (Ws−1),
vapor pressure deficit (VPD, Pa) and day-length (from sunrise to sunset) were generated from daily
temperature and precipitation using algorithms implemented in the Mountain Climate Simulator
(MT-CLIM) [50,51].

Current and preindustrial atmospheric CO2 concentration and nitrogen deposition, as they are
needed for the BGC simulations, were taken from two global datasets published by [52,53]. As current
nitrogen deposition values, we used the two different values given by [53] for the entire study area and
their mean (Table 2) to address the high variation and uncertainty stemming from the coarse resolution
of the dataset. The preindustrial value of atmospheric CO2 concentration was set to 278 ppm [52,54]
and to 0.129 g N m−2 year−1 for Nitrogen deposition [53].
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Table 2. Soil depth classes and atmospheric nitrogen deposition levels for the evaluation of Biome-BGC.
For each simulation, we used three different soil depths (compare Section 2.3.1) and 3 different nitrogen
deposition rates (min/mean/max of values from [53]) to cover the potential variation. The soil depth
numbers are taken from the regional soil depth map provided by Amhara Design and Supervision
Works Enterprise (ADSWE) [48] and the nitrogen deposition levels come from [53].

Study Area Soil Depth (m) N Deposition
(g N m−2 year−1)

Gelawdiwos 2.5/3.0/3.5 0.507/0.747/0.986
Katassi 1.0/1.5/2.0 0.507/0.747/0.986

Mahibereselassie 0.2/0.4/0.6 0.507/0.747/0.986
Taragedam 1.0/1.5/2.0 0.507/0.747/0.986

3. Methods

3.1. The Ecosystem Model

For the simulation of forest carbon storage (objectives 1 and 3), we employed
the biogeochemical-mechanistic ecosystem model Biome-BGC [55,56], which simulates flux dynamics
of the water, carbon, and nitrogen cycle for a terrestrial ecosystem on a daily time step. For this study,
we used Biome-BGC version 4.1.2 [29,51] with an improved self-initialization algorithm to mimic
undisturbed ecosystems [57,58] and forest management routines e.g., historic land use changes,
thinning, clear-cut and planting [30]. Biome-BGC is fully prognostic and does not require detailed forest
data for model initialization. It is initialized by a so called “spin-up” run [27,29,57,59], which mimics
the accumulation of soil and vegetation carbon and nitrogen under constant conditions (available
climate data recycled, constant preindustrial CO2 and nitrogen deposition) until a “steady-state”
is reached (typically after few thousands of years). Since CO2 concentration and nitrogen deposition
have increased and most forests have experienced some form of forest management, which may have
led to forest degradation, the next step is typically to perform “modern-forest-simulations” addressing
these changes to realistically mimic the current ecosystem fluxes for a given forest [27,30].

Key processes within Biome-BGC are the photosynthetic carbon assimilation, autotrophic
respiration (maintenance respiration plus growth respiration), allocation among different plant
compartments, mortality, litterfall, mineralization processes, nutrient and soil water uptake, rainfall
interception, soil water infiltration and storage, runoff and evapotranspiration. Leaf area determines
potential forest productivity as well as rainfall partitioning (interception, through fall) and evaporation
from soil. Carbon assimilation is calculated with the Farquhar photosynthesis routine [60].

Growth respiration is a fixed fraction of the amount of carbon allocated to different plant structural
compartments [61], whereas maintenance respiration depends on the nitrogen content of the tissue [62].
CO2 availability for photosynthesis is regulated by the stomata, where the CO2 influx depends on
maximum conductivity, and stomatal closure is limited by radiation, moisture of the atmosphere
and water content in the leaves, which is controlled by the soil water potential. Soil water potential
is calculated from the soil water and texture following [63,64]. Key model outputs are Gross Primary
Productivity (GPP), Net Primary Productivity (NPP; GPP minus autotrophic respiration), and carbon
storage in the living biomass, the litter, coarse woody debris and the soil.

3.2. Eco-Physiological Parameters

Within Biome-BGC, biomes or species are defined by 39 “Eco-physiological parameters”, which
characterize a forest ecosystem (and are stored in the epc-file). The original Biome-BGC model was
developed for seven different biome types (evergreen broadleaf, deciduous broadleaf, evergreen
needle, deciduous needle, shrubs, and C3 grass (temperate or cool-season grasses, using C3 carbon
fixation) and C4 grass (tropical or warm-season grasses, using C4 carbon fixation) [65]. Over the years
some regional or species-specific parameter sets were published [66,67].
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For our study, we selected the parameter set proposed for tropical forests by [66]. For the driest
study sites located in the lowland area, Mahibereselassie, we changed the evergreen phenology,
because most tree species in the lowland area are dry-deciduous or semi-deciduous and the flushing
of leaves as well as litterfall is controlled by the precipitation pattern. Budburst starts at the beginning
of the rainy season in April, and the annual litterfall is in December. According to these regional
conditions, we changed the date of the vegetation period in the epc-file and set the start date of
the growing season in Mahibereselassie to day 90 and the end date (final dropping of the leaves)
to the last day of the year (day 365).

3.3. Simulation Procedure

3.3.1. Current Forests

For the simulation of the current forests in the four study areas with Biome-BGC, we used the atmospheric,
soil (texture, depth) and eco-physiological input data as described in Sections 2.3, 2.4 and 3.2, respectively.
The variations in soil depth and nitrogen deposition we employed are shown in Table 2.

We started with the spin-up run followed by a “realistic” land use history scenario (Figure 3).
For the spin-up, the available climate records were used repeatedly, after having been corrected based
on the assumption that Ethiopian highlands had experienced long lasting cooling periods during
the Holocene [68–70]. We addressed this historic cooler climatic periods in our spin-up runs by
reducing the daily mean temperature of the available daily climate data by 3 ◦C and by increasing
the daily precipitation by 20% [69].
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Figure 3. Working procedures of simulation and model evaluation.

Next, the carbon and nitrogen stocks resulting from this self-initialization had to be adjusted for
forest management impacts [28]. Note that even the simulated protected “church forests” cannot be
considered as pristine forests because some management impacts (e.g., harvesting, etc.) were evident.
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For all four forest areas, cutting of selected high valuable trees and the removal of suppressed trees for
fuelwood was reported (from interviews, documents, [32]). Based on these indications of intensive
and uncontrolled extractions, we assumed an annual harvest of 5% of the biomass, as harvest must
be assumed to be clearly more than the 3% mortality from the eco-physiological parameter set [66].
As related to the annual harvest, the same share of leaves and fine roots was transformed into litter
and the same share of coarse roots was moved to the woody debris carbon pool.

3.3.2. Rehabilitation Pathways

We also used Biome-BGC to assess the rehabilitation potential of afforestation on degraded
agricultural land and the time it may take until a new “equilibrium” or “steady state” in
the accumulated biomass and soil carbon stocks is achieved. After manually setting the soil carbon
and nitrogen values in the model equal to the recorded values on the degraded agricultural land
(see Table 3) and assuming a “standard BGC planting” of forests (using the previous tropical forests
epc-file), the simulations were started. For simplicity, the current climate data were repeatedly used
without assuming any future changes in climate (because reasonable climate change projections
for the next few thousand years do not exist). Since undisturbed forest development seems to be
unrealistic due to the enormous demand for fuelwood, we employed three different management
scenarios: (i) no management, (ii) 2.5%, and (iii) 5% annual extraction of timber. The corresponding
amount of leaves and fine roots was transferred to litter pool, and coarse roots to coarse woody
debris, respectively.

Table 3. Summary of the available soil data; The grid data refer to the soil carbon, nitrogen and
Sand/Silt/Clay information collected on parts of the forest inventory grid points; The transect data are
based on [32] and refer to transects with 10 samples taken every 50–100 m, placed in the agricultural
area of our study areas.

Study Area

Grid Data Transect Data

Forest Soil Agricultural Soil

N Carbon
(t ha−1)

Nitrogen
(t ha−1) Sand/Silt/Clay (%) N Carbon

(t ha−1)
Nitrogen
(t ha−1)

Gelawdiwos 7 207.4 ± 24.0 19.0 ± 2.2 8/40/52 10 116.5 ± 22.4 9.3 ± 1.9
Katassi 14 204.5 ± 31.8 17.6 ± 2.7 15/40/45 10 31.0 ± 9.6 5.1 ± 1.3

Mehabereselessie 15 60.7 ± 38.5 5.5 ± 3.5 55/23/22 10 77.1 ± 29.9 5.5 ± 2.5
Taragedam 7 173.1 ± 28.4 14.9 ± 2.4 13/40/47 10 102.8 ± 34.8 9.0 ± 2.6

4. Results

4.1. Evaluation of Biome-BGC for Ethiopian Afromontane Forests

Observed vegetation carbon stocks, soil carbon and NPP differed markedly among the four
study areas. Gelawdiwos, the study area highest in elevation showed the highest productivity and
carbon storage, whereas Mahibereselassie, located in the dry lowlands showed the lowest productivity
and carbon storage. Taragedam with the second lowest precipitation also showed the second lowest
productivity and carbon storage.

Biome-BGC simulations followed this general pattern. Note that the assumed management with
5% extraction annually was identical for the performed simulations in the four study areas. Figure 4
shows the median, the 25th and 75th percentile values of predicted versus observed vegetation and
soil carbon. The observed vegetation carbon of the four study locations ranged from 1 t C ha−1 to
187 t C ha−1. The corresponding Biome-BGC predictions of the carbon content of the vegetation
carbon for nine combinations of soil depth and nitrogen deposition levels ranged from 11 t C ha−1

to 67 t C ha−1. The observed soil carbon ranged from 14 t C ha−1 to 253 t C ha−1 and the modeled
numbers ranged between 16 t C ha−1 to 242 t C ha−1.
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M = Mahibereselassie (n = 19/15/19), T = Taragedam (n = 36/7/36). The boxplots depict the median
(black central line), the 25th and 75th quartile of the samples and outliers (circles). Variation in the model
predictions resulted from three variants of soil depth and nitrogen deposition to cover site variation
in the study sites (n = 9).

NPP derived from the recorded data, ranged between 4 g C m−2 year−1 to 1567 g C m−2 year−1

(Figure 4). Corresponding Biome-BGC predictions were within a range of 186 g C m2 year1 to
1095 g C m−2 year−1. Except for Mahibereselassie, predicted NPP was in the range of observed NPP.

4.2. Land Use Change Effects

We compared the soil carbon and nitrogen content for the forested areas and the neighboring
agricultural land (Table 3). For three sites (Gelawdiwos, Katassi and Mahibereselassie), the available
soil information came from crop land, while in Taragedam, the soil data came from grazing land
since no crop land was available in the area [32]. All sites showed significantly lower soil carbon and
nitrogen stocks on the agricultural land compared to the forest, except the dry lowland study area
Mahibereselassie. The Mahiberseselassie site is not a typical forest area, since trees do not form closed
forest stands due to limitations in precipitation. In addition, the “forest area” experienced intensive
grazing and regular grass burning impacts [32]. The most dramatic reduction in soil carbon stocks
was observed in Katassi, where 85% of the soil carbon was lost. These differences are the result of
approximately 40 to 50 years of intensive farming since the conversion of forest to agricultural land,
including the typical erosion effects during the rainy seasons in the highlands of Ethiopia.

4.3. Rehabilitation

Next, we evaluated the soil amelioration potential of afforestation of these degraded soils by
simulating afforestation of the three severely degraded sites with Biome-BGC. After degradation,
it could take a few decades to over 2000 years until a new steady state in nitrogen and carbon pools
would be reached (Figure 5). The steady state of soil carbon for the three highland study areas lie
between 100 t C ha−1 and 125 t C ha−1 for 5% annual extraction, between 130 t C ha−1 and 155 t C ha−1

for 2.5% annual extraction and 200 t C ha−1 to 235 t C ha−1 for no management. For our simulation,
we used the current climate conditions, since employing climate change scenarios for such a long
projection period is unrealistic.

56



Forests 2018, 9, 18 11 of 16

1 
 

 
Figure 5. Soil carbon (first row) and vegetation carbon trend (second row) attained on degraded sites
after afforestation, without human intervention (left) and with human intervention (2.5% thinning,
center and 5% annual thinning, right).

During recovery, two marked changes in accumulation velocity of vegetation and soil carbon
can be observed. The first marked change in carbon accumulation velocity takes place after some
decades, when the system reaches its equilibrium between the annual biomass accumulation and
the biomass loss through mortality and harvesting. Net soil and vegetation carbon build up continue
on a slower rate past this point, because the system is still accumulating nutrients (i.e., nitrogen from
nitrogen deposition and nitrogen fixation). Only much later (some hundreds or thousands of years
later), equilibrium between nutrient accumulation and nutrient loss is reached, and soil and vegetation
carbon stocks stay more or less stable.

5. Discussion

Biogeochemical-mechanistic modeling is a powerful diagnostic tool to assess the carbon and
nitrogen fluxes within our study areas. Although the species composition of the natural Afromontane
forests in Ethiopia is very rich and diverse, the eco-physiological parameter settings suggested by [66]
are applicable within the area. After adjusting for the length of the growing season (on the site with
predominant deciduous vegetation cover) and addressing harvesting impacts, the above ground
biomass, as well as soil carbon and NPP predictions derived with Biome-BGC revealed consistent
estimates versus field observations (Figures 4 and 5). This suggests that our chosen approach mimics
the ecosystem fluxes (i.e., carbon, nitrogen and water) as well as potential harvesting impacts correctly
for Afromontane ecosystems of the Amhara region of Northwestern Ethiopia.

This is an important finding because forests cover about 251,000 ha or 2% of the total land
area (15.7 million. ha) in Amhara region [38], but no systematic forest monitoring or empirically
driven forest growth and yield model for ensuring sustainable forest management is in place.
Considering the enormous pressure of a fast-growing population on the remaining forest resources,
this lack of information is one of the key obstacles for sustainable forest management in the region.
The option we tested in this study to circumvent this lack of information is the application
of biogeochemical-mechanistic modeling theories.

Although the model results fit with the observed data (Figures 4 and 5), the limitations of
the modeling approach versus growth and yield models is the level of abstraction in the general
modeling approach. This makes forest stand specific predictions, including single tree mortality or
specific harvesting operations, difficult [67]. This may be one of the reasons that the model predicted
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higher vegetation carbon versus the observations in Taragedam (Figure 4), as the study sites in
Taragedam experienced stronger human interventions and cattle grazing versus the other study
sites [71,72].

The key problem within the highlands of the Amhara region is land use change (the conversion
of forests into agricultural area) to feed a fast growing population [4,73,74]. An enormous loss in soil
fertility due to erosion is associated with this reduction in forest area. We observed that 40 to 50 years
after converting forests into agricultural land, the carbon and nitrogen content in the soil declined
by 40% to 85% of the remaining neighboring forested areas (Table 3). The dramatic deterioration of
the soils within this short period of time is also reported by other studies showing similar trends [75,76].
The underlying parent material in Amhara is granite with an extremely low release of nutrients from
weathering. Removal of the forest cover leads to enormous soil erosion during the heavy and intensive
rainy season [34], associated with a removal of the top soil layer. Once the forest vegetation and
the top soil layer are gone, the key source for nutrients is gone [32]. Future productivity is therefore
jeopardized by two effects, i.e., loss in nutrients through vegetation clearing and erosion, and the low
rates of replenishing of the lost nutrients from weathering of the rock and from nitrogen deposition
and fixation [77].

One option to stabilize and eventually ameliorate productivity is to replant forests on such
degraded sites. Any permanent land cover will decrease further erosion and will lead to nitrogen
and litter input due to litterfall and consequently to a recovery of the carbon and nutrient stocks,
and the water retention capacity. The rate of carbon pool accumulation varied by harvesting
intensity (Figure 5). Regardless of the employed harvesting scenario, soil fertility will increase
again, but it will stabilize at different levels according to the harvesting intensity. Remarkably, the
soil carbon equilibrium levels for the two management scenarios lie below the current forest soil
carbon stocks. This indicates that the current higher forest soil carbon stocks (Figure 4) are a legacy
of a former ‘better’ climate (compare Section 3.2, climate assumption for the spin-up: 20% higher
precipitation and 3 ◦C lower temperature in comparison to today). Thus, although afforestation is
strongly recommended since it has a high ameliorating potential of degraded soils, it is questionable
if the mistakes from the past can ever be fully repaired under today’s climatic conditions. We did not
use climate change scenarios for above mentioned reason. However, a scenario of more irregular and
intensive precipitation events [78] would increase erosion and slow down the soil recovery especially
in the already water-limited lowland areas of Amhara region. In any case, the importance of avoiding
deforestation in the first place, is the key message which needs to be conveyed to any government in
tropical developing countries around the globe.

6. Conclusions

With this study, we provided insights into how land use changes—converting natural forest areas
into agricultural land—affect the soil fertility and thus the productivity expectations of Afromontane
forests in the Amhara region of Northwestern Ethiopia. Within 50 years, soil fertility expressed
by the carbon and nitrogen content in the soil has dropped by half or more versus areas covered with
forests; and rehabilitation may take hundreds or thousands of years if soil fertility prior to the land
use change were to be reached. Countries such as Ethiopia, where no forest inventory system exists,
urgently needs a tool to assess carbon storage in forest ecosystems and analyze land use impacts as well
as associated productivity changes. We could show that the ecosystem model Biome-BGC can serve
as such a diagnostic tool, owing to the model’s mechanistic representation of natural biogeochemical
processes based on the interactions of climate, site, the simulated vegetation type and management.
The model could, therefore, be utilized for large-scale forest productivity estimates and afforestation
planning for selecting the most suitable sites in Amhara, Ethiopia.
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Abstract: Forests are a key player within the global carbon cycle and reforestation is an important
climate change mitigation mechanism. In this study, we identify potentially suitable areas for
reforestation to assess the carbon sequestration potential in the highly deforested and degraded
Amhara region of Ethiopia. We apply biogeochemical mechanistic ecosystem modelling to predict
the amount of carbon that can be potentially sequestered within different time horizons. Since human
intervention plays a key role within the Amhara region, three different forest management scenarios
and five different rotation periods following reforestation are tested: (i) unthinned; (ii) removal
of 5% of the stem carbon every 20 years (thinning 1); and (iii) removal of 10% stem carbon every
20 years (thinning 2), as well as a rotation period of 10, 30, 50, 100, and 150 years. Sustainable
management of reforested land is addressed by implementing the so called ‘Normal-forest’ system
(equal representation of every age class). This ensures the long term sequestration effect of reforested
areas. The study shows that 3.4 Mha (Mha = Million hectare) of land, including bare land (0.7 Mha),
grass land (1.2 Mha), and shrub land (1.5 Mha) can be considered as ecologically potentially suitable
for reforestation. Assuming a 100 year rotation period in a ‘Normal-forest’ system, this shows that a
total net carbon sequestration potential of 177 Tg C (10.8 Tg C in the soil and 165.9 Tg C aboveground;
Teragram = 1012 g) is possible, if all 3.4 Mha are replanted. The highest total net carbon sequestration
(soil and aboveground) was evident for the Highland-wet agro-ecological zone, whereas the lowest
values are typically in the Midland-dry zone. The highest net aboveground carbon sequestration
was predicted for reforestations on current grass land and shrub land versus bare land, whereas the
highest net soil carbon sequestration was predicted on current bare land, followed by grass land and
shrub land.

Keywords: reforestation; carbon sequestration; forest management; Normal-forest; Ethiopia

1. Introduction

Information on forest carbon dynamics, carbon stocks, and the sequestration potential of forests
is increasingly necessary, as forests play a significant role in mitigating climate change. The highest
proportion of terrestrial carbon is stored in forest ecosystems [1]. Thus forests are important to balance
global carbon dioxide (CO2) [2–4]. Human activities are important considerations because land use
change and forest management directly affect the forest conditions and thus the carbon cycle.

In Ethiopia, population growth and investment followed by deforestation and land use change
have led to a dramatic decline in forest land during the last decades [5–7]. Additionally, we see heavy
disturbances in the remaining natural forests, such as cattle grazing or logging that result in severe
soil degradation [8–10]. A study in the north-western highlands of Ethiopia revealed a decrease in
natural forest cover from 27% in 1957 to 2% in 1982 and to 0.3% in 1995 [11]. The study also shows
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that between 1957 and 1995 about 99% of the forest cover was mainly lost to land cultivation, with an
increase of 77% in cultivated land. This depicts a huge loss of biomass and soil carbon following land
use changes [9,10,12]. Houghton et al. [13] reported that land use changes may account for 33% of the
total anthropogenic carbon emission between the years 1850 to 2000. A study by Pan et al. [1] reported
that about one petagram of carbon is emitted yearly due to tropical land-use change.

Forest management may create a carbon sink through reforestation and rehabilitation of degraded
land or may result in a carbon source due to overexploitation [14–16]. Studies on forest carbon stock
under different management regimes have shown inconsistent findings. While some studies report a
loss of carbon stock following management activities, others show no detectable differences between
managed versus unmanaged forests. For example, Achat et al. [4] compared conventional with
intensive harvesting using 284 forest sites and found a 22% loss of carbon in the forest floor carbon
following conventional harvesting. However, no significant differences were reported in the lower
soil layers. Hoover [17] found no significant differences between three different forest management
scenarios (unthinned, minor thinning, and heavy thinning) in both the forest floor and soil carbon.
Certainly, the intensity and management type (ranging from light thinning to clear cut), as well as the
thinning interval determines the impact on the carbon pools of forests [18].

Increasing the forest area and implementing sustainable forest management practices
are important cost-effective options for climate change mitigation [19,20]. Sustainable forest
management helps to sequester carbon and provides timber and fuelwood, a renewable energy
source. The Intergovernmental Panel on Climate Change (IPCC) identifies three types of climate
mitigation options in the forestry sector, namely afforestation, reforestation, and reducing/avoiding
deforestation [21]. This suggests activities for reducing emissions from land use change, as it is
included in the climate mitigation objectives of the United Nations Framework Convention on Climate
Change (UNFCCC) [22]. At the UNFCCC 2005 meeting, this topic was negotiated and activities were
put forward that are known under the term REDD (REDD-Reducing Emissions from Deforestation
and forest Degradation) and REDD+, the latter of which explicitly adds the role of sustainable forest
management and its role for carbon management in developing countries.

REDD+ has gained enormous attention in many developing countries, including Ethiopia
since it is also seen as a financial mechanism to improve the environmental conditions by avoiding
deforestation and promoting reforestation/afforestation programs [23]. The implementation of REDD+
will also lead to social and environmental benefits by providing timber for various purposes and
supports biodiversity conservation [24]. According to these political goals, in 2011 the Ethiopian
government developed a Climate Resilient and Green Economy (CRGE) strategy to transform the
economy by 2025 [25,26]. The plan aims for protection of the environment and to decrease the CO2

emissions. In Ethiopia, about one third of the emissions come from forestry (55 Mt CO2e of the total
150 Mt CO2e in 2010) [26] and 50% are the result of deforestation. Under CRGE, the government has
set a target to reforest 7 million ha by the year 2030. The National Forest Sector Development Program
of the recent national REDD+ Strategy [27] has set a target of 16.1 Mha reforested land by 2030, which
would double the current forest area in Ethiopia.

Land use conflicts (crop production, grazing, infrastructure etc.) and uncertainties in user
rights [28] may impose serious limitations for successful reforestation activities. Planting activities
may compete with food security [29]. Many Ethiopian farmers convert their crop land to plantations
due to the growing market for construction and fuelwood [30]. Today, Eucalyptus sp. L’Hér. accounts
for about 90% of Ethiopian plantations and studies show that these Eucalyptus sp. plantations strongly
affect the soil conditions, the ground water, the wetland areas, and the biological diversity [31–33].
Thus, experts are increasingly pushing the government to ratify rules that ban Eucalypt plantations
on cropland, along rivers, lakes, and in wetland areas. As a result, the current Ethiopian REDD+
implementation strategies focus on (i) the reforestation of grass and shrub land areas; (ii) the
enhancement of agroforestry practices with indigenous species; and (iii) sustainable forest management
of the remaining natural forests [26,34].
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The remaining natural forest areas, even though they are often degraded, are banned from
human intervention [11,16,35] as they are highly important for implementing the CRGE strategy of the
Ethiopian government. Information from available studies in Ethiopia focuses on the aboveground
and soil carbon stock of current forests using plot level information [14,15]. However, only a few
studies [25,26,34,36] address the carbon sequestration potential due to reforestation and sustainable
forest management in Ethiopia.

The purpose of this study is to estimate the reforestation potential and carbon storage options of
degraded dry tropical Afromontane landscapes in the Amhara region of Ethiopia. Since forests are
an important source of fuel and construction material for the local population, we include (a) three
different thinning scenarios and (b) five different rotation lengths (10, 30, 50, 100, and 150 years),
assuming a so called ‘Normal-forest’ system (equal representation of every age class). No climate
change scenarios are considered, though, because of the high additional uncertainty different climate
change trajectories would cause over such long simulation periods, when one purpose of this study is
to compare the impact of different rotation lengths. As a diagnostic tool, we chose the process-based
biogeochemical (BGC) ecosystem-flux model Biome-BGC to estimate the carbon sequestration potential
of reforestations in different agro-ecological zones, for different current land uses, and under different
forest management options. The model was chosen because it simulates forest growth and soil
development by simulating major carbon, nitrogen, and water pools in fluxes in response to climatic
and soil variables and different forest management options. In a previous study, the model had been
tested and evaluated with measured vegetation carbon, soil carbon, and net primary production (NPP)
data across different agro-ecological zones (across elevation, temperature, and precipitation gradients)
within the Amhara region [10].

The main working steps can be summarized as follows. (i) Identifying the potentially suitable
reforestation areas; (ii) predicting the soil and aboveground carbon sequestration potential in different
agro-ecological zones according to different land use types; and (iii) assessing management impacts
(thinning and rotation length) on the forest soil and aboveground carbon stocks.

2. Materials and Methods

2.1. Study Area

Our study area, the Amhara region in Northern Ethiopia, extends 9◦20′–14◦20′ N and
36◦20′–40◦20′ E, and covers 15.7 Mha (Million Hectares). The current land use distribution, according
to the Bureau of Agriculture [37], consists of 12 land use classes (Figure 1a). The region has a high
altitudinal gradient, ranging from lowland (500 m) to high alpine areas, with Ras Dejen as the highest
peak (4620 m above sea level) (Figure 1b). The mean daily temperature is 17.1 ◦C. The mean annual
precipitation is 1270 mm, with 80% of the annual rainfall recorded between June and September. The
natural vegetation in the Amhara region according to Friis et al. [38] is classified as follows:

• Combretum-Terminalia woodland and wooded Grassland in the lowlands (<1800 m);
• Dry evergreen Afromontane forest and Grassland (1800–3200 m);
• Afro-alpine vegetation and Ericaceous belt (>3200 m).

The ‘Combretum-Terminalia woodland and wooded grassland’ is dominated by deciduous
lowland small tree/shrub species such as Sterculia setigera Delile., Boswellia papyrifera Hochst.,
Terminalia laxiflora Engl., and Acacia species and a well-developed grass layer. The ‘Dry evergreen
Afromontane forest and grassland’ covers a high diversity of Afromontane species, including
Chionanthus mildbraedii (Gilg & G.Schellenb.) Stearn, Ekebergia capensis Sparrm, Albizia schimperiana
Oliv., Prunus africana (Hook.f.) Kalkman, Juniperus procera Hochst. ex Endl., and Schefflera species
J.R.Forst. & G.Forst. In the ‘Afro-alpine vegetation and Ericaceous belt’, species such as Erica arborea L.,
Lobelia rhynchopetalum Hemsl., and Helichrysum citrispinum Delile are common.
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2.2. Model Description and Simulation Procedure

We used the process-based biogeochemical mechanistic ecosystem model Biome-BGC [39,40]
version 4.1.2 [41] to assess the impact of reforestation/afforestation (hereafter called reforestation)
and different forest management scenarios on carbon storage across the highly diverse landscape of
Amhara. The model was chosen because it simulates forest growth and soil development in response
to atmospheric (climate, CO2 concentration, nitrogen deposition) and soil variables (i.e., total soil depth
and texture) and different forest management measures, such as planting of specific forest types, clear
cuts, and different types and intensities of thinning. The advantage of the model is that it simulates
pools and, compared to other ecosystem models, it does not require tree populations to initialize a
simulation run. Furthermore, in a previous study we evaluated Biome-BGC for different forest and
agro-ecological zones (across elevation, temperature and precipitation gradients) in the Amhara region,
using measured vegetation carbon, mineral soil carbon, and net primary production data [10].

Biome-BGC simulates the pools and fluxes of carbon, nitrogen, and water in a specific ecosystem.
Carbon is stored in different plant and soil compartments, characterized by specific C/N-ratios,
lifespan, and degradability. Carbon assimilation (gross primary production—GPP) is simulated
with the Farquhar-photosynthesis routine. The supply with CO2 for photosynthesis is regulated
by stomatal conductance. Growth and maintenance respiration lower the amount of carbon that
can be used for the build-up of the plant compartments (GPP-respiration = NPP). Dead organic
matter is decomposed and builds up the soil carbon stocks. The velocity of decomposition depends
on the content of labile organic carbon, cellulose, and lignin in the different plant compartments.
Decomposition provides mineralized nitrogen for plant growth. The main water cycle processes
are interception (leaf area index—LAI and leaf type dependent), storage in the soil (soil depth and
texture dependent), and evapotranspiration from the soil or through the leaves (stomatal conductance
dependent). The processes in Biome-BGC typically also are temperature and moisture dependent
and are interconnected through various feedback-loops within and among the carbon, nitrogen,
and water cycles. All details on the processes have been previously published [39–43]. Biome-BGC
uses either biome or species specific eco-physiological parameters to simulate pools and fluxes of
a given forest ecosystem [43–46]. Within Biome-BGC, a typical ecosystem or biome type is defined
by 35 eco-physiological parameters, which can be obtained from the literature [43], or intensive
monitoring sites [44]. For this study, we selected the eco-physiological parameters for the biome type
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‘tropical evergreen broadleaved forest’, suggested by Ichii et al. [47] for several reasons: (1) We had
already successfully used and evaluated this parameter set for its applicability on diverse Ethiopian
dry Afromontane forest ecosystems [10]; (2) We assumed a reforestation with a natural species mix as
opposed to frequent plantations with non-natives such as Eucalyptus sp.; (3) There is no other suitable
parameter setting available for Ethiopian Afromontane forests.

As a fully prognostic model, Biome-BGC has two main working steps: the ‘spin-up’ and the
current simulation run. The first step, the spin-up, initializes the model for a given ecosystem by
mimicking the development of a theoretical virgin forest ecosystem [41,42]. In the spin-up run, the
model accumulates carbon and nitrogen until the carbon content of the mineral soil has reached a
‘steady state’. After the spin-up, the second modelling step addresses potential historic impacts due to
management, changes in forest type/species, and atmospheric conditions as they affect the carbon
balance of ecosystems.

The forest simulations are performed on a systematic grid size resolution of 0.083◦, which means
that every tenth climate grid point is simulated (see Section 2.3). Every simulation grid point represents
an area of 9 km by 9 km. With this approach, we ensure the necessary level of detail (sufficient number
of grid points within the expected vegetation groupings) and are flexible enough to increase the level
of detail (more grid points) within a specific area of interest, if needed.

2.3. Climate and Geospatial Data

2.3.1. Daily Climate Data

For the study area, 32 years (1979–2010) of daily climate data, namely, minimum and maximum
temperature (◦C) and precipitation (mm), are available from Sisay et al. [48]. This data set consists of
downscaled global precipitation and temperature data at a 0.0083◦ resolution and has been validated
with local meteorological stations from the Amhara region [48]. In addition to the daily minimum and
maximum temperature and precipitation, solar radiation, vapor pressure deficit, and day-length are
required for running Biome-BGC and for calculating the aridity index.

With daily minimum and maximum temperature, as well as daily precipitation, we derived solar
radiation (Wm−2), vapor pressure deficit (Pa), and day-length (s), using the algorithms implemented
in the Mountain Climate Simulator (MT-CLIM) [49,50].

2.3.2. Aridity Index

With the available climate data we derived the aridity index (AI), defined as a ratio of the mean
annual precipitation (P) versus the mean annual potential evapotranspiration (MEP) [51]:

AI = P/MEP, (1)

Potential evapotranspiration is a measure for the ‘drying power’ of the atmosphere in removing
water through evapotranspiration from the surface at optimal crop and soil water conditions [52,53].
We used the formula of Hargreaves et al. [54] to calculate the MEP, which is similar to the FAO
Penman–Monteith method [52]. It has the advantage of requiring fewer climate parameters [23].
Potential evapotranspiration (PEP, mm/month) for every month was calculated according to the
following formula and later summed up to an annual estimate:

PEP = 0.0023× RA× (Tmean + 17.8)× TD0.5 (2)

where Tmean is the mean monthly temperature (◦C), TD the mean monthly temperature range (◦C),
and RA solar radiation (MJ m−2 day−1).
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2.3.3. Initial Soil Conditions

Realistic estimates of the current aboveground carbon as well as of the soil carbon and nitrogen
stocks of potential reforestation areas are important for our analysis. These numbers are important
for assessing growth and productivity of planted trees [18] and deriving realistic starting conditions
for our Biome-BGC simulations. Current stocks are also necessary to calculate the carbon gain after
reforestation. Typically, it is impossible to find detailed field inventory data at a larger scale. For our
study, only few empirical mineral soil data were available from local inventories, including data
collected in one of our previous studies [5,9,55–61]. From these published results, we derived mean
soil carbon and nitrogen by land use type and a correction factor for soil carbon and nitrogen from a
preparatory spin-up simulation to obtain spatially explicit soil carbon and nitrogen stocks across the
study area as a starting condition for the reforestation simulations.

The starting conditions were generated according to the following procedure: (i) From available
literature we calculate the current mean soil carbon (SoilCL) and current mean nitrogen (SoilNL) content
by land use type (Table 1); (ii) as a result of the spin-up simulations with Biome-BGC (see Section 2.2),
we have a theoretical maximum soil carbon stock (SoilCM) by land use type for each grid point;
(iii) using the reported literature values and the spin-up results, we can derive a soil correction factor
(CF) as the ratio of the mean SoilCL versus theoretical mean SoilCM; (iv) we use this correction
factor to calculate the individual current (=‘initial’) carbon stock (SoilCI) for each simulation point by
multiplying the spin-up values of each simulation point (SoilCM) with the correction factor (CF) by
land use type; (v) finally, we determine the individual initial soil nitrogen (SoilNI) for each simulation
point by dividing SoilCI with the observed C/N ratios from the literature (SoilCL/SoilNL). All above
mentioned parameters are shown by land use type in Table 1.

2.3.4. Other Site and Atmospheric Data

The physical site variables soil depth and texture were derived for every simulation point
from the regional soil depth and texture map, provided by Amhara Design and Supervision Works
Enterprise [62]. Slope, aspect, and elevation for each simulation grid point were extracted from the
regional Digital Elevation Model (DEM, 30 m by 30 m). According to Friis et al. [38] and Hurni [63],
the Ethiopian Afromontane area can be classified in Lowlands, Midlands, Highlands, and Alpine
elevation areas (see Figure 1b).

Preindustrial atmospheric CO2 concentration and nitrogen deposition information, as needed for
Biome-BGC, was set to 278 ppm [50,64] and to 0.129 gN m−2 year−1 [65], respectively. The current
average nitrogen deposition rate is 0.747 gN m−2 year−1, calculated as the mean of two different values
(0.507 and 0.986 gN m−2 year−1) given by Dentener et al. [65] for the study area.
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Table 1. Site characteristics and initial conditions of identified reforestation areas. The size of each land use in million hectares (Area), number of simulation points
(Points), mean daily minimum temperature (Tmin), mean daily maximum temperature (Tmax), mean annual precipitation (Pmean), literature derived current soil carbon
(SoilCL), aboveground carbon (AboveCL) and soil nitrogen (SoilNL), median soil carbon from spin-up simulations (SoilCM) representing the theoretical maximum,
correction factor (CF) calculated as the ration of SoilCL and SoilCM and results for the initial soil carbon stocks (SoilCI) derived from the spin-up results of each
simulation point multiplied with the correction factor, and averaged over all simulation points per land use type. Initial soil nitrogen stocks (SoilNI) was calculated as
SoilCI devided by the C/N ratio from the literature (SoilCL/SoilNL). The values in the parenthesis give the minimum and maximum.

Land
Use

Area
(Mha) Points Tmin (◦C) Tmax (◦C) Pmean

(mm)
SoilCL

(t C ha−1)
AboveCL
(t C ha−1)

SoilNL
(t N ha−1)

SoilCM
(t C ha−1)

CF
(%)

SoilCI
(t C ha−1)

SoilNI
(t N ha−1)

Bare
land 0.7 81 9.2

(5.0–15.7)
23.5

(18.0–29.8)
1130

(440–2240) 25.3 a 0.0 2.0 f 146
(43.2–57.2) 17.1 26.9

(7.4–61.4)
2.6

(0.7–6.1)

Grass
land 1.2 135 9.9

(4.8–14.6)
23.7

(17.4–28.8)
1440

(550–2960) 52.1 b 2.4 d 5.0 g 145
(54.1–58.1) 35.9 58.8

(19.4–128.2)
5.9

(1.9–12.8)

Shrub
land 1.5 160 10.4

(4.7–14.7)
24.7

(18.5–28.4)
1170

(500–2670) 50.0 c 7.1 e 5.1 h 111
(47.9–39.6) 45.0 58.5

(21.5–152.5)
5.8

(2.2–15.2)
a Calculated mean soil carbon (t C ha−1) of: 26.3 [60], 14.2 [59], 35.5 [61]; b Calculated mean soil carbon (t C ha−1) of: 48 [57]; 52.6 [58], 40.9 [5], 67 [9]; c Calculated mean soil carbon
(t C ha−1) of: 50.9 [57], 26.2 [59], 54.0 [61], 69 [9]; d Calculated mean aboveground carbon (t C ha−1) of: 1.3 [61], 1.0 [55], 2 [15], 5.2 [56]; e Calculated mean aboveground carbon (t C ha−1)
of: 9.1 [61], 5.3 [55], 3.9 [15], 1.1 [14], 15.9 [56]; f Calculated mean soil nitrogen (t C ha−1) of: 2 [60]; g Calculated mean soil nitrogen (t C ha−1) of: 5 [57], 4.9 [58], 5 [5], 6 [9]; h Calculated
mean soil nitrogen (t C ha−1) of: 5 [57], 5.2 [9].
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2.4. Forest Management Scenarios

Forest management type, the management interval, and intensity may differ depending on
the goals of the land owner. In Ethiopia, it is difficult to find documented forest management
practices, which are implemented in private or state owned forest areas. Furthermore, sustainable
forest management, as is common in Europe or other parts of the world, is unknown in Ethiopia. As a
result, species selection and management type in private plantations are driven by the demands of the
timber market.

In this study, we address potential forest management options according to REDD+ ideas
(i.e., optimizing carbon sequestration and providing social and environmental benefits) and define
three different thinning regimes: (i) unthinned (control scenario); (ii) thinning 1, with tree removal of
5% of the standing volume every 20 years; and (iii) thinning 2, with a removal of 10% of the standing
volume every 20 years. The first tree removal was assumed at age 40 years in the latter two scenarios.
Thinning as simulated with Biome-BGC involves a certain proportion of live biomass either being
removed from the system or transformed to other carbon pools.

All leaves and fine roots of the cut trees are translocated into the so called ‘litter’ carbon pool,
which is characterized by the fasted degradation, and coarse roots are translocated into a ‘coarse wood
debris pool’, where the cellulose and the lignin content are responsible for a much slower degradation
as compared to the ‘litter’ pool. The degradation of litter and coarse woody debris (stemming from
thinning and natural mortality) contributes to the build-up of the soil carbon stocks. As timber and
fuelwood consumption is assumed, the thinned stem carbon is removed from the system.

In addition to the thinning scenarios, we propose the implementation of the ‘Normal-forest’
approach, which provides a simple framework for ensuring sustainability based on an equal
distribution of the land area by age and a defined rotation length. With this implementation design we
ensure sustainable forest management by providing a sustainable income option for the land owners
so that a mutual interest in planting trees, income and a reduction of deforestation or even recovery
of land can be generated. For example, if we reforest 500 ha of land with a defined rotation length
of 100 years, we start by reforesting 5 ha every year to ensure an equal age class distribution after
100 years. From the year 100 onwards, a sustainable annual harvest of 5 ha per year is ensured. The cut
5 ha may then regenerate naturally or be replanted. In addition, thinning options are possible to allow
the harvest of forest resources throughout the rotation period and to improve the growing conditions
of the remaining trees.

This concept was developed in Europe during the late 18th century by Hundeshagen and
Heyer [66,67] and was successfully implemented in large parts of the world to address conditions
to those in Ethiopia today—significant loss or exploitation of forest resources, followed by large
degradation effects and a rapid decline of soil productivity.

3. Results

3.1. Identification of Potential Reforestation Areas

The selection of areas for reforestation needs to consider ecological and socioeconomic constraints
and follow three criteria: (1) land use suitability; (2) potential elevation/vegetation belt; and (3) the
aridity index. Only if all three criteria are within the suitable range for replanting, the area will be
suggested for reforestation.

3.1.1. Land Use Suitability

Based on the land use map of the Bureau of Agriculture [37] (Figure 1a), we classified three
key land use types relevant for reforestation: (i) bare land; (ii) grass land; and (iii) shrub land
(Table 1). Bare land includes abandoned crop or other land use forms due to low productivity
or severe erosion problems.
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3.1.2. Potential Elevation/Vegetation Belt

As dense high forest only naturally occurs in the ‘Dry evergreen Afromontane forest and grassland’
vegetation belt between 1800 m and 3200 m [38] (Section 2.1), reforestation is only proposed in this
vegetation belt. Following the classification of Hurni [63], reforestations in this elevation/vegetation
belt can be divided into Midlands (<2300 m) and Highlands (>2300 m) (see Figure 1b). In addition,
each vegetation belt is distinguished in dry areas with <900 mm precipitation, moist areas with 900 mm
to 1400 mm, and wet areas with >1400 mm of annual precipitation. This results in six agro-ecological
zones (Table 2).

Table 2. Agro-ecological zones (Agro-ecology), Elevation ranges (Elevation), and Annual precipitation
ranges (Pmean), area size of each agro-ecological zone in million hectare (Area), number of simulation
points (Points), and annual NPP (10-year mean, years 91–100 after reforestation) from Biome-BGC
simulations (unthinned) averaged over the simulation points.

Land Use Agro-Ecology Elevation (m) Pmean (mm) Area (Mha) Points NPP (t C ha−1 year−1)

Bare land

Highland-dry 2300–3200 <900 0.10 11 1.8
Highland-moist 2300–3200 900–1400 0.19 22 2.3
Highland-wet 2300–3200 ≥1400 0.10 11 3.1
Midland-dry 1800–2300 <900 0.10 12 1.8

Midland-moist 1800–2300 900–1400 0.14 16 2.2
Midland-wet 1800–2300 ≥1400 0.08 9 2.6

Grass land

Highland-dry 2300–3200 <900 0.06 7 2.1
Highland-moist 2300–3200 900–1400 0.28 31 3.3
Highland-wet 2300–3200 ≥1400 0.23 26 4.7
Midland-dry 1800–2300 <900 0.09 10 2.0

Midland-moist 1800–2300 900–1400 0.22 25 3.0
Midland-wet 1800–2300 ≥1400 0.32 36 4.2

Shrub land

Highland-dry 2300–3200 <900 0.08 8 2.7
Highland-moist 2300–3200 900–1400 0.25 27 3.5
Highland-wet 2300–3200 ≥1400 0.07 7 4.4
Midland-dry 1800–2300 <900 0.28 30 2.2

Midland-moist 1800–2300 900–1400 0.61 65 3.1
Midland-wet 1800–2300 ≥1400 0.22 23 3.7

3.1.3. Aridity Index

We applied the aridity index (AI) as calculated according to Equations (1) and (2) (Section 2.3.2)
Figure 2a) as numerical indicators for each grid point to classify the climatic zones [68]. Areas with an
aridity index AI < 0.65 are excluded from reforestation, because they do not support dense forests but
only more xeric vegetation types [23].

Combining our selection criteria (1) land use suitability; (2) potential elevation/vegetation belt;
and (3) an AI > 0.65, for selecting potential reforestation areas for the Amhara region, suggests that
3.4 Mha or 22% of the total land area are ecologically suitable for reforestation. This includes 0.7 Mha
of bare land, 1.2 Mha of grass land, and 1.5 Mha of shrub land. Summary statistics are given in Table 1,
the spatial patterns are provided in Figure 2b. Most of the bare land and shrub land is located in
the central, eastern, and north-eastern part of the Amhara region (Figure 2b), areas often rugged and
mountainous. Grass land is predominantly located in flat and crop dominated areas, especially in the
southern and western part of Amhara.
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Figure 2. (a) Aridity index and (b) potential reforestation area in the Amhara Region. Climate data
(0.083◦ resolution) for deriving the Aridity index came from Sisay et al. [48].

3.2. Temporal Development of Carbon Sequestration by Land Use Type and Thinning Scenarios

Next, we were interested in the carbon sequestration potential of the identified reforestation
areas according to the three land use types including the determined soil carbon and nitrogen starting
conditions at the time of reforestation.

For each grid point (0.083◦~9 km by 9 km), we simulated the carbon accumulation over 150 years.
As starting conditions for soil carbon and nitrogen, we used the grid point specific initial carbon values
as determined by the procedure described in Section 2.3.3. The simulations involved the three thinning
scenarios. The mean development of soil and aboveground carbon of the 81 simulation points in the
bare land area, the 135 points within the grass land, and 160 grid points of shrub land area is shown in
Figure 3. Soil carbon increase over 150 years could be shown to be highest on bare land, but to start
from the lowest initial soil carbon values of about 27 t C ha−1, as opposed to an average initial soil
carbon across all grass land and shrub land grid points of about 59 t C ha−1 (Table 1). The development
of aboveground carbon shows a slower development on bare land and fast growth for shrub land and
especially grass land (see Figure 3d–f). In contrast to the soil, the impact of the thinning intervention
is visible as a direct drop of aboveground carbon immediately after each thinning and at a lower
aboveground carbon stock after 150 years with increasing thinning intensity.
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Figure 3. The simulated development of gross soil carbon (a–c) and gross aboveground carbon
(d–f) over 150 years after reforestation under different management scenarios (unthinned = a,d; thinning
1 = b,e; and thinning 2 = c,f), aggregated per land use type from all simulation points (Bare land n = 81,
Grass land n = 135, Shrub land n = 160).

73



Forests 2018, 9, 470 11 of 23

3.3. Gross and Net Carbon Sequestration Potential by Agro-Ecological Zone

As productivity follows topographic conditions and climatic patterns, we clustered our
Biome-BGC simulation results for NPP, soil, and aboveground carbon according to the six
agro-ecological zones (Table 2). The productivity differences across the agro-ecological zones are
directly visible from the NPP, which is highest for Highland-wet and lowest for Midland-dry (Table 2).
The results of the 100 year soil and aboveground carbon stock predictions by agro-ecological zone
and thinning scenario are shown in Table 3. The highest accumulated soil carbon stocks (‘gross’,
including initial carbon and carbon gain after reforestation) is evident on grass land, zone Highland-wet
(91 t C ha−1, no thinning), while the lowest stocks can be expected at bare land, zone Midland-dry
(26 t C ha−1, no thinning, Table 3). Similarly, the highest and lowest aboveground carbon stocks are
found in grass land, zone Highland-wet (150 t C ha−1, no thinning), and bare land, zone Midland-dry
(51 t C ha−1, no thinning), respectively. The spatial distributions of predicted soil and aboveground
carbon and annual NPP across the reforestation areas are depicted in Figure 4.
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after reforestation (unthinned) for the selected reforestation areas on the 9 km by 9 km resolution.
(a) SoilCG—Gross soil carbon stock (t C ha−1); (b) SoilCN—Net soil carbon stock (t C ha−1), calculated
as the difference between SoilCG and the initial soil carbon stock SoilCI (compare Tables 1 and 3);
(c) AboveCG—Gross aboveground carbon stock (t C ha−1 year−1); (d) annual net primary production
(NPP, 10-year mean, years 91–100 after reforestation).
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Table 3. Model predicted carbon sequestered through reforestation after 100 years for different current land uses, in different agro-ecological zones and under different
managements. Initial soil carbon (SoilCI) and aboveground carbon (AboveCL) are obtained as described in Table 1. Net carbon stock (SoilCN, AboveCN) is the
difference between gross carbon stock (SoilCG, AboveCG) and the corresponding initial carbon stock (SoilCI and AboveCL).

Land Use Agro-Ecology SoilCI (t C ha−1) AboveCL (t C ha−1)

Gross Carbon Stock (t C ha−1) Net Carbon Stock (t C ha−1)

Unthinned Thinning 1 Thinning 2 Unthinned Thinning 1 Thinning 2

SoilCG AboveCG SoilCG AboveCG SoilCG AboveCG SoilCN AboveCN SoilCN AboveCN SoilCN AboveCN

Bare land

Highland-dry 23.9 0 32.8 52.7 32.9 47.1 32.9 42.1 8.9 52.7 9.0 47.1 9.0 42.1
Highland-moist 31.3 0 41.1 69.1 41.2 61.8 41.1 55.2 9.8 69.1 9.9 61.8 9.8 55.2
Highland-wet 41.2 0 51.3 90.1 51.3 80.6 51.2 72.0 10.1 90.1 10.1 80.6 10.0 72.0
Midland-dry 18.1 0 26.2 51.4 26.3 45.9 26.2 41.0 8.1 51.4 8.2 45.9 8.1 41.0

Midland-moist 19.5 0 28.3 61.4 28.3 54.9 28.3 48.9 8.8 61.4 8.8 54.9 8.8 48.9
Midland-wet 21.5 0 31.3 75.4 31.3 67.2 31.2 60.0 9.8 75.4 9.8 67.2 9.7 60.0

Grass land

Highland-dry 44.9 2.4 50.5 70.0 50.5 62.2 50.4 55.1 5.6 67.6 5.6 59.8 5.5 52.7
Highland-moist 71.4 2.4 77.8 106.9 77.9 94.9 77.8 84.3 6.4 104.5 6.5 92.5 6.4 81.9
Highland-wet 83.3 2.4 91.0 149.7 91.0 132.7 90.9 117.7 7.7 147.3 7.7 130.3 7.6 115.3
Midland-dry 30.4 2.4 35.1 64.2 35.1 57.0 35.0 50.5 4.7 61.8 4.7 54.6 4.6 48.1

Midland-moist 44.6 2.4 50.4 93.6 50.4 83.2 50.4 73.8 5.8 91.2 5.8 80.8 5.8 71.4
Midland-wet 51.2 2.4 58.3 135.3 58.3 119.9 58.2 106.4 7.1 132.9 7.1 117.5 7.0 104.0

Shrub land

Highland-dry 69.9 7.1 73.9 92.9 73.9 82.5 73.9 73.1 4.0 85.8 4.0 75.4 4.0 66.0
Highland-moist 82.2 7.1 86.2 115.0 86.3 102.2 86.3 90.7 4.0 107.9 4.1 95.1 4.1 83.6
Highland-wet 76.1 7.1 80.7 143.1 80.8 126.8 80.8 112.5 4.6 136.0 4.7 119.7 4.7 105.4
Midland-dry 43.7 7.1 46.3 73.3 46.4 65.0 46.2 57.4 2.6 66.2 2.7 57.9 2.5 50.3

Midland-moist 53.3 7.1 56.5 98.9 56.6 87.9 56.5 77.8 3.2 91.8 3.3 80.8 3.2 70.7
Midland-wet 52.7 7.1 56.8 119.2 56.9 105.9 56.8 93.8 4.1 112.1 4.2 98.8 4.1 86.7
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An important step of the reforestation programs is the assessment of the expected change in stored
carbon, the ‘net’ carbon storage. The net carbon stock (see Table 3) was calculated as the difference
between the carbon stock and the corresponding initial carbon stocks for soil (SoilCI) and above ground
(AboveCL), which were obtained from the published literature (Section 2.3.2, Table 1). Results of the
net carbon storage by land use type, agro-ecological zone, and management scenario after 100 years
following reforestation are shown in Table 3. In contrast to gross carbon, the highest net soil carbon
stock is found on bare land, zone Highland-wet, (10.1 t C ha−1, no thinning), and the lowest at shrub
land, zone Midland-dry (2.6 t C ha−1, no thinning), whereas the highest aboveground net carbon stock
is again found in grass land, zone Highland-wet (147 t C ha−1, no thinning), and the lowest in bare
land, zone Midland-dry (51 t C ha−1, no thinning).

3.4. Sequestration Potential in a ‘Normal-Forest’ System

Tested forest management options include different rotation lengths in a Normal-forest system
and three thinning scenarios (unthinned, thinning 1 and thinning 2). Table 4 shows the results of gross
and net soil and aboveground carbon storage for a 100 year rotation ‘Normal-forest’ system by land
use type, agro-ecological zone, and management scenario.

Since the rotation length is an important element for the total carbon storage of age classes of a
‘Normal-forest’ system, we were next interested in the effect of different rotation lengths. The principle
approach remains the same (equal share of land area according to rotation lengths). We defined five
different examples for rotation length (10, 30, 50, 100, and 150 years) and calculated the equal share
according to the ‘Normal-forest’ concept. Table 5 shows the results according to the defined rotation
lengths for soil and aboveground carbon stocks per hectare for bare land, grass land, and shrub land
and the three management scenarios. Again, gross and net carbon stocks are shown (net = gross minus
initial/current).

The final step of our study was to provide an estimate for the total potential carbon storage in the
Amhara region, assuming that the ‘Normal-forest’ system would be in place for the whole identified
potential reforestation area of 3.4 Million hectares (compare Figure 2b). Table 6 provides the gross
and net carbon gain by land use type, rotation length, and management regime. The potential net
carbon storage over 100 years for the whole proposed reforestation land of the study area is estimated
to be, in the unthinned scenario, 176.7 Tg C (10.8 Tg C in soil and 165.9 Tg C aboveground) (Table 6)
or, if given per hectare, 52 t C ha−1 (3.2 t C ha−1 in soil and 48.8 t C ha−1 aboveground, Table 5).
Allowing for heavier thinning (thinning 2, 10% every 20 years), the total sequestration potential would
be 158.5 Tg C (10.9 Tg C in soil and 147.6 Tg C aboveground) (Table 6).
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Table 4. Model predicted carbon sequestration potential through reforestation in a ‘Normal-forest’ system with a 100 year rotation period for different current land
uses, in different agro-ecological zones and under different managements. Initial soil carbon (SoilCI) and aboveground carbon (AboveCL) are obtained as described in
Table 1. Normal-forest gross carbon stock (SoilCNF-G, AboveCNF-G) is derived by summing model predicted carbon stock from year 0 to 100 and divided by the
rotation period (100 year). Net carbon stock (SoilCNF-N, AboveCNF-N) is the difference between gross carbon stock and the corresponding initial carbon stock (SoilCI

and AboveCL).

Land Use Agro-Ecology SoilCI (t C ha−1) AboveCL (t C ha−1)

Normal-Forest Gross Carbon Stock (t C ha−1) Normal-Forest Net Carbon Stock (t C ha−1)

Unthinned Thinning 1 Thinning 2 Unthinned Thinning 1 Thinning 2

SoilCNF-G AboveCNF-G SoilCNF-G AboveCNF-G SoilCNF-G AboveCNF-G SoilCNF-N AboveCNF-N SoilCNF-N AboveCNF-N SoilCNF-N AboveCNF-N

Bare land

Highland-dry 23.9 0 28.9 23.9 28.9 22.7 28.9 21.5 5.0 23.9 5.0 22.7 5.0 21.5
Highland-moist 31.3 0 36.8 31.3 36.8 29.7 36.8 28.1 5.5 31.3 5.5 29.7 5.5 28.1
Highland-wet 41.2 0 47.1 40.2 47.1 38.1 47.1 36.1 5.9 40.2 5.9 38.1 5.9 36.1
Midland-dry 18.1 0 22.6 24.3 22.6 23.1 22.6 21.9 4.5 24.3 4.5 23.1 4.5 21.9

Midland-moist 19.5 0 24.3 29.2 24.3 27.7 24.3 26.2 4.8 29.2 4.8 27.7 4.8 26.2
Midland-wet 21.5 0 26.9 36.0 26.9 34.0 26.9 32.2 5.4 36.0 5.4 34.0 5.4 32.2

Grass land

Highland-dry 44.9 2.4 48.1 36.9 48.1 34.9 48.1 33.1 3.2 34.5 3.2 32.5 3.2 30.7
Highland-moist 71.4 2.4 75.1 55.8 75.1 52.9 75.1 50.1 3.7 53.4 3.7 50.5 3.7 47.7
Highland-wet 83.3 2.4 87.5 79.7 87.5 75.3 87.5 71.2 4.2 77.3 4.2 72.9 4.2 68.8
Midland-dry 30.4 2.4 32.9 34.6 33.0 32.8 33 31.1 2.5 32.2 2.6 30.4 2.6 28.7

Midland-moist 44.6 2.4 47.6 50.0 47.6 47.3 47.6 44.9 3.0 47.6 3.0 44.9 3.0 42.5
Midland-wet 51.2 2.4 54.8 74.0 54.8 70.0 54.8 66.3 3.6 71.6 3.6 67.6 3.6 63.9

Shrub land

Highland-dry 69.9 7.1 72.3 50.3 72.3 47.7 72.3 45.2 2.4 43.2 2.4 40.6 2.4 38.1
Highland-moist 82.2 7.1 84.4 61.7 84.5 58.5 84.5 55.5 2.2 54.6 2.3 51.4 2.3 48.4
Highland-wet 76.1 7.1 78.3 78.6 78.4 74.4 78.4 70.6 2.2 71.5 2.3 67.3 2.3 63.5
Midland-dry 43.7 7.1 45.2 40.5 45.2 38.4 45.2 36.4 1.5 33.4 1.5 31.3 1.5 29.3

Midland-moist 53.3 7.1 54.9 54.2 54.9 51.4 54.9 48.7 1.6 47.1 1.6 44.3 1.6 41.6
Midland-wet 52.7 7.1 54.5 65.8 54.6 62.4 54.6 59.2 1.8 58.7 1.9 55.3 1.9 52.1
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Table 5. Model predicted carbon sequestration potential through reforestation for different ‘Normal-forest’ rotations periods (10, 30, 50, 100, and 150 years) in different
land use types and under different managements. Initial soil carbon (SoilCI) and aboveground carbon (AboveCL) are obtained as described in Table 1. All carbon
values are in (t C ha−1). Since, according to our management scenarios, no management is applied in the first two rotation period options (10 and 30, see Section 3.3),
we present only ‘Unthinned’ in the first two rotation period options.

Land Use SoilCI (t C ha−1) AboveCL (t C ha−1)

Normal-Forest Gross Carbon Stock (t C ha−1) Normal-Forest Net Carbon Stock (t C ha−1)

Unthinned Thinning 1 Thinning 2 Unthinned Thinning 1 Thinning 2

SoilCNF-G AboveCNF-G SoilCNF-G AboveCNF-G SoilCNF-G AboveCNF-G SoilCNF-N AboveCNF-N SoilCNF-N AboveCNF-N SoilCNF-N AboveCNF-N

10 years rotation
Bare land 26.9 0.0 28.7 0.4 - - - - 1.9 0.4 - - - -

Grass land 58.8 2.4 61.4 1.1 - - - - 2.6 0.0 - - - -
Shrub land 58.5 7.1 60.3 2.3 - - - - 1.8 0.0 - - - -

Average 52.1 3.8 54.2 1.5 - - - - 2.1 0.1 - - - -

30 years rotation
Bare land 26.9 0.0 30.0 2.9 - - - - 3.3 2.9 - - - -

Grass land 58.8 2.4 61.5 13.9 - - - - 2.7 11.6 - - - -
Shrub land 58.5 7.1 60.4 15.2 - - - - 1.9 8.1 - - - -

Average 52.1 3.8 54.5 12.2 - - - - 2.5 8.2 - - - -

50 years rotation
Bare land 26.9 0.0 30.4 10.6 30.4 10.3 30.4 10.1 3.6 10.6 3.6 10.3 3.6 10.1

Grass land 58.8 2.4 61.6 29.3 61.6 28.8 61.6 28.3 2.8 26.8 2.8 26.3 2.8 25.8
Shrub land 58.5 7.1 60.2 28.3 60.2 27.9 60.2 27.5 1.7 21.2 1.7 20.7 1.7 20.3

Average 52.1 3.8 54.6 25.0 54.6 24.6 54.6 24.2 2.5 21.0 2.5 20.6 2.5 20.2

100 years rotation
Bare land 26.9 0.0 32.0 31.1 32.0 29.4 32.0 27.9 5.3 31.1 5.3 29.4 5.3 27.9

Grass land 58.8 2.4 62.5 61.7 62.5 58.3 62.5 55.3 3.7 59.3 3.7 55.9 3.7 52.8
Shrub land 58.5 7.1 60.3 55.9 60.4 53.0 60.4 50.3 1.9 48.7 1.9 45.9 1.9 43.1

Average 52.1 3.8 55.3 52.8 55.3 50.0 55.3 47.4 3.2 48.8 3.2 46.0 3.2 43.4

150 years rotation
Bare land 26.9 0.0 34.3 46.9 34.3 43.1 34.1 39.7 7.4 46.9 7.4 43.1 7.4 39.7

Grass land 58.8 2.4 64.3 84.1 64.3 77.3 64.2 71.3 5.4 81.8 5.4 74.8 5.3 68.8
Shrub land 58.5 7.1 61.5 75.8 61.5 69.7 61.5 64.3 3.0 68.7 3.1 62.6 3.0 57.1

Average 52.1 3.8 56.9 72.8 56.9 66.9 56.8 61.7 4.8 68.8 4.8 62.9 4.7 57.7
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Table 6. Carbon stock sums over the total potential reforestation area in Amhara, i.e., initial soil carbon (SoilCI) and aboveground carbon (AboveCL) obtained as
described in Table 1, model predicted gross and net soil and aboveground carbon sequestration potential for different ‘Normal-forest’ rotations periods (10, 30, 50, 100,
and 150 years) in different land use types and under different managements. All carbon values are in Teragram (Tg C= 1012 g C). Since, according to our management
scenarios, no management is applied in the first two rotation periods (10 and 30, see Section 2.4), we present only ‘Unthinned’.

Land Use
Area

(Mha)
SoilCI-T
(Tg C)

AboveCL-T
(Tg C)

Total Normal-Forest Gross Carbon Stock (Tg C) Total Normal-Forest Net Carbon Stock (Tg C)

Unthinned Thinning 1 Thinning 2 Unthinned Thinning 1 Thinning 2

SoilCNF-GT AboveCNF-GT SoilCNF-GT AboveCNF-GT SoilCNF-GT AboveCNF-GT SoilCNF-NT AboveCNF-NT SoilCNF-NT AboveCNF-NT SoilCNF-NT AboveCNF-NT

10 years rotation
Bare land 0.7 18.8 0.0 20.1 0.3 - - - - 1.3 0.3 - - - -

Grass land 1.2 70.6 2.9 73.7 1.3 - - - - 3.1 0 - - - -
Shrub land 1.5 87.7 10.7 90.4 3.4 - - - - 2.7 0 - - - -

Total 3.4 177.1 13.6 184.2 5.1 - - - - 7.1 0.3 - - - -

30 years rotation
Bare land 0.7 18.8 0.0 21.0 2.0 - - - - 2.3 2.0 - - - -

Grass land 1.2 70.6 2.9 73.8 16.7 - - - - 3.2 13.9 - - - -
Shrub land 1.5 87.7 10.7 90.6 22.8 - - - - 2.9 12.1 - - - -

Total 3.4 177.1 13.6 185.4 41.6 - - - - 8.4 28.0 - - - -

50 years rotation
Bare land 0.7 18.8 0.0 21.3 7.4 21.3 7.2 21.3 7.1 2.5 7.4 2.5 7.2 2.5 7.1

Grass land 1.2 70.6 2.9 73.9 35.1 73.9 34.5 73.9 33.9 3.3 32.2 3.3 31.6 3.3 31.0
Shrub land 1.5 87.7 10.7 90.3 42.5 90.3 41.8 90.3 41.2 2.6 31.8 2.6 31.1 2.6 30.4

Total 3.4 177.1 13.6 185.5 85.0 185.5 83.6 185.5 82.2 8.4 71.4 8.4 70.0 8.4 68.6

100 years rotation
Bare land 0.7 18.8 0.0 22.4 21.8 22.4 20.6 22.4 19.5 3.7 21.8 3.7 20.6 3.7 19.5

Grass land 1.2 70.6 2.9 75.0 74.0 75.0 70.0 75.0 66.3 4.4 71.1 4.4 67.1 4.4 63.4
Shrub land 1.5 87.7 10.7 90.5 83.8 90.6 79.5 90.6 75.4 2.8 73.1 2.8 68.8 2.8 64.6

Total 3.4 177.1 13.6 187.9 179.5 188.0 170.1 188.0 161.2 10.8 165.9 10.9 156.5 10.9 147.6

150 years rotation
Bare land 0.7 18.8 0.0 24.0 32.8 24.0 30.2 23.9 27.8 5.2 32.8 5.2 30.2 5.2 27.8

Grass land 1.2 70.6 2.9 77.1 100.9 77.1 92.7 77.0 85.5 6.5 98.1 6.5 89.8 6.4 82.6
Shrub land 1.5 87.7 10.7 92.3 113.7 92.3 104.6 92.2 96.4 4.5 103.0 4.6 93.9 4.5 85.7

Total 3.4 177.1 13.6 193.3 247.5 193.4 227.5 193.1 209.7 16.2 233.9 16.3 213.9 16.0 196.1
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4. Discussion

The Amhara region in Ethiopia has an estimated area potentially suitable for reforestation of
about 3.4 million ha or 22% of the total land area (Figure 2). Considering the current forest coverage
of about 250,000 ha, which is less than 2% of the Amhara region [14], the potential is great and
reforestation in the region could substantially contribute to the suggested REDD activities within
Ethiopia. Note that Amhara represents 14% of Ethiopia’s land area but could contribute around 20%
of Ethiopia’s 2030 target for afforestation with 16.1 Mha [27].

Any successful implementation of the proposed potential reforestation areas will depend on
a practical implementation plan. We suggest the implementation of the Normal-forest approach
(e.g., equal share of area by age according to a pre-defined rotation period) and improvements of the
forest management regulations and a clarification of the forest user rights [28]. Furthermore, important
factors determining forest productivity and thus carbon sequestration potential are (i) site elevation
and the associated climatic conditions; (ii) initial land use as an indicator for soil degradation; as well
as (iii) forest management [69–72].

In Amhara, the Midlands (elevation range from 1800 m to 2300 m) and especially the Highlands
(2300 m to 3200 m) are the most productive, but also highly populated areas, versus the sparsely
populated Lowlands (500 m to 1800 m) and Alpine areas (>3200 m). Our recommendations in
focusing on reforestation activities at elevations between 1800 m and 3200 m is in line with common
practices since already established forest plantations are mainly in the Midlands and Highlands [11,73].
Aridity and frequent fires limit forest growth in the ‘Combretum-Terminalia woodland and wooded
grassland’ of the Lowlands (see Figure 2 and Equations (1) and (2) for Aridity index, a measure for
water stress). Forest plantations in this Lowland vegetation belt would be jeopardized by severe water
stress, followed by salinity problems, by free livestock grazing [74] and a dense layer of tall grasses.
Drought together with a dense grass layer promotes forest fires in the Lowlands, which may occur
several times per year [38]. Thus, only so called ‘exclosures’ [15,75], which are fenced and guarded
areas with natural regeneration and no or reduced grazing may help to restore the woodland areas
in the Lowlands [76]. Unfortunately, it is especially the Combretum-Terminalia woodlands that are
suffering from recent deforestations [27].

Within the determined suitable elevation belt for reforestation in Amhara region, the Highlands
show higher NPP and aboveground as well as soil carbon stocks versus the Midlands (Tables 2–4).
These productivity variables are also higher on wet versus dry sites, for example, agro-ecology ‘wet’
vs. agro-ecology ‘dry’. This indicates that the climatic condition in the Highland-wet zone induces
less drought stress and favors vegetation growth [77]. Another observed effect is the trend in the
contribution of soil carbon storage to the total storage across the moisture gradient. Both in Midlands
and Highlands, and similarly for all initial land use types, the contribution of net soil carbon stock
to the total net carbon stock is highest in dry conditions (compare Tables 3 and 4). Dry conditions
result in a reduction of forest growth and the decomposition processes, the former leading to lower
aboveground carbon storage, the latter to higher carbon accumulation in the soil.

The estimated 3.4 Mha of ecologically suitable reforestation areas include different current land
use types, namely, 0.7 Mha (Million hectares) of bare land, 1.2 Mha of grass land, and 1.5 Mha of shrub
land (Figure 2). The land use distribution follows regional topographic conditions and climatic patterns
(Figure 1). This confirms previous findings from several studies [38,78–80], which demonstrated that
the crop production and other farming activities (grazing etc.) follow vegetation patterns and thus are
a constraint by ecological growing conditions.

Although differences among agro-ecological zones (Tables 3 and 4) may be more pronounced
than differences between the three land use types, interesting differences in soil and above ground
soil carbon sequestration among the three land use types could be revealed. Under comparable
climate conditions, reforestation on bare land exhibits lower productivity rates (NPP and aboveground
carbon storage) (Tables 2 and 3) versus the other land use types. We can expect that these sites
have experienced the highest degradation effects, as expressed by the lowest initial soil carbon and
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especially nitrogen stocks (compare Table 1). However, reforested areas on bare land showed the
highest relative or net carbon and nitrogen gain (Figure 3) versus reforested grass land and shrub
land (see Tables 3 and 4). This suggests that the reforestation of bare land is not just important for
avoiding further soil erosion but it is also the land use type where the highest net soil carbon gain can
be expected. The highest net carbon gain of the aboveground biomass can be expected for reforested
areas on shrub land and grass land, versus bare land (Tables 3 and 4). These areas are often highly
populated and replanting activities in these areas would address the high demand for fuel wood and
timber. Some existing small-scale plantations could already show that this is possible, providing more
timer and fuel wood for the local population and reduced pressure on the remaining forests [34].

In our study, we identified 1.2 Mha of grassland suitable for reforestation; however a potential
land use conflict should not be ignored. Grass land is mainly used as a feed source for livestock.
A study by Tschopp et al. [81] in the highlands of Ethiopia showed that more than half of interviewed
farmers (58%) grazed their animals on communal grass land. Livestock numbers and thus the demand
for grazing land increases with an increasing population [81] while grassland is increasingly converted
to crop land, either illegally or legally by government initiatives to feed the fast growing Ethiopian
population (2.5% increase per year) [82].

Any successful reforestation project must be simple and should include a forest management plan
that integrates harvesting options. Forest management strategies that address both the local people’s
wood demand and a maximum carbon sequestration potential are an effective incentive for large-scale
reforestation programs [83]. Therefore, we analyzed three thinning scenarios (unthinned, thinning
1–5% every 20 years, and thinning 2–10% every 20 years) and a Normal-forest system with different
rotation lengths.

In all applied thinning scenarios, the aboveground and soil carbon stock increased compared to
the initial stock (Figure 3), indicating a gain in soil fertility (Figure 3). Thinning allows the harvest
of a certain portion of biomass [18]. Lowered stand density reduces competition, improves the light
conditions, and activates decomposition processes, which leads to higher individual growth rates.
Note that the thinning impact on the soil conditions by scenario is negligible (Tables 3–6).

An important conceptual goal of our study was to provide a long term implementation path
for establishing sustainable forest management, including options for a sustainable production and
continuous wood supply [84] for the farmers in the region. Practical considerations at the beginning of
a large reforestation program need to involve the limitations in the production of planting material,
education, and limitation in the work force [85]. Furhtermore the weather conditions at the time of
and preceding the planting activity planting are important (i.e., to avoid local droughts and only
plant when soils are well saturated). In our study we suggested to expand the planting activities over
several years. This helps to organize the logistics but also establishing the proposed ‘Normal-forest’
system. This approach will also provide a patchy forest landscape of different development stages,
which favors biodiversity [86].

We provide examples (see Table 5) for the expected gain in biomass by different rotation
lengths and land use forms. It is clear that the rotation length will affect both the gross and the
net aboveground carbon stock (AboveCNF in Table 5), and therefore the total sequestration potential
of reforestation in Amhara (see Table 6). The current CO2 emissions from forestry are estimated to
be 55 Mt CO2e year−1 [26], which is an equivalent of 15 Tg C year−1. Our proposed reforestations in
Amhara have the potential to sequester between 159 Tg C (thinning 2) and 177 Tg C (no thinning)
within 100 years (100 year rotation Normal-forest system, compare Table 6). This would balance more
than 10% of the annual CO2 emissions from forestry or around 4% of the total emissions in Ethiopia.
Prolonging the rotation period to 150 years increases the carbon sequestration by 5–6%, depending on
the thinning intensity. Clear cutting and replanting the forest stands after 50 years would reduce the
sequestration potential to less than 2% of the emissions from the forestry sector. It is important that
if the potential reforestation area is reforested according to the ‘Normal-forest’ approach (step wise
annual reforestation of an area calculated as the total potential area divided by the chosen rotation
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length), any further net carbon sequestration from that forest area can only be attributed to the soil
(compare with Figure 3 and Table 3), because the areas where trees are cut and replanted is equal.

Beside the replanting activities, a cascading use of wood should be promoted to build up an
anthropogenic carbon storage pool with a considerable additional storage potential, where even a
substitution for fossil fuel burning may be considered [87]. Thus, the fate of the cut timber decides the
potential for additional carbon storage, whether the timber is burnt directly or whether the timber is
stored in wood products. Higher above ground carbon stocks resulting from an increase in rotation
length also lead to thicker trees and thus a wider potential use. While short rotation forestry, as is
typical in private small-scale plantations of Ethiopia [88], mainly produces fuelwood, with increasing
rotation length the production of saw timber will increase and more carbon will be sequestered.

5. Conclusions

Ethiopia has ambitious reforestation goals, aiming at increasing the forest area of 16.1 Mha by
2030. In our study, we show that the Amhara region of north-western Ethiopia has a potential of
3.4 Mha (22% of Amhara) of bare land, grass land, and shrub land, which are ecologically potentially
suitable for reforestation. The proposed reforestation directly supports the REDD+ goals and directly
meets the sustainable development goals (SDG) of the United Nations [89]. Our study suggests a
re-establishment of forests based on the ‘Normal-forest system’. If successful, the replanted forest
could balance in a 100 year rotation scheme about 10% of the annual carbon emissions from forestry
or 4% of the total emissions in Ethiopia. However to ensure the long term reforestation success,
resolution for land use conflicts and careful implementation plans for reforestation and sustainable
forest management must be put in place. We consider a controlled and sustainable harvesting within
the replanted areas by the local population that gives the people immediate benefits and increases the
acceptance of the plantations, as a key for the long term success of the established forests.
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