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A B S T R A C T   

We co-designed an agent-based model of an Afroalpine grassland in Ethiopia that is experiencing unwanted 
shrub encroachment. The goal was to enable managers of a community conservation area to better understand 
the drivers of shrub encroachment and to test possible management actions for controlling shrubs. Due to limited 
site-specific data, we parameterized this model using insights from published literature, remote sensing, and 
expert opinion from scientists and local managers. We therefore sought to explore potential future scenarios 
rather than make highly accurate predictions, focusing on facilitating discussions and learning among the diverse 
co-management team. We evaluated three social-ecological scenarios with our model, examining: (1) the impact 
of changing precipitation regimes on vegetation, (2) whether changing the frequency of guassa grass harvests 
would improve the long-term sustainability of the grassland, and (3) whether the combination of grass harvest 
and shrub removal would affect shrub encroachment. We found that the model was highly sensitive to the 
amount of grass harvested each year for local use. Our results indicate that the guassa grass was more resilient 
than shrubs during persistent dry climatic conditions, whereas a reduction in only the early spring rains (known 
as the “belg”) resulted in considerable loss of grass biomass. While our modeling results lacked the quantitative 
specificity desired by managers, participants in the collaborative modeling process learned new approaches to 
planning and management of the conservation area and expanded their knowledge of the ecological complexity 
of the system. Several participants used the model as a boundary object, interpreting it in ways that reinforced 
their cultural values and goals for the conservation area. Our work highlights the lack of detailed scientific 
knowledge of Afroalpine ecosystems, and urges managers to reconnect with traditional ecological management 
of the conservation area in their pursuit of shrub encroachment solutions. The decline or absence of the belg rains 
is becoming increasingly common in the Ethiopian highlands, and our results underscore the need for more 
widespread understanding of how this changing climatic regime impacts local environmental management. This 
work lays a foundation for social-ecological research to improve both understanding and management of these 
highly threatened ecosystems.   

1. Introduction 

Environmental managers are challenged by anticipated future 
changes and decision-making in the context of limited data and high 
uncertainty (Polasky et al., 2011). As social-ecological systems continue 
to change rapidly, the future becomes increasingly uncertain due to the 
lack of a historical analog and the complex dynamics and feedbacks that 

cause unexpected outcomes in these systems (Ostrom, 2007; Liu et al., 
2007). In this context, attempts to analyze trade-offs in alternative 
management practices and decisions require tools that can interweave 
social and ecological components across diverse spatial and temporal 
scales (Zimmerer and Basset, 2003; Cumming et al., 2006; Rammer and 
Seidl, 2015). Spatially-explicit simulation models, such as agent-based 
models (ABMs), are designed to integrate interactions among agents 
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(e.g., people or animals) with landscape-scale processes (e.g., water 
cycling or vegetation growth) so that their dynamics can give rise to 
emergent phenomena. This allows ABMs to be effective tools for rep-
resenting and understanding complex, social-ecological systems in 
intuitive ways (Janssen, 2005; Barnaud et al., 2008). Agent-based 
models are also able to mix qualitative, threshold-based rules with 
quantitative data and mathematical equations (Li et al., 2018), making 
them particularly useful tools for exploring social-ecological problems 
when data are limited (Haer et al., 2017; Venkatramanan et al., 2018). 

An emerging field of participatory modeling seeks to co-design ABMs 
with non-academic stakeholders to improve the relevance and utility of 
the model for decision-making and management (Verburg et al., 2016; 
Voinov et al., 2018; Schlüter et al., 2019). Part of a growing trend to-
wards knowledge co-production and transdisciplinary science (Nor-
strom et al., 2020; Molnar and Babai, 2021; Steger et al., 2021c), this 
collaborative approach combines scientific and societal objectives to 
advance system understanding as well as collective learning among the 
diverse people involved in managing a system (Bousquet and Le Page, 
2004; Barnaud et al., 2008). Collaborative ABMs are an effective tool for 
exploring systems in a prospective rather than a purely predictive way 
(Anselme et al., 2010), which can aid environmental managers in 
formulating new ideas about how to anticipate and manage systems 
under future uncertainty. By shifting adaptation planning from reac-
tionary to forward-looking strategies, these collaborative modeling 
processes can foster complex and long-term thinking, social learning, 
and collective action (van Notten et al., 2003; Kok et al., 2006), thus 
improving the adaptive capacity of managers. 

Current debates in collaborative ABMs revolve around the level of 
detail needed for a model to promote this kind of learning among par-
ticipants. Some scholars insist that highly detailed models are required 
for decision support, as this allows realistic individual processes to be 
represented (Barthel et al., 2012) and enables stakeholders to under-
stand how models reflect their everyday, lived experiences (Lange, 
2001). However, other scholars have demonstrated that highly realistic 
models can impede system exploration, leading participants to think in 
terms of barriers and preventing them from finding innovative solutions 
(Barnaud et al., 2013). Multiple modeling paradigms have proposed the 
existence of what we are calling an “intermediate learning hypothesis,” 
whereby models are most useful for learning and decision-making when 
they are constructed to reflect intermediate levels of system complexity. 
Grimm et al. (2005) present a similar concept known as the “Medawar 
zone”, while members of the Companion Modeling network have 
described a “KILT: Keep It a Learning Tool” approach (Le Page and 
Perrotton, 2018). A recent review of 74 dynamic social-ecological 
models demonstrated that decision support outcomes were highest at 
intermediate levels of generalizability (Steger et al., 2021b), lending 
additional support for this hypothesis. Yet few recommendations exist to 
guide the construction of models at this level of complexity, potentially 
leading to inconsistent use of this design concept. Our work thus con-
tributes to ongoing conversations regarding the level of model detail 
that best promotes participant learning in collaborative ABM. 

Modeling for decision support and learning is particularly needed in 
the context of shrub encroachment into grasslands, which has been 
increasingly observed at variable rates across the globe, resulting in 
increased density, cover, or biomass of woody plants and the displace-
ment of grasses (Archer et al., 1995; Van Auken, 2009; Eldridge et al., 
2011; Sala and Maestre, 2014; Myers-Smith et al., 2015). Changes to 
ecosystem structure, function, and subsequent goods and services pro-
vided by grassland systems makes shrub encroachment an issue of 
critical concern, particularly for systems that are dependent on livestock 
production (Sharp et al., 2012; Archer et al., 2017; Martín-Forés et al., 
2020). Shrub encroachment is thought to arise from complex, interact-
ing factors such as changing resource availability (e.g., precipitation, 
soil nutrients, atmospheric CO2), growing conditions (e.g., microclimate 
changes, irradiation, topography), and disturbance (e.g., herbivory or 
the lack thereof, fire, and soil erosion), with the relative influence of 

these factors differing according to the particular location (Bestelmeyer 
et al., 2003; Sankaran et al., 2005; Fuhlendorf et al., 2008; Sankaran 
et al., 2008; D’Odorico et al., 2012; Lehmann et al., 2014; Midgley and 
Bond, 2015; Schweiger et al., 2015). While the causes and consequences 
of shrub encroachment have been examined in the context of arid and 
semi-arid grasslands (Archer, 1994; Knapp et al., 2008) and temperate 
mountain ecosystems like the European Alps (Anthelme et al., 2007; 
Anselme et al., 2010; Komac et al., 2013) and the Tibetan Plateau (Klein 
et al., 2007; Hopping et al., 2018), little research has been done to un-
derstand how these factors play out in wet, tropical mountain systems 
like Afroalpine grasslands (Buytaert et al., 2011). 

In this paper, we describe the process of co-designing an agent-based 
model of shrub encroachment in a community-managed Afroalpine 
grassland known as the Guassa Community Conservation Area in the 
Ethiopian highlands. The purpose of this model is to enable people 
involved in managing Guassa to explore the individual and combined 
effects of social and ecological factors controlling the spread of these 
native shrubs, and to evaluate the efficiency and tradeoffs of different 
strategies to control their expansion. Due to the scarcity of data from this 
site, parameter values are derived largely from the literature, remote 
sensing, and expert opinion from scientists and local managers. While 
there is some level of realism in the landscape and parameterization, we 
do not intend to produce highly accurate predictions of the future of this 
area. Rather, we seek to explore potential futures and use these to 
facilitate discussion and planning among the diverse co-management 
team. We assess the learning experienced by participants in the co- 
design process to contribute to empirical measurements of learning in 
relation to model complexity. 

2. Material and methods 

2.1. Study area description 

The Guassa Community Conservation Area (Guassa) is 78 km2 and 
located within the Menz Gera woreda (similar to a county) of the 
Amhara Region of Ethiopia (Fig. 1). Ranging from 2600 to 3560 m. a.s.l., 
this area is typically characterized by two rainy seasons known as the 
‘belg’ (~March 1 – May 30) and ‘kiremt’ (~July 1 – September 30). 
Guassa supports many endemic and threatened species, including the 
critically endangered Ethiopian wolf (Canis simensis) and the gelada 
monkey (Theropithecus gelada) (Ashenafi et al., 2005). Guassa is named 
after the guassa grasses (Festuca macrophylla) that are culturally and 
economically valuable to the local communities for their use as thatch, 
rope, construction material, and forage. In the last 20 years or so, local 
managers have observed the expansion of three evergreen shrub species: 
nachillo (Helichrysum splendidum), asta (Erica arborea), and cheranfi 
(Euryops pinifolius). The nachillo shrubs are of greatest concern to local 
managers, as they have no locally perceived value for humans or wild-
life, and are thought to compete directly with the guassa grasses. 

Similar to the European Alps (Anthelme et al., 2007; Anselme et al., 
2010; Komac et al., 2013), grass-shrub interactions in the Ethiopian 
highlands have been regulated by a long history of human activities. 
Guassa has undergone significant political and land management 
changes throughout its history (Ashenafi and Leader-Williams, 2005; 
Steger et al., 2020). The area was managed for hundreds of years (c. 
1600–1974) according to the Qero system of communal management 
that restricted access to the grasses through short (two to three month) 
open seasons every three to seven years (Ashenafi and Leader-Williams, 
2005). The 1975 Agrarian Reform transferred land ownership to the 
state, leading to a loss of community control and increasingly open ac-
cess use of the area over the next 17 years (Admassie, 2000; Ashenafi 
and Leader-Williams, 2005). Community efforts to re-establish exclusive 
rights to the area were supported by international conservation efforts in 
the late 1990s, leading to a new co-management regime between local 
farmers and government agencies (Fischer et al., 2014). In 2012, 
exclusive use rights to the area were formally restored to the 
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communities with ancestral rights by Amhara Regional Regulation No. 
97. 

2.2. Initial model design and Co-design workshops 

Local members of the Guassa management team identified shrub 
encroachment as a critical sustainability concern in the conservation 
area as part of an on-going collaborative effort to better align scientific 
research in Guassa with the needs of conservation area managers (Steger 
et al., 2020). Managers requested that we co-investigate the shrub 
encroachment issue and test different approaches for removing them 
nachillo shrubs. An initial ABM was created as a demonstration tool to 
show managers what kinds of questions can be addressed through 
simulation modeling. This was a simple version of the final model 
described in this paper. For example, it modeled guassa grass and 
nachillo shrubs as individual species but grouped together asta and 
cheranfi into a mixed shrub category. In August 2019, we convened a 
workshop to present the initial version of the model with the aim of 
refining it based on the needs of participants, and generating discussion 
and learning over its purpose and future application in Guassa. 
Twenty-eight participants from the Guassa Committee and the Tourism 
Board, two representatives from the Guassa Conservation office, three 
Ethiopian and one American scientist, and three officials from the local 
woreda administration office were in attendance. There were more men 
(n = 26) than women (n = 11) present, and the average age of 

participants was 40 years. In Sections 2.3 and 2.4 below, we describe 
some of the co-design decisions made during this workshop before 
describing the model in detail in section 2.5. 

To advance our understanding of whether and how social learning is 
facilitated through collaborative modeling processes, we assessed the 
kinds of learning experienced by participants at the workshop. We 
interviewed each community and stakeholder participant (approxi-
mately 15–20 min per person) after the workshop about what they 
learned from the modeling exercise and discussion, how they anticipate 
using the model in their management decisions, and whether their un-
derstanding of other participants’ perspectives changed throughout the 
workshop. Ethiopian scientists participating in the workshop conducted 
these interviews in Amharic. Interviews were translated to English and 
transcribed. The first author used in vivo coding (Corbin and Strauss, 
2015) and inductive thematic analysis to describe the kinds of learning 
reported by participants (Boyatzis, 1998). 

2.3. Proposed management strategies and climate scenarios 

During the workshop, we discussed several potential management 
options to test with the model. Our aim was to reduce nachillo shrubs 
and to increase guassa grass provisioning. Managers currently allow 
guassa grass harvests every three years in May, though in the traditional 
Qero system they waited as long as five to seven years between harvests 
(Ashenafi and Leader-Williams, 2005). In recent years, local people have 

Fig. 1. Map of the Guassa Community Conservation Area. Top left inset map gives the location of the study area in relation to the capital city of Addis Ababa. Lower 
left inset map focuses on the modeled area. 
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pushed for more frequent harvesting. Therefore, we tested the impacts of 
harvesting every two, three, or four years. Based on preliminary field-
work, scientists originally estimated that each person would not harvest 
more than 360 kg of guassa grass each harvest (approximately 11 
shekims in local measurement units). However, workshop participants 
described seeing people cut anywhere from 130 to 650 kg (4–20 shek-
ims) in a single day, over multiple if not all the days in the 10-day 
harvest window (i.e., 1308–6540 kg total). Workshop participants 
were unable to estimate the average total amount of guassa grass har-
vested per person, as there has never been a record kept. Therefore, we 
used the model to estimate a sustainable per person harvest limit for 
each climate regime in our scenarios to help inform management. 

We also discussed the need for mechanical removal of the nachillo 
shrubs. We aimed to use the model to estimate the intensity and fre-
quency of shrub harvest that would produce the desired reduction (but 
not elimination) of nachillo shrubs. Local community members identi-
fied September as a possible time of year to remove the shrubs, as the 
long rainy season will have loosened the soil. The systematic removal of 
these shrubs was not part of the traditional Qero management, though 
people did often harvest small amounts for firewood. Workshop par-
ticipants suggested that people would be less motivated to participate in 
nachillo removal compared to guassa grass harvests, and would thus cut 
fewer shekims per person. We tested the impact of each person’s effort in 
the shrub removal to find the lowest level of removal per person that 
would be sufficient to produce the desired outcome, and examined the 
impacts to vegetation dynamics under different climate regimes. 

In total, we evaluated three social-ecological scenarios with our 
model, comparing them to a co-designed baseline scenario. The baseline 
scenario reflects a common desired future for the Guassa area where 
people continue to harvest guassa grasses every three years under an 
average climate regime. In the first scenario, we explored what would 
happen under four different climate regimes if the guassa grass harvest 
was stopped entirely for the next 30 years. These climate regimes 
include average, wet, and dry precipitation patterns. A fourth climate 
regime simulates what would happen if the early spring rains do not 
arrive, which is increasingly occurring in this region (Steger et al., 
2020). In the second scenario, we explored how guassa grass harvests 
would impact vegetation dynamics if they were conducted more (every 
two years) or less (every four years) frequently than the baseline, and 
how this harvest frequency interacts with climate. Finally, we explored 
how the addition of nachillo shrub removal impacted vegetation dy-
namics across climate regimes, while maintaining the baseline guassa 
harvest every three years. We simulated 30 iterations of each scenario 
out to 30 years. Longer timeframes (25 years +) are common in simu-
lation modeling to inform land management (Le et al., 2012; Huber 
et al., 2013), despite psychological research showing that people have 
difficulty imagining the future beyond 15–20 years (Boschetti et al., 
2015). Previous research with this management team showed that sce-
nario planning and mental modeling processes encouraged managers to 
extend the time frame they use to think about the Guassa area from five 
years to twenty (Steger et al., 2021a), which may have prepared them 
for discussing modeling results this far into the future. 

2.4. Strategies and factors not included 

Disturbance is a key mechanism of shrub encroachment, yet we 
decided not to include certain sources of disturbance (i.e., fire, firewood 
collection, and grazing) at the request of our local collaborators. Under 
the traditional Qero system, the Guassa area was managed as both a key 
resource area for livestock grazing as well as a source of guassa grass. 
When the Qero system was dissolved, the area experienced heavy, un-
controlled grazing and firewood collection which resulted in perceived 
degradation from 1974 to 2003. Managers banned grazing and firewood 
collection in 2010 due to concerns over how these activities would 
impact the future sustainability of the guassa grass and the endangered 
Ethiopian wolf. Furthermore, fire has never been used as a management 

tool in the Guassa area, and in fact it is considered a major threat to the 
sustainability of the area (Steger et al., 2020), which differs from other 
regions and ecosystems in Ethiopia (Jacobs and Schloeder, 2002; Gil--
Romera et al., 2019). Therefore, we do not include grazing, firewood 
collection, or fire in our model as potential management options, though 
we suspect that shrub encroachment has been influenced to some degree 
by the combined effects of decreased grazing by large animals (cattle, 
sheep), increased grazing by small animals (rodents), and potentially 
other yet-unknown dynamics of resource competition. 

While our model incorporates some disturbance mechanisms for 
controlling shrub encroachment (i.e., guassa harvests and shrub 
removal), we were unable to include potential impacts from other 
sources due to the lack of available data. For example, impacts from 
changes to the microclimate (amelioration effects) are likely to exist 
(Anthelme et al., 2014; Duchicela et al., 2021). Studies of Helichrysum 
spp. and Festuca spp. in South Africa showed that Helichrysum positively 
impacts the growth of other species without benefiting Festuca as well, 
which is an indication of strong below-ground competition between the 
shrubs and grasses (Schweiger et al., 2015). We also remain uncertain as 
to the potential impacts of increasing atmospheric CO2 (Bond et al., 
2003; Körner, 2006; Archer et al., 2017), and encourage future research 
into this important issue as it could be having synergistic effects on 
shrub growth along with observed changes in disturbance regimes. 

2.5. Model description 

The virtual world of the model consists of 95 x 95 cells, each 30m ×
30m, which together represent an 812 ha landscape (Fig. 2). We used the 
ABM software Netlogo to produce this model (Wilensky, 1999). One 
time step represented one week in the virtual world. The landscape was 
modeled after the area surrounding the Guassa lodge, as this is a highly 
visited and well-known landscape for all managers (Fig. 2). We used a 
supervised random forest classifier of a February 2019 Landsat 8 image 
to produce a baseline distribution of the dominant vegetation types in 
this area, with an overall accuracy of 77.6% (Supplementary Materials). 
The eight dominant vegetation types are: asta shrubs (Erica arborea), 
cheranfi shrubs (Euryops pinifolius), grassland/shrub mix (excluding our 
target species), guassa grasses (Festuca macrophylla), nachillo shrubs 
(Helichrysum splendidum), forest (primarily Eucalyptus globulus and 
Cupressus lusitanica), stone, and wetlands (primarily Carex and Cyperus 
species). Forests, stone, and wetlands were kept constant in the virtual 
world; they do not spread and they are unable to be invaded. Previous 
work in this area indicates that these land cover types do not change 
rapidly inside the conservation area (Steger et al., 2020), and further-
more are largely unsuitable habitat for the species of interest. The 
grassland/shrub mix also does not spread, but it is able to be invaded by 
the four vegetation types that do: guassa grasses, nachillo shrubs, asta 
shrubs, and cheranfi shrubs. We initialized patches containing these four 
vegetation types so that each cell contains some biomass (kg/m2) of each 
type, following a random normal distribution. For example, cells 
dominated by asta shrubs contain a mean of 0.5 kg asta shrubs with a 
standard deviation of 0.2 kg, with a mean and SD of 0.1 kg for the three 
other species. The model begins each timestep by updating the amount 
of precipitation and associated carrying capacity for each vegetation 
type, followed by vegetation growth, reproduction, spread, senescence, 
and harvest. A detailed accounting of the Overview, Design concepts, 
and Details (ODD protocol; Grimm et al., 2010) for the model is pre-
sented in the Supplementary Materials, alongside our code, sensitivity 
analysis, and a modeler positionality statement aimed at improving 
equity in agent-based modeling (Williams et al. in review). 

2.5.1. Precipitation patterns 
We used the Climate Hazards group Infrared Precipitation with 

Stations data (CHIRPS; Funk et al., 2015), processed through the 
Climate Engine Application (climateengine.org), to understand past 
precipitation patterns over Guassa, stretching from 1981 to 2018 
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(Figure S9, Supplementary Materials). CHIRPS data integrates 0.05◦

resolution satellite imagery with available in-situ station data to produce 
a gridded time series product that estimates precipitation every day. In 
conjunction with these historical patterns, we used a published mea-
surement of average annual precipitation from a private climate station 
in the Guassa area (Fashing et al., 2014). We drew on these data to 
identify realistic and stochastic patterns of precipitation for our future 
trends. We estimated average annual precipitation for normal (1600 mm 
± 200 mm), wet (1900 mm ± 200 mm) and dry (1300 mm ± 200 mm) 
climate regimes. Annual precipitation in a year where the early season 
rains do not arrive (i.e., a “No Belg” climate regime) was about 24% 
lower than a normal year and changes are concentrated in the belg rainy 
season of March–May. The dry, average, and wet trends follow the 
bi-modal seasonal distribution that is historically common throughout 
the Ethiopian highlands. 

2.5.2. Vegetation growth 
We estimated carrying capacity for each of the four spreading 

vegetation types in our model. Data from 2008 provides an above 
ground biomass estimate for the Guassa area of 480.38 g/m2 (no vari-
ance reported), with most plots dominated by herbaceous ground covers 
and guassa grass (Wodaj et al., 2016). We drew on published literature 
from other Afroalpine regions to estimate biomass for Heli-
chrysum-tussock grass mix (Ensslin et al., 2015), Euryops spp. (Anderson 
et al., 2010), and Erica spp. (Ensslin et al., 2015). We used the maximum 
reported biomass estimates to define the carrying capacity for guassa 
grasses at 0.8 kg/m2 for cheranfi shrubs and nachillo shrubs at 1 kg/m2, 
and for asta shrubs at 1.2 kg/m2. Following Fryxell et al. (2005), we 
linked the carrying capacity of these vegetation types to precipitation 
using a coefficient (ψ). We divided each carrying capacity by the average 
weekly precipitation in the Guassa area (24.5 mm), yielding estimates of 
ψguassa grass = 0.0327, ψnachillo shrubs = 0.0408, ψcheranfi shrubs = 0.0408, 
and ψasta shrubs = 0.0490. In the stochastic simulations, ψ is multiplied by 
the weekly precipitation. 

We represented the growth of our four target vegetation types 
through individual modified logistic growth equations. We assumed 
weekly growth rates are at a maximum when vegetation biomass is low, 
as at the beginning of the rainy season or after a disturbance event 
(Parsons et al., 2001; Fryxell et al., 2005). Therefore, we included a 
factor that relates the growth rate to standing biomass and precipitation. 
We further assumed that competition for resources influences both grass 
and shrub dynamics, and we modified the logistic growth equation to 
reflect that total biomass from all species restricts growth dynamics in 

each individual species equation (D’Odorico et al., 2012). For example, 
the growth of guassa grass can be represented: 

dBguassa

dt
= rmax ×

[
Bguassa +ψ(R)

]

×

[

1 −
Bguassa + BHelichrysum + BEuryops + BErica + ψ(R)

2 × ψ(R)

]

(1)  

Where B = dry weight biomass (per species), rmax = weekly growth rate 
(per species), and ψ (R) = carrying capacity multiplied by weekly 
rainfall. This formula produces nested growth curves with maximum 
and equilibrium values proportionate to daily rainfall, allowing both the 
maximum rate of grass growth and the carrying capacity to rise and fall 
with rainfall patterns (Fryxell et al., 2005). Senescence occurs during the 
10 weeks following the end of the kiremt season rains. Each week, 
guassa grass biomass declines by 8%, resulting in 20% biomass 
remaining in each cell at the start of the next belg rains. Following expert 
opinion and observation, we programmed nachillo shrubs to senesce at a 
rate of 4% per week so that 60% of their biomass remains the following 
year, cheranfi shrubs retain 80% of their biomass, and asta shrubs retain 
90% of their biomass in the following year. 

Growth rate estimates were derived from MODIS Net Annual Pri-
mary Production (NAPP) and Gross Primary Productivity (GPP) prod-
ucts (MOD17A2/3; Running and Zhao, 2015; ORNL, 2018). First, NAPP 
was converted from kg carbon (kgC) to biomass by dividing by 0.5 (e.g., 
0.67 kgC/m2/0.5 = 1.34 kg/m2). The GPP curves showed maximum 
growth occurring during the kiremt rainy season, which contains 44.4% 
of the annual precipitation over a twelve-week period. Given that pre-
cipitation is a well-established driver of plant growth in most biomes 
(O’Connor et al., 2001; Knapp et al., 2002), we assumed that the percent 
of NAPP during this period was roughly the same as the percent of 
annual precipitation, yielding a maximum per week growth rate of 
0.444*1.34 kg/m2/12 weeks = 0.0496 kg/m2/week. We then divided 
this maximum growth rate into sections for each vegetation type, 
assuming that guassa grasses and nachillo shrubs are able to grow faster 
than cheranfi shrubs (Everson et al., 2009), which can in turn grow 
faster than asta shrubs (Wubie, 2018). Due to the highly derivative na-
ture of this parameterization, we tested a range of maximum growth rate 
estimates in a sensitivity analysis before conducting the management 
scenarios, and selected growth rates that produce biomass and distri-
bution patterns that match local perspectives (Supplementary 
Materials). 

Fig. 2. Guassa grasses (bright green), nachillo shrubs (white), asta shrubs (dark green), and cheranfi shrubs (olive green) are the dynamic plant communities in this 
model. Forest (brown), stone (grey), and wetlands (blue) do not change. Other mixed grasslands (sage green) do not grow or expand but are able to be invaded by the 
four dynamic communities. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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2.5.3. Seed production and dispersal 
In the model, seeds from the three shrub species are produced and 

stored in the seed bank of each cell, and germinate in the coming spring 
when the belg rains arrive. We assumed the seeds of guassa grasses 
germinate shortly after being shed in July–August, following evidence 
from observations of Festuca arundinacea and Festuca bromoides in other 
systems (Bartolome, 1979; Grime et al., 2014; Thompson et al., 1997) 
and preliminary findings that guassa grass seeds are largely absent from 
the Guassa seed bank (Wubie, 2018). Seed production for each vegeta-
tion type occurs as a proportion of the aboveground biomass present in 
each cell, following studies of reproductive allocation and effort (Reekie 
and Bazzaz, 1987). We took the average reproductive allocation of three 
Festuca species in the literature (Wilson and Thompson, 1989) to esti-
mate that roughly 11% of standing guassa grass biomass is converted to 
seeds each year. Because reproductive allocation is generally lower in 
species with low relative growth rates (Bazzaz et al., 1987), we esti-
mated shrub reproductive allocation will be closer to 8% for cheranfi 
shrubs and 7% for asta shrubs (Vosse et al., 2008). We selected 9% for 
nachillo because our sensitivity analysis revealed larger proportions 
caused guassa grasses to completely outcompete nachillo, which did not 
match observed patterns on the landscape. 

Each seed that germinates contributes a small amount towards the 
total biomass (0.5 g). Maximum germination rates of asta shrubs are 
62% under ideal conditions in the laboratory (Mesléard and Lepart, 
1991); we assumed an average 40% germination rate under field con-
ditions. Published data on germination rates for nachillo shrubs, cher-
anfi shrubs, and guassa grasses do not exist; therefore, we used estimates 
from other species in the same genera (Table F4). We assumed an 
average 25% germination rate for nachillo shrubs (Doussi and Thanos, 
1997; Brown et al., 2003) and an average 80% germination rate for 
guassa grasses (Rampton and Ching, 1966; Qiu et al., 2010). Finally, we 
took the average of three species of Euryops from South Africa (Brown 
et al., 2003) and assumed a 23% germination rate for cheranfi shrubs in 
Guassa. Our sensitivity analysis indicated that model results are not 
highly impacted by germination rates. Still, future iterations of this 
model would benefit from species-specific estimates. 

Due to the absence of aerial dispersal structures (Molinier and 
Muller, 1938), asta seeds do not typically spread more than 14 m from 
their source plant (Mesléard and Lepart, 1991). Therefore, we assumed 
80% of the seeds produced will stay in the same 30m × 30m cell of the 
model, while 20% will spread to neighboring cells equally. We assumed 
the same distribution for guassa grass seeds, as some Festuca species 
have been shown to have highly restricted dispersal distances (Rabino-
witz and Rapp, 1981). Helichrysum species observed in South Africa have 
parachute-type seeds that are adapted for long distance dispersal by 
wind (Shiponeni and Milton, 2006). These shrubs have been observed to 
dominate South African seed banks and become the first shrubs to 
colonize eroded or overgrazed land, largely due to the papery texture of 
the seeds and their relative unpalatability (Everson et al., 2009). While 
we do not know that nachillo seeds resemble these other Helichrysum 
species, we assumed they share similar dispersal capabilities. Therefore, 
we assumed 30% of the seeds produced will stay in the same cell of the 
model, while 70% will spread to neighboring cells equally. While we 
were unable to find cheranfi seed dispersal observations, research from 
South Africa (Vosse et al., 2008) showed similar Euryops spp. and Heli-
chrysum spp. seed densities in the soil seedbank. Based on this limited 
information, we assumed 50% of the cheranfi seeds produced will stay in 
the same cell of the model, while 50% will spread to neighboring cells. 

2.5.4. Dominant vegetation cover and transitions 
In week 39 of a simulation (late September), we calculated the 

biomass dominance in each cell that contained over 0.1 kg/m2 total 
biomass across the four spreading vegetation types. We selected this 
week because it falls after the majority of ecological functions were 
simulated in the model (seed production and spreading), yet biomass 
was still high at the end of the main rainy season. We selected the 0.1 kg/ 

m2 threshold to ensure we did not evaluate cells with only very small 
concentrations of the species of interest. We assumed guassa grasses and 
nachillo shrubs needed to occupy 40% of the total cell biomass to be 
considered dominant, while asta and cheranfi shrubs needed to occupy 
30% of the total cell biomass to be considered dominant. Because asta 
and cheranfi shrubs are larger, they can produce higher biomass values 
than guassa grass or nachillo shrubs in the same amount of space. 
Therefore, we considered a lower percent cover to be equivalent to the 
same amount of biomass. 

3. Results 

3.1. Guassa harvest limits and baseline scenario 

We combined insights from the co-design process with a sensitivity 
analysis to determine that the maximum sustainable harvest limit per 
person was ~270 kg each harvest for no belg climate, ~700 kg each 
harvest for dry climate, ~900 kg each harvest for average climate, and 
~1100 kg each harvest for wet climate (Supplemental Materials). 
Increasing these limits by even 100–200 kg (just 3–6 shekims) caused 
drastic declines in guassa grass biomass and distribution over just five to 
15 years when harvesting every three years (Figure S7 Supplementary 
Materials). These declines were more precipitous when harvests were 
more frequent (every two years), and less severe when harvests were less 
frequent (every four years). 

Under our baseline scenario, average total biomass across the 
modeled area for guassa grasses was 442 kg/year and the grasses 
occupied about 7% of the total landscape (Table S3 Supplementary 
Materials). Each of the 500 agents in our model harvested an average of 
7024 kg (~215 shekims) of harvested guassa grass by the end of the 30 
years, which equates to about $712 USD (21,000 birr) using current 
market rates for a shekim of guassa. Nachillo shrubs had an average total 
biomass of 890 kg/year and occupied 7% of the landscape at the end of 
the 30 year baseline scenario. Asta shrubs had an average total biomass 
of 1147 kg/year and occupied 21% of the landscape, while cheranfi 
shrubs had an average total biomass of 1000 kg/year and occupied 9% 
of the landscape. 

3.2. Scenario 1: No harvesting 

Compared to the baseline scenario, all species had higher biomass in 
the wet climate and lower biomass in the no belg climate (Fig. 3). Shrubs 
only performed better than the baseline under the wet climate, whereas 
guassa grass had higher biomass in the dry and average climates as well. 
Under the dry climate, guassa grasses appeared to be considerably more 
resilient than the shrubs, as their biomass remained near baseline while 
all shrub species had 20–22% lower biomass. In the average climate, 
guassa grasses increased biomass 28% from the baseline scenario in the 
absence of regular harvesting, while all shrub species declined slightly 
(2.3–2.8%). When comparing across climates within scenario 1, we 
found that asta shrubs did not differ notably across the dry and no belg 
climate scenarios, but guassa grasses, nachillo, and cheranfi shrubs had 
lower biomass in the no belg climate compared to the dry climate. This 
indicates that the timing of rainfall may have a stronger impact on 
certain species, including the guassa grasses. The lack of harvest did not 
impact the overall landscape distribution of any species under any 
climate (Table S3, Supplemental Materials). 

3.3. Scenario 2: changing guassa harvest frequency 

Compared to the baseline, all species’ biomass increased under a wet 
climate, though guassa performed better than the shrubs when har-
vesting occurred every four years (S2. d.4, Fig. 3), and worse than the 
shrubs when harvesting occurred every two years (S2. d.2, Fig. 3). Under 
an average climate (S2. c), harvesting more frequently reduced guassa 
biomass by 7% and harvesting less frequently increased guassa biomass 
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by 6%, while changes to the shrub species were negligible (Fig. 3). 
Again, the no belg scenario disproportionally impacted guassa grasses 
and nachillo shrubs, causing a 26–31% decrease in biomass for guassa 
and a 28% decrease for nachillo across all harvest frequencies, while 
asta only decreased by 19% and cheranfi by 22–23%. 

Harvesting more frequently resulted in higher per person economic 
benefits, yet harvesting less frequently did not show proportional de-
clines in economic benefits (Fig. 4). For example, harvesting every two 
years in a wet climate increased per person benefits by $271, while 
harvesting every four years decreased them by only $192 (a difference of 
$79). Harvesting guassa every two years under a dry climate produced 

the same per person benefit as harvesting every three years in an average 
climate. However, there appeared to be ecological consequences for 
guassa grass distribution across the landscape when harvesting more 
frequently, as guassa distribution decreased to 5% of the landscape and 
nachillo shrubs expanded to 9% of the landscape under dry, average, 
and wet climates (Fig. 5, Table F3 Supplementary Materials). Mean-
while, harvesting less frequently did not increase guassa distributions 
across the landscape, indicating that there may not be proportional 
ecological benefits to outweigh the economic costs of a less frequent 
harvest. 

Fig. 3. Percent change in average total biomass per species. S1 = scenario 1 and S2 = scenario 2; a = no belg climate, b = dry climate, c = average climate, d = wet 
climate; 2 = two year guassa harvest, 3 = three year guassa harvest, 4 = four year guassa harvest. S2. c.3. is the baseline, where average guassa total biomass (across 
the modeled area) was 442 kg/year, nachillo was 890 kg/year, asta was 1147 kg/year, and cheranfi was 1000 kg/year. 

Fig. 4. Per person economic benefits from guassa grass harvest, compared across climate and harvest frequency.  
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3.4. Scenario 3: nachillo shrub removal 

We found that nachillo shrubs are much more sensitive to removal 
compared to the guassa grasses; each person only needs to cut an 
average of 7–11 shekims (250–350 kg) in any climate to observe drastic 
changes across the landscape. We maintained the baseline guassa har-
vest frequency of three years across all climates, using the maximum 
sustainable harvest we determined for each climate. According to 
workshop participants, the ideal timing for cutting nachillo would be the 
same year that guassa grasses are harvested, because people would be 
less likely to illegally harvest guassa during nachillo cutting in this sit-
uation. We therefore tested a three-year nachillo removal cycle and 
found it caused an 8% increase in guassa grass biomass under an average 
climate compared to the baseline, but did not change average nachillo 
biomass. This three-year removal cycle mitigated guassa biomass losses 
in the dry and no belg climates without also benefitting nachillo, and 
increased guassa biomass in the wet climate by an additional 10% 
compared to Scenario 2 (with no nachillo removal). However, the 
nachillo cutting appeared to release competitive control on asta shrubs, 
which expanded to occupy 34–35% of the landscape – causing range 
contraction in the three other species of interest (Fig. 5, Table S3 Sup-
plemental Materials). Lengthening the nachillo removal cycle to four 
years mitigated the range contraction slightly, but many of the benefits 
to guassa biomass were lost. Increasing the removal cycle to two years 
had a similar beneficial impact on guassa biomass, but resulted in guassa 
occupying only 2% of the landscape at the end of the 30 year simulations 
due to asta shrub expansion (Fig. 5). 

3.5. Learning from ABM Co-design 

There was evidence that some level of social learning occurred 
among workshop participants. The ABM itself was made more realistic 

as a result of the co-design workshops, which indicates learning accrued 
by the scientists authoring this paper. The post-workshop interviews (n 
= 33) encouraged participants to reflect on their learning and describe 
it. The most common theme we found related to the way people saw the 
model helping them with planning and management of the Guassa area 
(n = 23, 70%), particularly how it could help control the spread of 
nachillo shrubs (n = 10, 30%). Only three people (9%) indicated that the 
model taught them something specific about the system, such as how 
harvesting impacts guassa grass growth, or how much each individual 
should be able to harvest at a time. Four others (12%) explained that the 
model helped them expand the way they were thinking about options for 
Guassa management. For example, one man said, “I learned it is possible 
to plan on the computer about the future of Guassa.” Other people 
attributed learning to the model when it actually came from conversa-
tion around the model. For example, one woman “learned from the 
model that nachillo has to be removed” while another woman reported 
that she “learned it is possible to control and manage nachillo” – even 
though the initial model did not show any nachillo cutting, it merely 
inspired conversation about the need for cutting. Still others seemed to 
use the model to reinforce their existing understanding of system man-
agement. For example, one man said, “if we protect our guassa, we will 
always have green guassa.” 

Another common theme was how the model helped people see and 
understand the future (n = 17, 51%). This theme occasionally over-
lapped with the planning and management theme described above, with 
one priest explaining “It is important to forecast into the future in order 
to control the Guassa area.” Others emphasized that they would share 
with people who could not attend the workshop how “it is possible to 
predict the future of Guassa,” even though the scientist facilitators 
repeatedly explained that the model was not a true prediction of the 
future. Four people (12%) seemed to understand this caveat well, as they 
described the need to put only very high-quality information into the 

Fig. 5. The baseline scenario (center panel) had guassa grasses and nachillo shrubs each occupying 7% of the landscape. When guassa harvesting increased to every 
two years (left panel), guassa grass distribution decreased to 5% of the landscape and nachillo shrubs expanded to 9% of the landscape under dry, average, and wet 
climate regimes. The addition of nachillo removal (right panel) appeared to release competitive control on asta shrubs, which expanded to occupy 34–35% of the 
landscape, causing range contraction in the three other species of interest. 
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model to produce good results and see “different possibilities.” 
A large subset of people emphasized the ecological insights they 

gained from the model (n = 15, 45%), such as the interactions between 
nachillo shrubs and guassa grass. Though only a few people mentioned it 
in their interviews, there was much excitement in our group discussion 
when the scientists discussed guassa seed production. Most people had 
never seen guassa seeds before and did not know they existed, possibly 
because there is no guassa grass cutting allowed during the main rainy 
season when the grasses set seed. Another subset of people valued the 
model for the way it displayed the different vegetation types in the 
conservation area (n = 13, 39%), both their distribution and amount 
across the landscape. This level of realism seemed important for making 
the model accessible to them; one man explained, “the model matches 
our understanding.” 

4. Discussion 

4.1. Social and ecological lessons for guassa management 

Overall, our model results support continuing current management 
of harvesting guassa grasses every three years, as this frequency appears 
to mitigate negative ecological impacts across climate types while 
retaining economic benefits for local communities. However, we stress 
that our model was highly sensitive to changes in guassa harvest 
amounts. We encourage managers to reflect on climatic conditions in the 
years surrounding the harvest, as our model identified significantly 
lower maximum harvest limits during the no belg climate in particular. 
This is concerning as the loss of early season rains is becoming 
increasingly common in the Guassa area (Fashing et al., 2014), and 
across the Ethiopian highlands more broadly (Rosell, 2011; Groth et al., 
2020). Experimental studies in temperate grasslands have also shown 
that delayed or absent spring rains significantly reduced grass seed 
sprouting and subsequent plant survival (Larson et al., 2021), with po-
tential long-term impacts on species diversity (Stampfli and Zeiter, 
2020). More work is needed to understand the impacts of delayed belg 
rains at both species and community levels. 

There are several areas where we seek to expand upon and improve 
these modeling efforts. For example, our model admittedly treated 
climate in a simplified way, where each year followed the same seasonal 
pattern and general precipitation amount. This discrete treatment of 
climatic conditions was helpful during this initial exploration as it 
allowed us to isolate the impacts of precipitation patterns in relation to 
harvest frequency and intensity. A future version of the model that in-
tegrates periodic no belg, dry, and wet years into the average climate 
may help managers identify more consistent harvest amounts and fre-
quencies in the face of a changing climate. Another key area of 
improvement involves validation, which is notoriously difficult in 
simulation modeling (Filatova et al., 2013; David et al., 2017). Ideally, 
we would seek to expand upon our largely qualitative validation process 
with a quantitative assessment using independent field data. Local data 
on biological and ecological dynamics in this system would further help 
us refine our sensitivity analysis to reflect the range of ecologically 
feasible parameter estimates. 

The removal of nachillo shrubs in our model caused an unexpectedly 
rapid increase of asta shrubs across the conservation area, and a sub-
sequent decrease in the distribution of guassa grasses. However, guassa 
grass biomass continued to increase despite this range constriction. 
These results indicate that managers should be cautious of even low- 
level nachillo removal, and should weigh the benefits and drawbacks 
of increasing guassa biomass while losing overall landscape cover as a 
possible unexpected outcome. The loss of landscape cover in the model 
produced an increased patchiness of the guassa grass community, which 
may result in decreased patch connectivity and a resultant decline in 
native plant diversity (Gilbert-Norton et al., 2010). Research on species 
coexistence through habitat partitioning has demonstrated that differ-
ences in dispersal and colonization ability can impact the relative 

abundances of species within a community (Levine and Rees, 2002), and 
that these differences are enabled and constrained based on the patch 
density and heterogeneity of a habitat (Yu et al., 2001, 2004). More 
work is needed to understand how habitat heterogeneity interacts with 
colonization ability to determine the relative abundance of species 
within communities (Mittelbach and McGill, 2019), and how this plays 
out in the understudied Afroalpine ecosystem. Our model lays a foun-
dation for this type of ecological inquiry in the Guassa area. 

Our inclusion of multiple, interacting shrub species is a novel aspect 
of the model that is not seen in most spatial shrub encroachment models 
(Komac et al., 2013; Cao et al., 2019), and which was due in large part to 
the co-design process, as workshop participants insisted on a certain 
level of realism in the vegetation patterns seen in the model. In fact, one 
of the most common types of learning experienced by workshop par-
ticipants was an improved understanding of how these vegetation types 
are distributed across the landscape. Yet, workshop participants were 
more interested in the model for its ability to provide quantitative an-
swers such as the ideal amount of nachillo to cut, how much guassa grass 
could be harvested at what frequency, and what that meant for the 
amount of income generated for the community. One local leader ended 
the co-design process with a very clear statement, “if you tell us how 
much nachillo to cut, we will cut it.” This statement reflected a high level 
of trust in the model and scientific process, despite the caveats and 
cautions presented by scientists throughout the co-design process. 
Therefore, while this exploratory model has been helpful for scientists 
thinking about the system, we believe the next iteration of this model 
needs to be calibrated to locally-collected data to provide more accurate 
estimations and better meet the needs of local management. 

4.2. Insights on Learning Through agent-based models 

Social learning requires participants to collectively explore the limits 
of current knowledge, exchange and generate new knowledge, and un-
derstand how this knowledge is situated in a particular socio-cultural 
context (Keen et al., 2005; Armitage et al., 2011; Baird et al., 2014; 
Fazey et al., 2014). Despite the integral role that social learning plays in 
effective knowledge co-production, confusion persists over how to best 
promote learning via collaborative ABM. We attempted to design our 
model at an intermediate level of complexity, as this has been suggested 
to maximize learning (Grimm et al., 2005; Le Page and Perrotton, 2018). 
However, participants in our co-design process urged increasingly 
realistic representations in the model, and did not find a qualitative, 
exploratory use of the model particularly helpful for achieving their 
management objectives. This pursuit of highly technical, quantitative 
answers by community members has been observed in other collabo-
rative ABM applications. For example, a Companion Modeling project in 
Thailand resulted in farmers declaring they would “do as the game 
showed [them], because then [their] income will increase” (Etienne, 
2013). These experiences highlight the potential dangers of collabora-
tive ABM, as misunderstandings and mistranslations may give local 
participants an incorrect or misleading interpretation of the modeling 
results. Furthermore, modelers must grapple with the ethical question of 
engaging in an exploratory modeling process that cannot yield the 
specific management answers requested by local participants, as they 
might view their time and effort as wasted. 

Although our model was unable to provide specific harvest amounts 
for guassa and nachillo species, we still found evidence that participants 
experienced valuable learning throughout the process. Previous 
research demonstrated that creating and sharing mental models of the 
Guassa system improved stakeholder relationships among the research 
team, expanded understanding of the system and its complexities, and 
extended the time frame Guassa managers use for planning and man-
agement (Steger et al., 2021a). In comparison, learning from the ABM 
specifically seemed to orient more around ecological insights and 
normative goals for the Guassa area. The model functioned as a 
boundary object (Steger et al., 2021b) for many of the participants, who 
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used it to reinforce their current beliefs about the guassa grass impor-
tance and the need for control and management of the shrubs. Boundary 
objects are objects or ideas that emerge through collaboration and dia-
logue, which have enough interpretive flexibility to adapt to local needs 
while also fulfilling information needs that apply across more general 
contexts (Star and Griesemer, 1989; Star, 2010). We believe the model 
was able to operate as a boundary object for these participants because 
they interacted with it during the initial co-design period, when the 
model structure remained quite general. Subsequent workshops were 
planned to discuss the refined model and the detailed results included in 
this manuscript, but these workshops were postponed due to the 
COVID-19 pandemic and ongoing Tigray War. We are therefore unable 
to provide a more nuanced assessment of participant learning at mul-
tiple points throughout a collaborative ABM process, and regret that this 
has prevented us from validating learning outcomes with participants. 

4.3. Knowledge gaps in afroalpine research 

Parameterization of this model was hindered by the lack of data 
available on Afroalpine grassland species. The Afroalpine ecosystem is 
incredibly diverse, with rare and endemic species often restricted to just 
one mountaintop or plateau (Gehrke and Linder, 2014; Mairal et al., 
2017; Rahbek et al., 2019; Enquist et al., 2019). These species are highly 
threatened, due primarily to climate change at high altitudes (Pepin 
et al., 2015) and land use change (Stévart et al., 2019). During our group 
discussions of the model, scientists repeatedly raised the issue of lack of 
available data for more accurate predictions from the model. This 
motivated strong local support for the establishment of vegetation 
research plots within the Guassa area, which were initiated in 2020. It is 
our hope that this research will shed light on the ecological mechanisms 
impacting shrub encroachment in the Guassa area, and provide more 
concrete guidance for management. 

In light of these data gaps, we hope to rekindle trust and appreciation 
for local knowledge and connect current Guassa management with the 
details of the traditional Qero system of Guassa management (Ashenafi 
and Leader-Williams, 2005). For example, we know that much of the 
Guassa area occurs within what is known as the “ericaceous belt” of the 
Afroalpine, which can extend roughly from 2600 m to 4100 m (Hedberg, 
1951) though is more commonly observed between 3000 m–3200 m in 
Ethiopia (Friis et al., 2010). The rapid expansion of asta shrubs in one 
modeled scenario indicates that these shrubs have a competitive 
advantage in this area, and that past human activity was likely critical 
for maintaining the existence of guassa grass in the ericaceous belt. 
Firewood harvest of asta shrubs was banned in Guassa in 2010 due to 
possible negative impacts to rodent populations, which account for more 
than 80% of the diet of the endangered Ethiopian wolf (Ashenafi et al., 
2005). Research showed that while total rodent populations were un-
affected by firewood harvest, the proportion of wolves’ preferred prey 
species, the Abyssinian grass rat (Arvicanthis abyssinicus), was lower 
where firewood harvesting occurred (Ashenafi et al., 2012). However, 
the method of removal and shrub species are important to consider, as 
cheranfi shrubs are often uprooted completely, leaving open areas that 
may be less desirable habitat for rodents (Ashenafi et al., 2012). Selec-
tive and careful cutting of asta shrubs in addition to nachillo shrubs may 
present a viable management option for controlling unexpected shrub 
expansion, which may mitigate negative consequences for rodent pop-
ulations and which would have additional economic benefits for local 
people. However, this would require additional investigation, ideally 
through experimentation in the research plots mentioned above. 

Managing shrub encroachment through controlled burning and 
grazing activity is another critical consideration for future research in 
the Guassa area. In November 2021, a battle was fought for control of 
Mehal Meda that resulted in a fire burning over 500 ha of the Guassa 
area. We intend to assess the impacts of this fire on the vegetation 
community, and to use this event to discuss with Guassa managers how 
fire is used in other areas of Ethiopia as a management tool. While there 

is no historical analog for fire as a management tool in the Qero system, 
there is some support for grazing as a sustainable shrub encroachment 
control from both traditional and scientific perspectives. A 2012 study 
revealed that Abyssinian grass rat populations were higher in previously 
grazed areas compared to ungrazed areas in Guassa (Ashenafi et al., 
2012), while exclosure experiments in the Bale Mountains revealed no 
change to rodent populations following livestock removal (Vial et al., 
2011). Exclosure experiments to study livestock grazing impacts in 
Guassa are unlikely in the short term as these are time and resource 
intensive studies that would require enthusiastic support from man-
agers. We intended to discuss these possibilities with Guassa managers 
during a subsequent workshop, which was postponed due to the 
COVID-19 pandemic and ongoing Tigray War. 

5. Conclusions 

Our research lays a foundation for improved understanding of social- 
ecological drivers of change in threatened Afroalpine grassland ecosys-
tems, and demonstrates the utility of a collaborative ABM approach to 
managing shrub encroachment in these ecosystems. Limited data 
availability required us to parameterize our model using data from other 
Afroalpine mountain regions as well as the South American paramo, 
which produced modeling results without the quantitative specificity 
preferred by managers in Guassa. However, participants still experi-
enced valuable learning from the collaborative modeling and co-design 
process, though it was at a more general level than was desired by 
managers. Our model did provide indications that Guassa managers 
should remain cautious when considering changes to guassa grass har-
vest amounts and frequency, particularly as climate change (in the form 
of absent spring rains) exacerbated negative impacts to the grasses. 
Mechanical removal of nachillo shrubs was also contraindicated by the 
model, which inspired the establishment of vegetation plots to test shrub 
removal before any widespread application was implemented. We 
encourage Guassa managers to reconnect with traditional ecological 
management of the Guassa area when considering the problem of shrub 
encroachment, as it seems likely that additional disturbance from 
grazing and firewood collection played important roles in the mainte-
nance of the guassa grass community. 
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Stévart, T., Dauby, G., Lowry, P.P., Blach-Overgaard, A., Droissart, V., Harris, D.J., 
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