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semaigzer21@gmail.com Increasing food demand in Ethiopia has intensified shifting cultivation, shortening
'Natural Forest and Climate Change fallow periods and potentially reducing carbon storage. However, biomass carbon
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Center, Bahir Dar, Ethiopia remains poorly understood. This study estimates biomass carbon stocks across six

fallow periods (2-4 [F1], 5-7 [F2], 8-10 [F3], 11-13 [F4], 14-16 [F5], and 17-20 years
[Fé]) in Quara district, Northwest Ethiopia. The study site was purposively selected.
Vegetation data were collected from 54 randomly laid quadrats (20x 20 m?) along
fallow gradients. Biomass carbon was estimated using species-specific allometric
equations. Differences in mean biomass carbon stocks across fallow periods were
analyzed with one-way ANOVA. The findings showed that fallow length significantly
affects carbon sequestration potential, with longer fallow periods exhibiting

greater biomass carbon accumulation. The highest carbon stocks were consistently
observed in the oldest fallow period (F6: 17-20 years), with 34.16+6.65 Mg ha™ for
above-ground biomass (AGB), 8.88+1.73 Mg ha™' for below-ground biomass (BGB),
16.40+3.19 Mg ha™ for above-ground carbon (AGC), and 4.26+0.83 Mg ha™' for
below-ground carbon (BGC). In contrast, the youngest fallow (F1: 2-4 years) showed
significantly lower values across all parameters, with only 15.67 +9.14 Mg ha™' AGB,
4.07+2.38 Mg ha™' BGB, 7.52+4.39 Mg ha™ AGC, and 1.95+1.14 Mg ha™' BGC. Older
fallows (F6) accumulated 75.8 Mg ha™' carbon dioxide equivalent (CO,e) compared
to 34.8 Mg ha™" in younger fallows (F1). Peak sequestration rate occurred during
F3-F4 (4.03 Mg ha™ TBC, 14.77 Mg ha™' CO,e), indicating optimal carbon capture,
while the lowest rate (0.51 Mg ha™ TBC, 1.86 Mg ha™' CO,e) in F4-F5 suggested
ecological constraints. Cumulative sequestration rate across F1-F6 reached 11.18 Mg
ha™' TBC (41.02 Mg ha™' CO,e), highlighting fallow lands carbon storage potential.
Results demonstrate that extended fallow periods enhance biomass carbon stocks,
supporting their integration into REDD+and carbon credit programs, especially in
rotational agriculture systems. Future studies should examine species-specific carbon
contributions.
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1 Introduction

Land-use change, primarily through agricultural expansion and deforestation, is a major
driver of carbon stock depletion in tropical and subtropical regions globally [1]. This sys-
tem, involving a cyclical process of forest clearing, cultivation, and extended fallow peri-
ods for natural regeneration, has long been a subject of debate. While often criticized for
its role in deforestation and land degradation [2, 3], it is also recognized for its potential
to maintain ecosystem sustainability and food security when properly managed [4-6].
This agricultural practice, rooted in tradition, employs a cyclical process of forest burn-
ing and clearing whether primary or secondary followed by brief periods of cultivation
and subsequent fallow periods to allow for natural vegetation regeneration [7].

In Ethiopia’s lowlands, shifting cultivation and agroforestry are central to agriculture,
supporting ecosystem recovery and carbon sequestration. Yet, as seen globally, popula-
tion growth and food demand have intensified these practices, shortening fallow cycles
and threatening both biodiversity and long-term carbon storage [8]. Research remains
limited on how biodiversity and biomass stocks respond to these altered fallow patterns
[9]. While longer fallows enhance ecosystem services like carbon stocks and biodiversity,
the rates of carbon accumulation and species regeneration vary with climate, soil, and
prior land use [8, 9].

Given these variations, further research is needed to systematically evaluate the trade-
offs between shifting cultivation’s effects on ecosystem services. In Ethiopia, where
agroforestry and shifting cultivation are prevalent, fallow periods facilitate ecosystem
recovery and enhance carbon sequestration [10]. However, the dynamics of biomass car-
bon stocks across varying fallow durations in Ethiopian lowlands remain understudied,
hindering their inclusion in climate change mitigation frameworks while it focuses on
other land use systems like agroforestry, natural and plantation forests.

However, a significant research gap remains in systematically measuring biomass
carbon stocks across different fallow ages in the dry forest lowlands of Ethiopia [10].
Although carbon in natural forests has been studied, systematic assessment of carbon
accumulation during fallow periods is lacking. This understanding is vital for accurate
national carbon accounting and for guiding sustainable land management under initia-
tives like Reducing emissions from deforestation and forest degradation (REDD*) [11,
12]. In Ethiopia’s drought-prone lowlands, where overgrazing slows recovery, quanti-
fying carbon stocks at each fallow stage is key to forecasting long-term sequestration
potential. Furthermore, local practices such as keeping trees on farmland could enhance
carbon storage, but their role in fallow systems remains poorly understood [13].

Given Ethiopia’s commitment to the Paris Agreement and its Climate Resilient Green
Economy (CRGE) strategy, accurate assessments of biomass carbon stocks in fallow
lands are vital for designing effective climate mitigation programs [14]. This study there-
fore aims to address this gap by estimating biomass carbon stocks across six distinct
fallow age classes in the Quara district of Ethiopia’s northwestern lowlands. We hypoth-
esize that (1) biomass carbon stocks increase with fallow age, but (2) the rate of carbon
accumulation is influenced by age and the presence of retained trees. By analyzing this
chronosequence, our objectives are to: (1) quantify carbon storage potential at different
recovery stages, (2) compare carbon stocks between young and mature fallow systems,
and (3) discuss the implications of these findings for carbon-focused land-use policies
and restoration strategies in Ethiopia’s understudied lowland ecosystems.
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2 Materials and methods
2.1 Study area description
The research was carried out in Quara District (Fig. 1), situated in the northwestern low-
land region of Ethiopia within the West Gondar Zone. The district is located approxi-
mately 1049 km from Addis Ababa and 305 km from Gondar Town, the administrative
center of the zone. Encompassing a total area of 858,588 hectares, Quara District spans
geographic coordinates between latitudes 11°46'54’N to 20°39'47"N and longitudes
35°15'28"E to 36°29'59E. The study area exhibits a predominantly undulating topogra-
phy, featuring diverse landforms such as mountains, deep gorges, escarpments, and pla-
teaus. The district’s elevation ranges from 550 to 2,010 m above sea level (m a.s.l.) [15].
Climatically, the region experiences an annual rainfall ranging between 400 and
1,200 mm, with precipitation typically occurring from early May to the first week of
October. Mean annual temperatures fluctuate between 25 °C (from June to January) and
42 °C (from February to May). The district comprises two agroclimatic zones: Kolla (cov-
ering ~70% of the area) and Woynadega (accounting for ~30%). The predominant soil
types across these zones include vertisols, sandy loam, and silt loam. Notably, vertisols
and sandy loam soils dominate the Kolla agroecology zone, constituting over 98% of its
soil composition, while silt loam soils are primarily found in the Woynadega agroecology
zone [15].

2.2 Site selection and sampling design

The Quara district was purposively selected for this study due to its extensive practice
of shifting cultivation. A reconnaissance survey was then conducted to identify specific
sites that represent traditional shifting cultivation systems with varying fallow periods.
After the survey, we assessed the fallow period age limits from the young to the oldest
fallow periods in the study area through oral discussion with fallow landowners. Based
on this survey, three sites Chercher, Gelegu, and Bambaho were selected for the study.
During this site selection factors such as climatic variables, land use management and
land use history was considered. These sites were further stratified into six fallow-age
categories: 2—4 years (F1, Fallow period one), 5-7 years (F2, Fallow period two), 8—10
years (F3, Fallow period three), 11-13 years (F4, Fallow period four), 14—16 years (F5,
Fallow period five), and 17-20 years (F6, Fallow period six). This study was conducted
on three replication (Three sites) with six treatments (Fallow ages). Within each site,
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Gasheye et al. Discover Agriculture (2026) 4:155 Page 4 of 12

sampling plots measuring 20 m x 20 m (400 m?®) were randomly established using a grid
system for tree data collection [16-18].

2.3 Vegetation data collection

In each plot, the following parameters were recorded: (1) species name, (2) diameter at
breast height (DBH), (3) tree height, and (4) plot coordinates (using GPS). Only woody
species with DBH>5 c¢cm were measured, as smaller stems contribute insignificantly to
total biomass [19, 20]. For each individual, the number of stems per plot, DBH (mea-
sured using calipers and a measuring tape), and height (determined with a hypsometer)
were recorded.

2.4 Biomass carbon stocks Estimation

Species-specific allometric equations were applied to estimate biomass carbon during
fallow periods, as detailed in Table 1. For species lacking dedicated allometric equations,
the aboveground biomass (AGB) of trees in the study area was calculated using an equa-
tion [21]. This model was deemed suitable because the study area shares similar domi-
nant soil types, temperature, and rainfall patterns with the region where the equation
was derived, and it was specifically designed for woodlands. Additionally, the below-
ground biomass (BGB) of trees and shrubs was estimated using an allometric equation
developed by [22].

Table 1 Allometric equations used for estimating biomass carbon in fallow periods

Species Equation applied R? C (%) Reference
Acacia brevispica AGB=0.5099*(dbh)A1.9141 0.85 48 [23]
BGB=0.26 X AGB - 48 [22]
Acacia seyal AGB=0.5099*(dbh)"1.9141 0.85 48 [23]
BGB=0.26 x AGB - 48 [22]
Acacia polyacantha AGB=0.5099*(dbh)A1.9141 0.85 48 [23]
BGB=0.26 X AGB - 48 [22]
Anogeissus leiocarpus AGB= —2.136+2.403%In(dbh) 0.945 48 [21]
BGB=0.26 X AGB - 48 [22]
Balanites aegyptiaca AGB= —2.136+2.403*In(dbh) 0.945 48 [21]
BGB=0.26 x AGB - 48 [22]
Clutia abyssinica AGB=-2.136+2.403*In(dbh) 0.945 48 [21]
BGB=0.26 x AGB - 48 [22]
Dalbergia melanoxylon AGB= —2.136+2.403*In(dbh) 0.945 48 [21]
BGB=0.26 X AGB - 48 [22]
Diospyros abyssinica AGB=—-0.879+2.101*In (dbh) 48 [24]
BGB=0.26 X AGB - 48 [22]
Stereospermum kunthianum AGB= —2.136+2.403*In(dbh) 0.945 48 [21]
BGB=0.26 x AGB - 48 [22]
Terminalia laxiflora AGB= —3.08+2.739*In(dbh) 0.988 48 [21]
BGB=0.26 x AGB - 48 [22]
Ziziphus abyssinica AGB=—2.136+2.403*In(dbh) 0.945 48 [21]
BGB=0.26 x AGB - 48 [22]
Ziziphus mucronata AGB= —2.13642.403%In(dbh) 0.945 48 [21]
BGB=0.26 X AGB - 48 [22]

Note:AGB Above Ground Biomass, BGB Below Ground Biomass, dbh diameter at breast height.
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2.5 Statistical analysis

This study analyzed biomass carbon stocks across various fallow periods. We began by
computing descriptive statistics (means and standard deviations) for each period. Dif-
ferences in mean carbon stocks between fallow periods were examined using a one-way
analysis of variance (ANOVA), an appropriate test for comparing multiple group means.
Prior to conducting the ANOVA, data assumptions of normality and homogeneity of
variance were checked. Subsequently, post-hoc tests were performed to identify specific
fallow periods where significant differences occurred.

3 Results and discussions

3.1 Biomass carbon stocks under different fallow periods

This study evaluated the influence of fallow period duration on biomass carbon (C)
stocks in shifting cultivation systems in Quara District, Northwestern Ethiopia. The
findings showed that fallow length significantly affects carbon sequestration potential,
with longer fallow periods exhibiting greater biomass carbon accumulation.

3.2 Aboveground and belowground biomass carbon dynamics

The results indicate statistically significant differences (p <0.05) in biomass and carbon
stocks across fallow periods (Table 2). Specifically, AGB and BGB increased proportion-
ally with fallow age, with significant differences observed among F1 (youngest fallow),
F4, F5, and F6 (oldest fallow). However, no significant difference was found between F2
and F3, suggesting a threshold effect in early-stage biomass accumulation.

This trend is consistent with ecological succession theory, where extended fallow
periods allow for greater vegetation recovery, leading to increased biomass and carbon
sequestration [25, 26]. The findings align with previous studies in tropical agroforestry
systems, where older fallows (> 20 years) stored 40-60% more carbon than younger ones
(<5 years) [27]. Similarly [28], observed that agroforestry systems with mature trees
exhibited substantially greater woody biomass carbon. The progressive accumulation
of carbon with fallow age suggests that land-use policies should discourage premature
clearing of fallow lands to maximize carbon storage potential.

The initial slow growth (F2-F3) may be due to limited nutrient availability and early-
stage vegetation competition [27]. However, as fallow age increases, woody species

Table 2 Biomass C stocks (Mg ha™) of fallow periods (mean + standard deviation) results of 1-way
ANOVAs Tukey test (at a=0.05) in the Quara District, Northwestern Ethiopia
Fallow C-stocks

periods AGB (Mg BGB (Mg ha™) AGC (Mg BGC (Mg ha™) AGCO, (Mgha™) BGCO, (Mg
ha™) ha™) ha™)
F1 1567+9.14°  407+238°? 752+439%  195+1.14° 2757 +16.09° 717 £4.18°
F2 2035+6.13%® 53+16% 977+294%  254+077°®  358+1079% 93+28%
F3 21394943  556+245%  1027+453% 267+1.17%®  3766+1659%°  979+431%
F4 2806+6.76° 729+1.76°%¢ 135+325%° 354084  4938+11.9%°  12.84+3.09
abc
Fs 289+ 1356°° 752+3535%¢  1389+651 36+169% 50.88+23875  132+62%
bc
F6 3416+665° 888+1.73¢ 164+319°  426+083°¢ 60.13+11.7¢ 1563 +3.04°¢

Note:C Carbon, AGB Above Ground Biomass (mega gram per hectare), BGB Below Ground Biomass (mega gram per hectare),
AGC Above Ground Carbon (mega gram per hectare), BGC Below Ground Carbon (mega gram per hectare), AGCO,e Above
Ground Carbon dioxide equivalent (mega gram per hectare), BGCO,e Below Ground Carbon dioxide equivalent (mega
gram per hectare). A similar letter in columns shows no significant difference and different letters indicate significant
differences between fallow periods at p < 0.05.
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dominate, leading to exponential biomass growth [29]. The findings support the carbon
accumulation threshold concept, where significant sequestration occurs only after a cer-
tain fallow period. If current trends of shortened fallow periods continue, carbon stocks
will decline, exacerbating climate change so, land managers should avoid interrupting
fallows during early stages (F1-F3) when carbon gains are minimal. Instead, allowing fal-
lows to mature (F4-F6) maximizes carbon storage. Conversely, promoting longer fallows
could enhance carbon sequestration while restoring soil fertility. Policymakers should
integrate fallow-based carbon credits into climate mitigation programs to incentivize
farmers to extend fallow durations and introducing agroforestry interventions as cli-
mate smart agriculture (e.g., nitrogen-fixing trees) could accelerate early-stage biomass
growth, enhancing carbon sequestration efficiency.

3.3 Carbon dioxide equivalents (CO,e) and fallow age

The carbon dioxide equivalent (CO,e) increased with fallow age (Fig. 2), with older fal-
lows (F6) accumulating 75.8 Mg ha™' compared to 34.8 Mg ha™! in younger fallows (F1).
There is a positive direct relationship between fallow age and CO,e, meaning CO,e
increases with age, as supported by [30]. This pattern reflects increased woody biomass
and diameter at breast height (DBH) in long-fallow systems, align with [31, 32], who
noted that mature forests sequester more biomass carbon due to larger tree dimensions.
A strong correlation between DBH and biomass carbon was also similar result with
[33], reinforcing the role of tree size in carbon storage. The findings corroborate studies
showing that DBH is a key predictor of carbon stocks [33], validating the use of allome-
tric equations for carbon estimation in fallow systems.

Similarly, woody plant height positively correlated with CO,e (Fig. 3), supporting the
hypothesis that older trees with greater height contribute more to carbon sequestration
[34]. This relationship underscores the importance of preserving long-fallow systems
for climate change mitigation. Since older fallows (F5-F6) contribute disproportionately
to carbon storage, policies should prioritize their protection. Community-based Forest
management programs could be implemented to monitor and conserve mature fallows,
ensuring long-term climate benefits.
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Fig. 2 Carbon dioxide equivalent with woody plant diameter at breast height along the fallow period gradients
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Table 3 Carbon Sequestration rate by Fallow Period

Fallow Period AGC (Mg ha™) BGC (Mg ha™) TBC (Mg ha™) TCO,e (Mg ha™)
F1-F2 2.25 0.59 2.84 10.36
F2-F3 0.50 0.13 0.63 2.35
F3-F4 3.20 0.83 403 14.77
F4-F5 041 0.10 0.51 1.86
F5-F6 251 0.66 3.17 11.68

Note: AGC Above Ground Carbon (mega gram per hectare), BGC Below Ground Carbon (mega gram per hectare), TBC Total
Biomass Carbon (mega gram per hectare), TCO,e Total Carbon dioxide equivalent (mega gram per hectare).

3.4 Carbon sequestration rate along fallow periods

Carbon sequestration rate across different fallow periods showed significant variability
in biomass carbon accumulation. The highest sequestration occurred during F3-F4, with
4.03 Mg ha™ of TBC and 14.77 Mg ha™ of TCO,e, suggesting optimal carbon capture
during this stage. In contrast, the lowest sequestration rate was observed in the F4-F5
stage (0.51 Mg ha™' TBC; 1.86 Mg ha™* TCO,e). This suggests potential ecological or
management constraints, such as species turnover or disturbance, which were noted
during field data collection. Notably, in this stage, the predominant use of the dominant
tree species by out-growers is for construction, firewood, charcoal production, and fod-
der. The cumulative sequestration across all periods (F1-F6) reached 11.18 Mg ha™* TBC
(41.02 Mg ha™' TCO,e), demonstrating the significant carbon storage potential of fallow
lands over time (Table 3; Fig. 4).

Above-ground carbon (AGC) was the dominant contributor, accounting for 79% of
TBC, while below-ground carbon (BGC) played a secondary but consistent role. The
average sequestration rates were 1.77 Mg ha™'/period for AGC and 0.46 Mg ha™'/period
for BGC, reinforcing the importance of vegetation regrowth in carbon capture. The
sharp decline in sequestration during F4-F5 followed by recovery in F5-F6 suggests that
fallow systems may undergo transitional phases where carbon accumulation temporarily
slows before rebounding (Table 3; Fig. 4).

Among the studied species, Acacia polyacantha and Acacia seyal were the dominant
contributors to high biomass carbon storage, while the other species exhibited relatively
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low contributions. From fallow period F1 to F3, Acacia polyacantha was the leading spe-
cies; however, Acacia seyal surpassed it after F3 and remained dominant from F4 to F6
of the shifting cultivation period. Acacia seyal contributed an average of 40.7% (range:
38-45%) to total biomass carbon storage in sites F1-F3, increasing to 64.7% (range:
54-74%) in sites F4-F6. In contrast, Acacia polyacantha accounted for 55.3% (range:
52-60%) of biomass carbon in F1-F3 but decreased to 33.7% (range: 23—-45%) in F4-F6
(Fig. 5). Overall, in the fallow period ecosystem, Acacia seyal contributed a higher pro-
portion of total biomass carbon, averaging 53%, compared to Acacia polyacantha, which

accounted for 44%.
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The decline in biomass carbon stored by Acacia polyacantha after fallow period F3 can
be attributed to anthropogenic disturbances, including timber extraction, fuelwood col-
lection, fodder use, and charcoal production, which intensified once the species reached
maturity (Fig. 5). While this reduction underscores the ecological vulnerability of Aca-
cia polyacantha, it simultaneously creates opportunities for other species to contribute
more significantly to biomass accumulation. This suggests that the dominance of Aca-
cia polyacantha may suppress the potential of other species. In contrast, Acacia seyal
exhibited a consistent increase in biomass contribution from early to later fallow stages,
indicating its resilience to disturbances and its capacity to maintain high carbon storage
even under anthropogenic pressure.

The observed variability in carbon sequestration rate across fallow periods aligns with
previous studies demonstrating that fallow age significantly influences biomass accumu-
lation [25]. The higher sequestration rate during F3-F4 (4.03 Mg ha™ TBC) corresponds
with findings by [29], who reported that mid-successional fallows often exhibit rapid
carbon uptake due to the establishment of fast-growing woody species. The subsequent
carbon sequestration rate decline in F4-F5 may reflect living tree biomass increased rap-
idly in the early stages and decreased in the older fallows where early successional spe-
cies senesce before slower-growing, high-biomass species dominate [35]. This pattern
underscores the non-linear nature of secondary forest recovery [36].

The dominance of above-ground carbon (AGC, 79% of TBC) is consistent with global
trends in regenerating tropical forests, where AGC accumulates faster than below-
ground carbon (BGC) in the initial decades [37]. However, the relatively low BGC
contribution (0.46 Mg ha™'/period) suggests that below ground carbon dynamics may
require longer timeframes to reach equilibrium [38].

The findings of this study carry important implications for ecological restoration and
climate change mitigation strategies. The peak carbon sequestration observed during
the F3-F4 fallow period suggests that maintaining fallow durations of 3—4 years may
optimize carbon storage potential, providing land managers with a targeted timeframe
to maximize climate benefits through fallow management. Given that AGC accounts
for the majority of sequestration, restoration efforts should prioritize facilitating natu-
ral regeneration of high-biomass vegetation to enhance carbon capture efficiency. The
observed decline in sequestration during F4—F5 underscores the need for careful dis-
turbance management, particularly in minimizing fires, grazing, and other disruptive
activities during this sensitive transition phase to maintain continuous carbon accumu-
lation. These results strongly advocate for the inclusion of managed fallow systems in
carbon offset initiatives and payment for ecosystem services programs, especially within
agroforestry and rotational farming frameworks, where strategically timed fallow peri-
ods could significantly contribute to long-term carbon sinks while supporting sustain-
able land-use practices.

3.5 Implications for land management and policy

The decline in biomass carbon stocks under shortened fallow periods highlights the risks
of land-use intensification. Reduced fallow durations can lead to soil degradation, ero-
sion, and diminished carbon storage [27]. While fallow period between F3—F4 was peak
sequestration rate implies initiatives like carbon credits and REED" should focus on this
age while lower sequestration rate between F4-F5 implies it should have management
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plan to reduce disturbance and use it sustainably since in this age most trees are usable
stage. this Conversely, extended fallows improve soil structure, fertility, and long-term
agricultural productivity [39].

To balance agricultural productivity with ecological sustainability, policymakers
must implement a three-pronged approach: first, by promoting agroforestry systems
that integrate trees with crops to enhance carbon sequestration without compromising
yields [28]; second, by establishing economic incentives, such as payments for ecosys-
tem services, to reduce deforestation- and land use changes [40]; and third, by invest-
ing in farmer education programs that highlight the long-term benefits of sustainable
land management, particularly the value of biomass carbon storage for both climate
mitigation and soil health [41]. These strategies, when combined, can create a synergistic
framework that supports food security while preserving ecosystem services, ultimately
fostering climate-resilient agricultural systems that align with global sustainability goals.
The success of these measures depends on strong policy support, community engage-
ment, and continuous monitoring to ensure both ecological and socioeconomic bene-
fits are realized. These measures could mitigate climate change while supporting food
security in shifting cultivation landscapes. Without intervention, shortened fallows will
accelerate land degradation and reduce climate resilience. However, adopting sustain-
able fallow management can align Ethiopia’s agricultural policies with global climate
goals (e.g., REDD+), ensuring both food security and carbon mitigation.

4 Conclusion

The findings of this study clearly indicate that the duration of fallow periods plays a cru-
cial role in determining biomass carbon stocks. Long fallows (17-20 years) store more
than twice the carbon of short fallows (2—4 years), peak sequestration occurs in mid-
successional stages (8—13 years), and integration of fallow management into climate
strategies (REDD+, carbon credits) is important. These results emphasize the need to
maintain and extend fallow periods in rotational farming systems to enhance carbon
storage and support climate change mitigation efforts in Ethiopia.

To maximize the carbon sequestration potential of fallow lands in shifting cultiva-
tion systems several actions should be taken: (1) Policymakers should integrate fallow
land management into national climate strategies such as REDD +and carbon credit
programs to encourage farmers to adopt longer fallow periods, (2) Local communities
should be educated about the benefits of extended fallow durations and provided with
economic incentives to reduce pressure on agricultural land. Further research is needed
to explore species-specific carbon contributions and soil carbon dynamics to gain a
comprehensive understanding of fallow systems’ role in carbon storage.
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