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A B S T R A C T

Steppe birds are among the most threatened terrestrial birds worldwide, requiring urgent, well-planned, and 
cost-effective conservation strategies to halt population declines. The little bustard (Tetrax tetrax) is one of those 
species that has experienced sharp population declines across its western range, yet the effectiveness of different 
management interventions remains poorly understood. Predictive models, such as Individual-Based Models 
(IBM), provide powerful tools to anticipate and assess the effectiveness of conservation scenarios for endangered 
species, supporting evidence-based management decisions.

In this study, we developed a spatially explicit demographic IBM to evaluate conservation strategies for the 
little bustard in Extremadura, Spain, where the species faces a skewed sex ratio towards males, habitat degra
dation and high anthropogenic mortality. Our model integrates high-resolution habitat suitability data with 
demographic parameters to simulate individual behaviours and interactions with the environment, forecasting 
habitat use and population dynamics under different management strategies.

The model calibration process supported the hypothesis that nest, chick, and adult survival positively correlate 
with habitat suitability. Notably, our results suggest that the unbalanced sex ratio is partially driven by low 
female survival rates in less favourable habitats. We simulated conservation strategies focused on habitat 
improvement and the mitigation of anthropogenic mortality over 50 years (2022–2072). The results indicate that 
habitat enhancements alone are insufficient to reverse population declines without complementary efforts to 
reduce anthropogenic mortality. This finding emphasizes the need for an integrated, long-term conservation 
strategy that combines habitat management with proactive measures to mitigate human-induced mortality, 
ensuring the sustainable recovery of little bustard populations.

More broadly, this study highlights the value of IBMs as high-resolution, spatially explicit decision-support 
tools for conservation planning, offering critical insights into prioritizing and implementing cost-effective 
strategies.

1. Introduction

Biodiversity is currently facing substantial declines worldwide, pri
marily driven by both human-induced environmental changes and 

climate change, which severely disrupt species distribution and abun
dance (Díaz et al., 2019; Lees et al., 2022). In particular, anthropogenic 
activities such as agriculture, urbanization, and infrastructure expansion 
are driving habitat loss and degradation, representing key threats to 
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biodiversity (Powers and Jetz, 2019). Moreover, the increasing fre
quency and intensity of hazardous events, including droughts and heat 
waves, not only directly stress species but also degrade ecosystems, 
thereby further accelerating biodiversity loss and triggering climate 
change-induced range shifts (Synes et al., 2020; Valjarević, 2024). 
Consequently, effective conservation strategies are imperative for miti
gating these threats and sustaining both species and ecosystems (Zurell 
et al., 2022). However, limited time and financial resources often 
constrain conservation efforts (McCarthy et al., 2012), requiring tar
geted, precise, and well-founded methods to maximize positive out
comes (Wintle et al., 2011). This requires identifying priority areas for 
conservation and accurately assessing the level of intervention needed to 
reverse species decline, thereby optimizing resource allocation and 
enhancing conservation effectiveness (Gann et al., 2019).

Identifying the most cost-effective conservation actions requires a 
comprehensive understanding of spatiotemporal patterns in wildlife 
population distribution and abundance, which is essential to better 
anticipate the impacts of conservation interventions (Guisan et al., 
2013; Zurell et al., 2022). Although long-term field experiments are 
typically required to test optimal solutions, such experiments are often 
unfeasible for species experiencing rapid population declines that de
mand immediate conservation action. In this context, predictive models 
that leverage the existing scientific knowledge of target species provide 
a timely and cost-effective alternative to traditional, field-based ap
proaches (Cook et al., 2010; Pollock et al., 2020). Predictive modelling, 
and particularly Individual-Based Models (IBMs), can significantly 
contribute at all stages of conservation planning, from problem framing 
and intervention design to implementation and impact evaluation 
(Travers et al., 2019). Such tools are essential for quickly evaluating and 
prioritizing alternative management strategies (DeAngelis and Diaz, 
2019; Seaborn et al., 2023).

IBMs are particularly valuable tools as they can forecast population 
responses to different management strategies and help prioritize con
servation actions (DeAngelis and Diaz, 2019; Seaborn et al., 2023). 
Unlike conventional approaches, these models embrace the complexity 
of ecological systems by integrating individual heterogeneity with 
environmental dynamics, thereby enabling forecasts of population re
sponses to management scenarios with unprecedented precision 
(McLane et al., 2011; Railsback and Grimm, 2019). By adopting a 
bottom-up approach, IBMs simulate the behaviour and interactions be
tween individuals and their environment, which drive emergent pat
terns and dynamics (Grimm and Railsback, 2005; Stillman et al., 2015). 
Despite their immense potential, the widespread adoption of IBMs in 
conservation is often constrained by challenges such as data scarcity, 
model complexity, and high computational demands, limiting their 
broader adoption (An et al., 2021; Gray et al., 2023). These limitations 
can hinder model precision, especially when comprehensive behav
ioural and environmental data are lacking. However, recent advances in 
animal tracking, remote sensing, and computational power are gradu
ally overcoming these obstacles (Regos et al., 2022; Ustin and Mid
dleton, 2021; Vedder et al., 2021). In parallel, the development of 
standardized frameworks such as the ODD protocol (Grimm et al., 2006, 
2010, 2020) and specialized tools for calibrating and evaluating com
plex IBMs with multiple data sources (e.g. Salecker et al., 2019) have 
further strengthened the reliability and robustness of model outcomes. 
These advances have led to the progressive adoption of these models as 
conservation support tools, ranging from the management of endan
gered mega-herbivores (Boult et al., 2018) and bird species (Drenske 
et al., 2023; Heinrichs et al., 2018) to freshwater fish populations 
(Ayllón et al., 2016; Galic et al., 2023) and invasive predators (Hradsky 
et al., 2019).

Grassland birds are among the most endangered terrestrial verte
brates in Europe, primarily due to habitat transformations resulting 
from intensified agriculture and livestock practices (BirdLife Interna
tional, 2022; Lees et al., 2022). In particular, the Iberian Peninsula 
represents a crucial stronghold for numerous grassland bird species, 

many of which exhibit unfavourable conservation status (Traba and 
Morales, 2019). Among these species, the little bustard (Tetrax tetrax) 
stands out due to its dramatic population decline in recent decades, 
primarily caused by habitat loss (Morales and Bretagnolle, 2022). As a 
result, the species has been classified as Vulnerable at the European level 
(BirdLife International, 2021). Similar to other Iberian populations, the 
little bustard has faced a concerning decline in the Extremadura region 
over the last decades (García de la Morena et al., 2006, 2018). This 
decline is coupled with low breeding success, skewed male-biased sex 
ratios (Serrano-Davies et al., 2023), and elevated adult mortality rates 
from anthropogenic sources, including illegal hunting, roadkill, and 
notably power line collisions, recognised as the leading cause of 
"non-natural" mortality (Marcelino et al., 2018). These challenges un
derscore the urgency of conservation efforts to safeguard the little 
bustard population and its critical habitats.

Stochastic population models have previously been developed to test 
the viability of the French little bustard population (Inchausti and Bre
tagnolle, 2005; Morales et al., 2005a) and to evaluate the effects of 
population reinforcement (Bretagnolle and Inchausti, 2005). More 
recently, this modelling approach has been applied to assess the effec
tiveness of a land-sparing strategy in preserving the species in Catalonia, 
Spain (Mañosa and Bota, 2023). However, none of these models incor
porate detailed individual behaviour throughout the annual cycle or 
account for spatially explicit and dynamic landscape features, thereby 
limiting their spatial context.

In this study, we aimed to develop a management support tool to 
identify conservation strategies to halt the decline and rehabilitate the 
little bustard populations within an important conservation area for the 
species: the region of Extremadura (SW Spain). Using an IBM, we 
simulated individual behaviours and their interactions with the envi
ronment to forecast habitat use and population dynamics under different 
management strategies, assessing their potential impacts on the popu
lation. Specifically, our key objectives were: 1) to develop and evaluate a 
high-resolution, spatial-explicit IBM tailored to the little bustard popu
lation of the Extremadura region; and 2) to assess the model’s potential 
and usefulness in informing cost-effective conservation plans for the 
species, with a particular focus on mitigating anthropogenic mortality 
and enhancing habitat suitability in selected locations over a 50-year 
timeframe (2022–2072).

The model developed in this study represents a major advancement 
in conservation planning for the little bustard in Extremadura and 
beyond, featuring unprecedented high spatio-temporal resolution, full 
annual cycle coverage, and a detailed representation of individual 
behaviour. Moreover, it serves as a powerful tool for assessing the 
impact of anthropogenic threats, supporting more effective, evidence- 
based management strategies.

2. Methods

2.1. Study area and study species

The Extremadura region is an autonomous administrative entity with 
authority over biodiversity management, functioning as an integrated 
management unit. It is subdivided into two provinces: Badajoz in the 
south, and Cáceres in the north. The region is characterized by a meso- 
Mediterranean climate, with warm, dry summers and cold, humid 
winters, based on 30 years of climate data (Rivas-Martínez et al., 2002). 
The landscape is heterogeneous and fragmented, predominantly char
acterised by livestock and agricultural activities. Despite the designation 
of several Special Protection Areas (SPAs), the little bustard has expe
rienced an alarming population decline over the last decades (García de 
la Morena et al., 2006, 2018; Traba et al., 2022). Between 2016 and 
2022, the density of breeding males declined by approximately 65%, 
resulting in an overall decrease of about 80% compared to 2005 (Silva 
et al., 2024). This represents an increase in the annual decline rate of 
male densities from 5% between 2005 and 2016 to 11% between 2016 

T. Crispim-Mendes et al.                                                                                                                                                                                                                       



Journal of Environmental Management 379 (2025) 124790

3

and 2022.
The little bustard is a medium-sized steppe bird that inhabits natural 

steppes as well as agricultural landscapes (Morales and Bretagnolle, 
2022). In Western Europe, it primarily occupies dry farmland with 
varying levels of agricultural intensification, from extensive landscapes 
with long-term fallows and pastures to highly intensive farmland 
dominated by cereals and irrigated crops (Traba et al., 2022). The spe
cies exhibits polygynous behaviour, employing an “exploded-lek” mat
ing system in which only females provide parental care (Jiguet et al., 
2000). Its annual cycle comprises three distinct phenological phases – 
breeding, post-breeding, and winter – characterized by territorial be
haviours and lek formations during the breeding phase, and gregarious 
behaviour during the other phases (Faria and Silva, 2010; Silva et al., 
2004, 2007).

The Iberian population displays partial migration, with some in
dividuals being strictly sedentary and others exhibiting various migra
tory patterns influenced by factors such as food availability and 
environmental conditions (Traba and Morales, 2019). Migration 
movements are synchronized with the species’ phenological phases, 
involving regular migrations with varying timing and spatial range, and 
a strong philopatric tendency (Alonso et al., 2019; García de la Morena 
et al., 2015). However, when habitat conditions change, males may 
slightly adjust their locations to find optimal habitats that meet their 
requirements (Delgado et al., 2010; Morales et al., 2005b). Male little 
bustards predominantly undertake migratory movements in June/July, 
immediately following the breeding season, during the Iberian summer, 
when temperatures peak and vegetation becomes particularly dry 
(García de la Morena et al., 2015; Silva et al., 2007). While breeding 
females are still solely rearing their chicks, breeding males and other 
non-breeding individuals begin flocking in post-breeding areas (Silva 
et al., 2014). Females and their chicks join these flocks once the chicks 
are capable of flight. In wintering quarters, flocks grow in size, accom
modating migrants from different breeding populations (Silva et al., 
2004).

In Western European little bustard populations, there is compelling 
evidence of low breeding success and a male-biased sex ratio 
(Serrano-Davies et al., 2023). As a lekking species with no male parental 
care, the number of breeding events is constrained by the number of 
breeding females, making population viability highly sensitive to female 
shortages (Jiguet et al., 2000).

2.2. Model overview

We developed an Individual-Based Modelling (IBM) framework 
using NetLogo 6.3.0 (Tisue and Wilensky, 2004; Wilensky, 1999) to 
simulate a real-world scenario for the little bustard in Extremadura. In 
the Supplementary Material (Appendix A), we provide a TRACE docu
ment (“TRAnsparent and Comprehensive model Evaludation”; Augusiak 
et al., 2014; Grimm et al., 2014; Schmolke et al., 2010) demonstrating 
that our model was carefully designed, correctly implemented, thor
oughly tested, well understood, and appropriately used for its intended 
purpose. A complete, detailed model description, following the ODD 
(Overview, Design concepts, Details) protocol (Grimm et al., 2006, 
2010, 2020), is provided in Section 2 (“Model description”) of the 
TRACE document (Appendix A). The code for our model is accessible at: 
https://github.com/TCrispimMendes/IBM_Decision-Support_Tool_for_ 
Little_Bustard_in_Extremadura.

Below, we present a brief overview of the model’s structure and 
processes, as recommended by Grimm et al. (2020). All simulations for 
calibrating, validating, and analysing the model were performed using 
the “nlrx” package (Salecker et al., 2019) in R (version 4.1.1, R Core 
Team, 2021).

We simulated various scenarios with diverse conservation manage
ment approaches, including adjusting the extent and location of inter
vention areas to enhance habitat suitability and incorporating varying 
levels of mitigation for anthropogenic mortality. To ensure model 

realism, we considered patterns of phenology, age structure, socio- 
spatial organization, reproduction, survival, migration, and dispersal. 
We assessed the model performance based on its ability to replicate the 
species’ demographic patterns in Extremadura from 2005 to 2022 (see 
Sections 2.7.8, 3 and 8 in Appendix A, for detailed information).

The model incorporates different entities, including habitat cells, 
several entities related to little bustards, categorized as males, females, 
their nests, and flocks, as well as a global environment entity ("Observer" 
in NetLogo). Females and males are modelled separately due to their 
differences in behavioural traits and survival rates during the breeding 
phase (Jiguet and Bretagnolle, 2014; Morales et al., 2008; Serrano-Da
vies et al., 2023). By explicitly modelling nests and flocks, the model 
provides a more accurate representation of processes linked to nest 
failure and group dynamics during the gregarious phenological phases, 
respectively. The state variables characterizing these entities are 
detailed in Table 1.

Spatially, the model represents the Extremadura region at a 

Table 1 
List of entities intervening in the model, with their state variables and corre
sponding status or measure unit.

Entity/State Variable Description Variable type (possible values)

Habitat cells
location Cell location Numeric (spatial coordinates)
HS Current habitat 

suitability value of the 
cell

Numeric (decimal between 
0 and 1)

occupants Current number of 
occupants of the cell

Numeric (integer)

intervened Indicates whether a 
habitat cell had a 
habitat improvement 
intervention

Boolean (True; False)

Male little bustards
ID Unique identification 

code
Numeric (integer)

location Location in the local 
patch

Numeric (spatial coordinates)

age Age Numeric (weeks)
migration_pattern Migration pattern Categorical (See Section 3.1 in 

Appendix A for details)
breed_local Breeding location Numeric (spatial coordinates)
post-breed_local Post-breeding location Numeric (spatial coordinates)
wint_local Wintering location Numeric (spatial coordinates)

Female little bustards
ID Unique identification 

code
Numeric (integer)

location Location in the local 
patch

Numeric (spatial coordinates)

age Age Numeric (weeks)
migration_pattern Migration pattern Categorical (See Section 3.1 in 

Appendix A for details)
breed_local Breeding location Numeric (spatial coordinates)
post-breed_local Post-breeding location Numeric (spatial coordinates)
wint_local Wintering location Numeric (spatial coordinates)
nest_tries Number of nest 

attempts
Numeric (integer)

Nests
female Female’s ID Numeric (integer)

Flocks
size Number of individuals 

within the flock
Numeric (integer)

Global environment
date Date in current time- 

step
Date (day/month/year)

phenological_phase Current phenological 
phase

Categorical (“breeding”; 
"migration_post-breeding"; 
“post-breeding”; 
"migration_winter"; “winter”; 
"migration_breeding")

nesting_prob Current nesting 
probability

Numeric (decimal between 
0 and 1)

migration_prob Current migration 
probability

Numeric (decimal between 
0 and 1)
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resolution of 250 × 250 m, comprising 1004 × 1128 square cells. 
Temporally, the model operates on a weekly time step, simulating the 
little bustard’s distinct phenological phases and associated behavioural 
traits throughout the yearly cycle. The choice of this spatio-temporal 
resolution is justified by the need to accurately capture the fine-scale 
habitat preferences and movement patterns of the little bustard, 
enabling the realistic depiction of habitat utilization, as well as critical 
life-history events such as breeding and migration dynamics. The 
model’s time horizon is divided into two phases. The first phase, the 
implementation phase (01-04-2005 to 01-04-2022), spans 17 years and 
was dedicated to calibration, sensitivity analysis, and validation. This 
period was chosen as it encompasses the species’ national censuses of 
2005 (García de la Morena et al., 2006) and 2016 (García de la Morena 
et al., 2018), as well as the regional census of 2022 (SEO, in prep), 
ensuring sufficient data for robust model calibration and validation. The 
second phase, the main experiment phase (01-04-2022 to 01-04-2072), 
extends over 50 years and simulates population dynamics under 
different conservation management scenarios, using the model’s 2022 
population estimates as the starting point.

The key processes driving the model are linked to specific behaviours 
and life-history events of the species. These processes are executed ac
cording to the phenological phase of the simulation (Fig. 1), which is 
updated at each simulation step alongside the corresponding changes in 
habitat suitability values. Migration and mating probabilities are 
adjusted during the migration and breeding phases, and reproductive 
states are updated at the beginning of the breeding phase. The repro
ductive process consists of two main phases: nesting and hatching. 
During the nesting phase, breeding females construct a nest, which, if 
successful, leads to the hatching of chicks three weeks later. During the 
migration phase, which occurs between phenological phases, in
dividuals migrate to the same location where they spent the corre
sponding phase in the previous year, making slight adjustments based on 
changes in habitat suitability and spatial distribution of other in
dividuals. The distances between the locations during different pheno
logical phases vary based on each individual’s migration pattern, which 

is defined at the beginning of the simulation and remains unchanged 
throughout the simulation (data derived from GPS tracking; see 
Table S.3.2 and Section 3.1 in Appendix A for details). Additionally, 
during the migration phase to the breeding grounds, individuals may 
disperse to a new breeding location (see Table 2 and Section 3.1 in 
Appendix A). Survival probabilities at each time step differ among 
groups of individuals or agents, including nests, chicks, adults, and 
breeding females (Fig. 2 and see Section 2.7.7 in Appendix A).

The model incorporates several key design concepts to ensure the 
necessary realism and complexity for its intended purpose. The most 
important concepts pertain to phenology representation, socio-spatial 
organization, and the relationship between key demographic parame
ters of individuals and habitat suitability. Regarding phenology repre
sentation, the model recreates the little bustard’s annual cycle and 
population dynamics based on decision rules that reflect the species’ 
complex behaviours across its phenological phases (breeding, post- 
breeding, and winter), including migration periods. The annual cycle 
is thus temporally segmented to align with the different phonological 
phases, each characterized by phase-specific habitat suitability. This is 
achieved by incorporating high-resolution suitability maps (250 × 250 
m) for each phenological phase, derived from annual predictions 
generated by species distribution models (SDMs) developed by Crisp
im-Mendes et al. (2024). Habitat cells are characterized by a suitability 
value, calculated from the mean suitability of surrounding cells within a 
variable-sized buffer for each phase. This approach accounts for the 
average home range size of individuals in each phenological phase, 
effectively eliminating the challenge of incorporating small-scale 
movements, as cells act as the centroids of individual home ranges. 
This dynamic habitat characterization is crucial for guiding socio-spatial 
organization and migration movements, as well as reproduction and 
survival.

Regarding socio-spatial organization, the model is grounded on the 
“exploded-lek” mating system described for the species (Jiguet and 
Bretagnolle, 2014; Morales et al., 2014). During the breeding phase, the 
model enforces territoriality, allowing only one individual per habitat 

Fig. 1. Flow diagram illustrating the yearly-cycle processes incorporated in the model.

T. Crispim-Mendes et al.                                                                                                                                                                                                                       



Journal of Environmental Management 379 (2025) 124790

5

cell (250 × 250 m). In contrast, gregarious behaviour emerges during 
the other phenological phases, where the species forms flocks, based on 
predefined flock-search radii (see Table 2 and Section 2.7.5 in Appendix 
A). The inclusion of different proportions of migration patterns identi
fied in the Extremadura region (including intra-regional movements and 
dispersal beyond Extremadura, see Table 2 and Section 3.1 in Appendix 
A), along with adaptive traits related to habitat selection and response to 
changes in suitability (e.g. Crispim-Mendes et al., 2024), enhances the 
model’s realism in representing spatial resource use variability 
throughout the annual cycle.

Habitat suitability directly impacts breeding success (in females) and 
individual survival, as the model assumes that higher habitat suitability 
positively affects nest success and survival rates. The model applies 

distinct survival rates for chicks and adults, as well as for breeding fe
males and other adults during the breeding and chick-rearing phases. 
These differences are supported by empirical observations of sex ratio 
imbalances in populations inhabiting degraded locations 
(Serrano-Davies et al., 2023). The relationship between agents and 
habitat suitability is supported by the variables included in the SDMs, 
which are expected to correlate with survival probability. These vari
ables encompass topography and vegetation characteristics known to 
influence food availability and exposure to predation. By incorporating 
these ecological factors, the model enhances realism, allowing popula
tion dynamics to respond directly and emergently to habitat quality 
changes, whether driven by natural variability (intra- and inter-annual 
fluctuations) or anthropogenic impacts (habitat degradation or 
improvement). Together, these design principles establish a solid sci
entific framework for modelling the behaviour and population dynamics 
of little bustards in Extremadura, fully aligning with the model’s con
servation objectives.

2.3. Model development

2.3.1. Calibration
During model development, we calibrated parameters with limited 

empirical support, including the percentage of non-breeding females 
and the conspecific attraction radius during post-breeding and winter 
phases (see Table 2). Additionally, we inferred the relationship between 
survival at different life stages and habitat suitability using Logarithmic 
Regression. This required calibrating parameters A and B in the 
equation: 

Weekly Survival = A + B ln(Habitat Suitability)                                  

Where A represents the survival probability under optimal habitat 
suitability conditions (habitat suitability = 1), and B determines the 
slope of the curve, reflecting the strength of the correlation between 
survival and habitat suitability.

For the calibration process, we employed the rejection Approximate 
Bayesian Computation (ABC) algorithm (Beaumont et al., 2002; van der 
Vaart et al., 2015), which is particularly well-suited for complex models 
like IBMs (Beaumont, 2010). For further details, see Section 6 in Ap
pendix A.

2.3.2. Sensitivity-analyses
We conducted a local sensitivity analysis using the Morris screening 

method (Morris, 1991), which applies an individually randomized 
one-factor-at-a-time design to estimate the impact of parameter varia
tions on model outputs. This method was applied to assess the model’s 
response to variations in both literature-derived (five parameters) and 
calibrated parameters (11 parameters). Input parameters were varied by 
±10% from their default values, with 100 trajectories computed per 
parameter to ensure robust sensitivity estimates. Although this method 
does not enable a quantitative evaluation of the relative significance of 
inputs with respect to one another, it effectively identifies the most 
sensitive parameters by assessing their overall impact on model output 
(μ*) and by detecting linear, additive, or nonlinear effects, as well as 
interactions among parameters (σ) (Campolongo et al., 2007; Morris, 
1991; Thiele et al., 2014). This level of analysis provides sufficient 
insight to fulfil the objectives of this study. For further details, see 
Section 7 in Appendix A.

2.3.3. Validation
We validated the model against demographic data from the 

Extremadura region and other Iberian and French populations. Specif
ically, we compared model outputs from 100 simulation runs against 
male abundance estimates in the provinces of Cáceres and Badajoz, 
based on the 2016 national census (García de la Morena et al., 2018) and 
the 2022 regional census (SEO, in prep). Additionally, we validated 

Table 2 
Summary of parameter information used in the IBM, including value ranges and 
sources, indicating whether they were derived from the literature or calibrated. 
Seasonal parameters are categorized as B – Breeding; PB – Post-Breeding; W – 
Winter.

Parameter Values Source

Initialization
Suitability maps 0–1 Crispim-Mendes et al. (2024)
Minimum 
suitability 
threshold

B – 0.33 
PB – 0.29 
W – 0.28

Calculated (see Section 3.2 in 
Appendix A)

LB Densities in 
2005 by 
suitability

Logarithmic regression Calculated based on 
Crispim-Mendes et al. (2024); 
García de la Morena et al. (2006)
(Section 3.3 in Appendix A)

LB Sex-ratio in 
2005

0.716 females/male García de la Morena et al. (2006)

LB Age 
distribution

Stable age distribution Calculated (see Section 3.4 in 
Appendix A)

Home range
Home range 
radius

B – 745 m 
PB – 1.339 m 
W – 1.726 m

Silva et al. (2024)

Reproduction
% Non-breeding 
females

18% Calibrated (see Section 6 in 
Appendix A)

Brood-size 2.11 ± 0.85 chicks Bretagnolle et al. (2018)
Probability of 
clutch 
replacement

1st clutch – 67% 
2nd clutch – 57%

Cuscó et al. (2021)

Survival
Nests’ survival Logarithmic regression Calibrated (see Section 6 in 

Appendix A)
Chicks’ survival Logarithmic regression Calibrated (see Section 6 in 

Appendix A)
Breeding females’ 
survival

Logarithmic regression Calibrated (see Section 6 in 
Appendix A)

Adults’ survival Logarithmic regression Calibrated (see Section 6 in 
Appendix A)

Annual 
anthropogenic 
mortality

17.7 % Silva et al. (2024)

Migration and dispersal
Migration pattern 
percentages

("SD"; "MDS"; "MDSW"; 
"LDSA"; "LDSB"; 
"LDSW")

Silva et al. (2024) (see Section 
3.1 in Appendix A)

Migration 
distances

Dependent on 
migration pattern and 
phenological phase

Silva et al. (2024) (see Section 
3.1 in Appendix A)

Dispersal 
distances

51.67 ± 19.41 km Silva et al. (2024)

Chicks’ migration 
age

8 weeks Guesstimated based on Silva 
et al. (2024) and Bretagnolle 
et al. (2022)

Flocks
Conspecific 
attraction radius

PB – 1500 m 
W – 2750 m

Calibrated (see Section 6 in 
Appendix A)

Maximum flock 
size

PB – 100 
W – 300

Guesstimated based on Morales 
et al. (2022) and Silva et al. 
(2024)
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various reproductive, survival, and socio-spatial organization parame
ters. For detailed information, see Section 8 in Appendix A.

2.4. Simulation experiments

For the main experiment, we used the calibrated model to run 50- 
year simulations (2022–2072), evaluating different management stra
tegies to identify cost-effective conservation measures. The primary goal 
was to increase productivity and effective population size in Extrem
adura, aiming to reverse the current population decline over the me
dium to long term. We tested different criteria for selecting locations to 
implement habitat suitability improvements and explored various levels 
of anthropogenic mortality mitigation.

Population data was collected at years 5 and 10, and subsequently at 
10-year intervals. Simulations were initialized using a database gener
ated during the model validation process, which included the location 
and state variables of individuals in 2022 for each of the 100 simulation 
runs (2005–2022). Habitat suitability maps were calculated as the me
dian suitability over the last 10 years (2012–2022) for each phenological 
phase, remaining constant throughout the simulation period.

2.4.1. Conservation interventions
To design conservation interventions, we prioritized areas with 

higher male breeding densities, which also coincide with greater nesting 
densities (Silva et al., 2024). We then evaluated several hierarchical 
decision rules to define conservation interventions based on habitat 
suitability (considering location, number, extent, and magnitude of 
improvement) and mitigation of anthropogenic mortality, aiming to 
identify the most cost-efficient management strategies. We began by 
defining the potential intervention locations, testing two scenarios: i) 
Intervening only within Special Protection Areas (SPAs); and ii) Inter
vening both inside and outside SPAs. Next, we examined different 

proportions of male locations within these areas (0.25, 0.5, 0.75, and 1). 
After selecting intervention sites based on the centroid of male home 
ranges, we assessed different management area sizes, considering radii 
of 250 m, 750 m, and 1250 m (corresponding to 1, 3, and 5 habitat cells, 
respectively). Lastly, we tested different habitat suitability increments 
(0.1, 0.2, and 0.3) to simulate breeding habitat improvements.

In parallel, we evaluated the reduction of overall anthropogenic 
mortality using a tiered approach, where each tier represents a different 
annual probability of mortality due to anthropogenic causes (4 tiers in 
total): i) 0.06 – Current anthropogenic mortality probability (control 
scenario, no intervention); ii) 0.04 – Intermediate reduction (e.g., 
implementing power line marking); iii) 0.02 – Greater reduction (e.g., a 
combination of power line burial and marking); and iv) 0.00 – Complete 
elimination of anthropogenic mortality. The 0.06 mortality scenario 
serves as a baseline without mortality reduction. The 0.04 scenario 
represents an intervention strategy involving power line marking, while 
the 0.00 scenario assumes the burial or rerouting of power lines along
side stricter hunting regulations. The 0.02 scenario represents a mixed 
strategy, where some power lines are buried, and others are marked. We 
assumed that future power lines would be planned to minimize collision 
risks for bustards, excluding scenarios involving increased anthropo
genic mortality.

We tested 288 different conservation management strategies, each 
replicated 10 times, resulting from the various combinations of in
terventions. Strategies were considered effective if they produced an 
annual population growth >1.

To identify the most cost-effective strategies, we ranked them based 
on the ratio between the observed annual population growth rate and 
the intervention area used for habitat suitability enhancement. This 
ranking was conducted at each data collection year and for each 
anthropogenic mortality tier, considering only combinations that 
maximized habitat suitability improvement (0.3).

Fig. 2. Calibrated survival curves for different life stages of the little bustard as a function of habitat suitability, derived from logarithmic regression: Weekly 
Survival = A + B ln(Habitat Suitability). The parameters A and B represent the mean values of the posterior distributions obtained through the rejection-ABC 
calibration process.
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3. Results

3.1. Model development

3.1.1. Calibration
The calibration process enabled the establishment of a correlation 

between habitat suitability and individual survival at various life stages 
of the little bustard. Notably, during the incubation period, nest failure 
exhibited a strong correlation with low habitat suitability, emphasizing 
the critical nature of this life stage for the species. This stage, charac
terized by the lowest weekly survival rate under optimal habitat suit
ability conditions (A = 0.958), also revealed the strongest correlation 
with suitability (B = 0.155) (Fig. 2a). Similarly, during the chick 
development stage, spanning from birth to 8 weeks of age, a significant 
correlation was observed with habitat suitability (B = 0.076), alongside 
the second lowest weekly survival probability under optimal conditions 
(A = 0.974) (Fig. 2b).

Adult breeding females displayed a lower weekly survival probabil
ity under optimal habitat suitability conditions during the breeding 
phase (A = 0.996) when compared to non-breeding individuals and 
breeding females outside the breeding phase (A = 0.998). Additionally, 
the correlation with habitat suitability was substantially stronger for 
breeding females (B = 0.021) compared to other adult individuals (B =
0.002) (Fig. 2c and d).

Regarding the percentage of non-breeding females, the calibration 
process indicated a value of 18.5%, with the posterior distribution 
showing significant variation between 15% and 23%, suggesting a low 
model sensitivity to this parameter (see Table S.6.2 in Appendix A). 
Concerning the conspecific attraction radius during the post-breeding 
and winter phases, the calibration results indicated a radius of 20 
patches (5 km) for the post-breeding phase and 33 patches (8.25 km) for 
the winter phase (see Table S6.2 in Appendix A).

3.1.2. Sensitivity analyses
The sensitivity analyses unveiled that the most crucial parameter 

(with high μ* values) for the annual growth rate was the survival rate of 
adults under optimal habitat suitability conditions, followed by 
anthropogenic mortality and the survival of breeding females during the 
breeding season (see Figure S.7.1 in Appendix A). Additional parameters 
that influenced the annual growth rate included the survival rates of 
chicks and nests. However, these parameters were strongly influenced 
by the values in other parameters (high σ values). With the exception of 
adult survival, all remaining parameters exhibited non-monotonic ef
fects on the growth rate, characterized by high μ* values and low μ 
values.

Regarding the influence on the population sex ratio, the sensitivity 
analyses highlighted the importance of parameters such as adult sur
vival, survival of breeding females during the breeding season, and 
anthropogenic mortality, followed by the survival rates of chicks and 
nests (see Figure S.7.2 in Appendix A). All of these parameters were 
significantly influenced by the choice of other parameter values. Finally, 
concerning the influence of parameters on time to extinction, adult 
survival and anthropogenic mortality emerged as the most important 
parameters (see Figure S.7.3 in Appendix A).

3.1.3. Validation
Our model successfully replicated the estimated number of males in 

the provinces of Cáceres and Badajoz from the 2016 and 2022 censuses, 
with the results slightly falling below the lower confidence interval for 
the number of males in Badajoz in 2016 (see Figure S.8.1 in Appendix 
A). Additionally, the model satisfactorily approximated the number of 
individuals per flock during the post-breeding and winter phases (see 
Figure S.8.10 in Appendix A).

The model’s nest failure rate (41%; see Figure S.8.2 in Appendix A) 
fell within the ranges reported in other studies (Berthet et al., 2012; 
Bretagnolle et al., 2011; Cuscó et al., 2021; Lapiedra et al., 2011), as did 

the average number of juveniles per breeding female (0.76 juveniles; e.g. 
Bretagnolle et al., 2018; Bretagnolle and Inchausti, 2005; Cuscó et al., 
2021; Tarjuelo et al., 2013). Similarly, the median chick survival (0.5; 
see Figure S.8.5 in Appendix A) and breeding success (0.56; see 
Figure S.8.6 in Appendix A) aligned with values from previous research 
(e.g. Bretagnolle et al., 2018; Cuscó et al., 2021; Lapiedra et al., 2011). 
However, the model slightly overestimated the number of juveniles per 
female (0.65; see Figure S.8.3 in Appendix A), compared to other studies 
(Bretagnolle et al., 2011; Cuscó et al., 2021; Inchausti and Bretagnolle, 
2005; Lapiedra et al., 2011).

The model also replicated the empirical average sex ratios (median 
sex ratio = 0.54; see Figure S.8.7 in Appendix A) and median annual 
male survival rates (75%; see Figure S.8.8 in Appendix A). The male 
survival rate was slightly higher than the average estimated for the 
Extremadura region (Silva et al., 2024) but fell within the expected 
ranges (Inchausti and Bretagnolle, 2005; Marcelino et al., 2018). 
Regarding site fidelity, the model produced values consistent with those 
recorded in Extremadura, both at the home range (83%) and core area 
(46%) levels (see Figure S.8.9 in Appendix A).

3.2. Optimal management strategy

The analysis of various simulated management strategies (Table 3) 
revealed significant disparities in the annual growth rate (λ) over the 50- 
year simulation period, with most strategies failing to achieve annual 
population growth rates greater than 1 (Fig. 3). The results emphasize 
that while improving habitat suitability is essential for reversing popu
lation decline, substantial and lasting recovery can be greatly enhanced 
by reducing anthropogenic mortality.

This trend is particularly pronounced when interventions to improve 
habitat suitability are confined to SPAs. In these scenarios, only 14 out of 
the 36 strategies achieved growth rates greater than 1 under any mor
tality reduction scenario (Fig. 3). However, when no measures were 
taken to reduce anthropogenic mortality, only 3 strategies produced 
positive growth. These required intervention areas covering at least 
67,645 ha (equivalent to five habitat cells surrounding the home range 
centroids of 50% of breeding males) and a minimum suitability increase 
of 0.3. Even the most comprehensive strategy, covering 101,638 ha (five 
habitat cells surrounding the home range centroids of 100% of breeding 
males) within SPAs, failed to achieve growth rates of 1 in the first decade 
without mitigation of anthropogenic mortality, with values below 1.02 
by year 50. For growth rates greater than 1 after 10–20 years, inter
mediate reductions in anthropogenic mortality (mortality rates of 0.04 
or 0.02), combined with broader intervention areas (at least five habitat 
cells around selected males) and suitability increases of 0.3, were 
necessary. Restricting interventions to a radius of one habitat cell, or 
implementing smaller suitability increases (0.1), consistently resulted in 
declining populations.

Expanding intervention areas beyond SPAs produced better results. 
In these cases, 20 out of 36 strategies achieved growth rates greater than 
1 in at least one mortality reduction scenario (Fig. 3). Strategies without 
mortality mitigation required larger areas (at least 87,249 ha, equivalent 
to three habitat cells surrounding the home range centroids of 50% of 
breeding males) and higher suitability increases (≥0.2) to sustain pop
ulation growth. Only scenarios with complete anthropogenic mortality 
mitigation achieved growth rates greater than 1 with minimal inter
vention (one habitat cell radius or suitability increases of 0.1).

Despite targeted efforts, 67% of the scenarios still showed declining 
trends (annual growth <1) after 50 years (see Figure S.9.1 in Appendix 
A), particularly those with smaller intervention radii (1 or 3 habitat 
cells), limited suitability increases (0.1 or 0.2), and minimal or no 
anthropogenic mortality mitigation (mortality rates of 0.04 or 0.06). 
Moreover, 2% of the scenarios risk near-extinction levels (<50 in
dividuals) within 30 years, increasing to 26% after 40 years and 73% 
after 50 years, with 5% leading to effective extinction by 2073 (see 
Figure S.9.2 in Appendix A).
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Among the strategies deemed most efficient (Fig. 4), most were still 
unable to recover the population to the estimated numbers from 2005, 
even after 50 years. This was especially evident in scenarios where 
habitat suitability improvements were restricted just to leks within the 
SPAs. The only strategy that achieved the 2005 population size involved 
the complete elimination of anthropogenic mortality combined with the 
highest level of habitat suitability improvement (0.3) across 100% of 
breeding male locations. However, targeting 75% of breeding male lo
cations throughout the entire region allowed the population to approach 
the 2005 size within 40 years, even without mitigating anthropogenic 
mortality. Similarly, with interventions at 50% of breeding male loca
tions, this goal could be reached within 50 years. If anthropogenic 
mortality is reduced, the 2005 population size could be achieved 10–20 
years earlier, depending on the extent of mortality reduction.

4. Discussion

The IBM developed for the little bustard population in the Extrem
adura region has provided valuable insights into how the species’ 
demography relates to its significant population decline, particularly 
highlighting the effects of a skewed sex ratio, low breeding success, and 
low adult survival. This modelling approach not only highlights key 
biological aspects requiring intervention but also optimizes manage
ment efforts. Additionally, the IBM framework facilitates the assessment 
of different management actions and their implementation costs 
through a cost-effectiveness analysis, enabling the prioritization of 
strategies that best align with conservation objectives.

For the little bustard in Extremadura, our findings demonstrate that 
the most effective management strategies (i.e. those that minimize 
conservation efforts while maximizing long-term species recovery) rely 
on coordinated actions that simultaneously enhance habitat suitability 
and reduce anthropogenic mortality.

4.1. IBM and population demography in Extremadura

During model development, calibration confirmed a positive corre
lation between habitat suitability and the survival of nests, chicks, and 

adult little bustards. This aligns with previous studies showing high nest 
failure rates in low-suitability areas, primarily due to nest destruction, 
predation, and abandonment (Bravo et al., 2017; Bretagnolle et al., 
2018; Cuscó et al., 2021). Low breeding productivity in these areas 
likely results from limited food availability, inadequate herbaceous 
cover, and high predation pressure (Lapiedra et al., 2011; Serrano-Da
vies et al., 2023), which contribute to higher chick mortality and 
increased risks for adult females during nesting and chick-rearing phases 
(Cuscó et al., 2021; Serrano-Davies et al., 2023).

Our findings suggest that low female survival rates in less suitable 
habitats contribute to the skewed sex ratios observed in little bustard 
populations. This highlights the breeding phase as the most critical 
period in the species’ annual cycle, during which habitat suitability 
plays a crucial role in sustaining the population stability. Enhancing 
habitat suitability during this phase could improve reproductive success 
and female survival by reducing energy expenditure and mitigating the 
risks associated with repeated breeding attempts (Mañosa et al., 2022). 
Additionally, sensitivity analyses highlighted anthropogenic mortality 
as a key driver influencing breeding success, sex ratio, and overall 
population growth.

Although this study provides a preliminary theoretical framework 
for evaluating conservation strategies, the results yield critical insights 
that can inform the development of an effective management plan for 
the species. Most strategies tested failed to achieve positive population 
growth (>1) over a 50-year period, highlighting the limitations of iso
lated measures in securing long-term population viability. This high
lights the challenges associated with little bustard conservation in 
Extremadura and across its broader range.

Furthermore, our simulations indicate alarming extinction risks, 
with near-extinction scenarios within 30 years and effective extinction 
projected within a 40–50 years horizon under certain conditions (see 
Figure S9.2 in Appendix A). These findings underscore the urgent need 
for targeted conservation measures and the importance of formulating 
long-term, comprehensive management strategies that address key 
ecological constraints. Such strategies must prioritize immediate actions 
to halt the severe population decline observed in recent decades (García 
de la Morena et al., 2006, 2018), followed by sustained efforts to 

Table 3 
Comparison of simulated management strategies and associated intervention metrics for habitat suitability enhancement. Metrics include the total intervention area 
within the study region (Total Intervened Area), the intervention area located within Special Protection Areas (Intervened Area SPAs), and the percentage of total SPA 
area that is intervened (% Area of SPAs). Additionally, the table presents the percentage of females whose home-range centroids fall within the intervention area in the 
first year of intervention (2023; % Females inside), along with the average percentage increase in habitat suitability at intervened locations where suitability increased 
by at least 0.3 (% HS increase).

Location Fraction of males Radius Total Intervened Area (ha) Intervened Area SPAs (ha) % area of SPAs % Females inside % HS increase

SPAs 0,25 1 3.302 3.302 1 7 56
3 16.484 16.484 4 18 58
5 40.982 40.982 11 23 61

0,5 1 6.219 6.219 2 13 56
3 28.769 28.769 7 27 59
5 67.645 67.645 17 31 62

0,75 1 8.788 8.788 2 18 57
3 38.452 38.452 10 32 59
5 86.786 86.786 22 34 63

1 1 11.157 11.157 3 23 57
3 46.750 46.750 12 34 60
5 101.638 101.638 26 36 64

All 0,25 1 9.351 3.417 1 18 58
3 48.911 17.411 4 47 61
5 126.740 43.882 11 57 66

0,5 1 17.778 6.314 2 34 59
3 87.249 29.590 8 71 62
5 215.813 70.292 18 81 68

0,75 1 25.296 8.939 2 49 59
3 117.502 39.486 10 85 62
5 280.461 89.798 23 93 69

1 1 32.121 11.246 3 62 59
3 143.215 47.638 12 94 63
5 332.013 104.589 27 100 70
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Fig. 3. Annual growth rate (λ) over a 50-year period under different simulated management strategies. The figure includes key intervention parameters: AM – 
Annual anthropogenic mortality probability; Y - Years post-intervention; L – Location; FM – Fraction of males; R – Radius of intervention (in habitat cells); and SI – 
Increase in habitat suitability. Strategies indicated in purple had population growth rates <1.
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facilitate the recovery of viable population levels.

4.1.1. Manage just SPAs or the species’ entire range?
Although Extremadura hosts one of Spain’s most important breeding 

populations of little bustards within Special Protection Areas (SPAs), 
comprising approximately 65% of the regional population (Traba et al., 
2022), our analysis indicates that focusing conservation efforts exclu
sively within SPAs, without addressing anthropogenic mortality, is un
likely to be an effective strategy. The results strongly suggest that 
reducing anthropogenic mortality is a critical prerequisite for any con
servation plan to be successful. Even when both habitat improvement 
and anthropogenic mortality reduction measures are implemented 
within SPAs, achieving sustained population growth rates (>1) over 50 
years remains highly dependent on the intensity of interventions. In 
contrast, strategies without spatial restrictions on habitat improvement 
consistently yield higher growth rates and require less intensive efforts 
to achieve positive population trends.

However, an important consideration is that male breeding sites 
outside SPAs tend to exhibit lower habitat suitability (Crispim-Mendes 

et al., 2024), suggesting that intervention costs may be higher in these 
areas than within SPAs. Consequently, selecting intervention sites for 
habitat improvement should account for both habitat suitability and the 
need for mortality mitigation, particularly within SPAs, where a large 
portion of the population congregates during the breeding season and 
where conservation actions may be more cost-effective. Nevertheless, 
better outcomes are expected when interventions extend beyond SPAs, 
particularly in areas with higher species densities, where targeted con
servation efforts could maximize population recovery across the species’ 
range.

4.1.2. How much habitat should be managed?
In selecting intervention sites for habitat suitability improvement, 

our simulations prioritized breeding male locations during the breeding 
season (namely, leks) under the assumption that these areas host higher 
numbers of breeding females (Morales et al., 2014; Silva et al., 2014; 
Tarjuelo et al., 2013). Maintaining high habitat quality and stability in 
these locations over the years is expected to increase local densities 
(Silva et al., 2017) and enhance reproductive success (Morales et al., 

Fig. 4. Ranking of the most effective management strategies simulated for each year with available data and across different anthropogenic mortality scenarios. he 
ranking was determined based on the ratio between the observed annual population growth rate (λ) and the total intervention area allocated to enhancing habitat 
suitability. The figure includes key intervention parameters: AM – Annual anthropogenic mortality probability; Y - Years post-intervention; L – Location; FM – 
Fraction of males; R – Radius of intervention (in habitat cells).
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2013). However, the male-skewed sex ratio and the low survival rate of 
breeding females emphasize the importance of also including female 
settlement areas in conservation interventions. Defining an optimal 
intervention radius around male locations is therefore crucial for an 
effective management strategy.

Our results indicate that effective conservation strategies for the 
little bustard require relatively large intervention buffers. Strategies 
employing a single habitat cell buffer (250m radius) around male lo
cations were less effective than those using 3- or 5-cell buffers (750m 
and 1250m radii, respectively). Notably, the 250m buffer strategies only 
resulted in population growth rates >1 when coupled with the complete 
elimination of anthropogenic mortality.

Cost-effectiveness analysis revealed that while 3-cell buffers (750m) 
are occasionally top-ranked for short to medium-term interventions 
(5–30 years), 5-cell buffers (1250m) provide better results in medium-to 
long-term scenarios (30–50 years). Larger intervention areas tend to 
increase overall habitat suitability, but they also entail higher inter
vention costs due to the decreasing suitability of areas farther from male 
home range centroids.

A more cost-effective strategy could involve a phased approach, 
initially implementing a 750m buffer and expanding it to 1250m as the 
population grows. This adaptive management approach would allow for 
lower initial costs while providing flexibility for future adjustments 
based on population response. Additionally, implementing habitat im
provements at the management unit level (land parcels) is crucial to 
ensuring precise and feasible interventions, while also facilitating long- 
term agreements with landowners.

Regarding lek interventions, targeting 50% of leks generally yields 
the most efficient outcomes. However, in scenarios where anthropo
genic mortality is fully eliminated, intervening in only 25% of leks 
within SPAs is optimal. These decisions should be carefully integrated 
into the broader conservation strategy, considering factors such as 
buffer size, spatial constraints, and intervention timelines.

4.1.3. How does the habitat suitability need to be improved?
Our methodology evaluated three levels of suitability increase (0.1, 

0.2, and 0.3) in the habitat suitability index, applying these increments 
uniformly across all intervention sites, regardless of their initial suit
ability. However, in a realistic conservation scenario, most habitat 
management interventions would prioritize medium-to low-suitability 
areas, aiming to maximize the effectiveness of management actions and 
achieve the highest possible gains in habitat quality. While our approach 
is primarily conceptual, it allows us to quantify the population-level 
impacts of different intervention intensities.

Our results indicate that marginal and intermediate suitability in
creases (0.1 and 0.2) are insufficient to reverse the population decline 
unless interventions target the majority of lek sites and include sub
stantial reductions in anthropogenic mortality. Even under these con
ditions, growth rates remain significantly lower than those observed in 
scenarios with a suitability increase of 0.3. These findings highlight the 
critical importance of maximizing breeding habitat quality, rather than 
relying on partial improvements, when designing agri-environmental 
measures (Morales et al., 2013; Traba et al., 2022).

Although our model assumes similar habitat preferences for males 
and females at the model scale (Crispim-Mendes et al., 2024), it’s 
important to acknowledge that they differ at finer scales (Morales et al., 
2008; Silva et al., 2014). As we move towards higher resolution models, 
it becomes imperative to incorporate detailed information on female 
habitat preferences. Therefore, when designing habitat management 
strategies aimed at improving suitability, it’s essential to account for 
both male and female habitat preferences.

4.1.4. Anthropogenic mortality
A key finding of our study is that a management strategy focused 

solely on enhancing breeding habitat suitability, without addressing 
anthropogenic mortality, is unlikely to produce sustainable population 

growth. Similar conclusions were reached by Mañosa and Bota (2023) in 
a study conducted in Catalonia, Spain, which emphasized that to guar
antee the long-term viability of the little bustard and to secure a 
reasonable share of conservation effort from stakeholders, it is critical to 
reduce both natural and anthropogenic mortality.

In our analysis, anthropogenic mortality reduction was modelled as a 
uniform probability applied across the entire study area, ranging from 
no reduction to complete elimination. While this approach provides 
valuable insights into the importance of mitigating anthropogenic 
threats, a more realistic approach would involve explicitly identifying 
and spatially representing the main sources of anthropogenic mortality. 
In this context, one crucial improvement to our model would be the 
integration of the electrical grid within the study area, incorporating 
species-specific collision probabilities for different powerline types. This 
enhancement would allow for testing targeted mitigation strategies, 
such as line marking or burial, which have been implemented with 
varying levels of effectiveness and cost efficiency across different re
gions (Silva et al., 2023).

By refining our approach to account for spatial variation in anthro
pogenic threats, future conservation planning could prioritize mitiga
tion actions in high-risk areas, ultimately enhancing the effectiveness of 
management strategies for species recovery.

4.1.5. What is the best conservation strategy?
Prioritizing interventions that maximize conservation impact while 

considering financial constraints is crucial to ensure that conservation 
efforts are both effective and sustainable in the long term (Tallis et al., 
2021).

The analysis of the top-rated simulated conservation strategies offers 
valuable insights for managing the little bustard population in Extrem
adura. In the absence of substantial reductions in anthropogenic mor
tality, effective strategies should focus on targeting 25% of male 
locations for habitat improvement within a 5-cell buffer, covering 
approximately 127,000 ha. Alternatively, interventions targeting 50% 
of male locations within a 3-cell buffer for 20 years, followed by an 
expansion to a 5-cell buffer over a total area of 216,000 ha, could also 
yield positive results. In scenarios where anthropogenic mortality is 
reduced, the most promising strategy involves intervening within a 3- 
cell buffer at 25% of male locations for 20 years, followed by an 
expansion to a 5-cell buffer. However, targeting 50% of male locations is 
generally more effective in ensuring long-term population stability and 
growth.

If anthropogenic mortality is fully mitigated, the optimal strategy 
would be targeting 25% of male locations within SPAs, using a 5-cell 
buffer covering approximately 41,000 ha. However, it is essential to 
evaluate strategies not only based on efficiency but also in terms of their 
expected outcomes. Some strategies that appear efficient on paper may 
still fail to achieve the desired population growth rates.

Cost considerations are crucial in strategy design, requiring a balance 
between the one-time costs of reducing anthropogenic mortality and the 
ongoing costs associated with habitat improvement. Realistic cost esti
mates and clear conservation objectives, including target population 
sizes, should guide the design of these strategies. Furthermore, less 
ambitious strategies could delay or significantly hinder population re
covery, underlining the need for adaptive management. Regular moni
toring is essential to adjust interventions and ensure long-term 
effectiveness (Zurell et al., 2022).

4.2. Final considerations and future prospects

The IBM developed in this study represents a significant advance
ment in conservation planning by integrating ecological complexity and 
species-specific behavioural variability into population forecasts, while 
enabling evidence-based decision-making. By accounting for multiple 
interacting variables, such as various levels of anthropogenic mortality 
and habitat improvement across specific areas, our approach provides a 
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robust framework for predicting the outcomes of different conservation 
strategies and refining restoration efforts as results emerge. Such a tar
geted approach is more effective than broad, non-specific measures, 
ensuring a more efficient allocation of time and resources.

The model results have provided new insights into the need for in
tegrated strategies that focus on both increasing habitat suitability and 
reducing mortality to reverse the declining population trend of the little 
bustard in Extremadura. Results also indicated that habitat improve
ment actions must extend beyond the boundaries of the SPAs to achieve 
substantial recovery. Furthermore, the model advanced our under
standing of the biology and population dynamics of the species, 
particularly the correlation between the survival probability of different 
life stages and habitat suitability. The model also revealed that the 
species faces a regional extinction risk within the next 30–50 years if the 
necessary conservation actions are not taken.

While some aspects of the model require further validation and 
refinement, this tool currently offers the most comprehensive frame
work available for supporting the conservation of the species. This 
highlights the immense potential of IBMs in supporting the management 
of complex ecological processes (Stillman et al., 2015). Key improve
ments should focus on enhancing the model’s predictive accuracy by 
incorporating detailed migration and dispersal data, as well as micro
habitat suitability maps for females, which would allow for a more 
refined approach to habitat management. The integration of future 
climate change projections would improve long-term conservation 
planning, while the inclusion of spatially explicit representations of 
anthropogenic mortality sources, such as power lines, and more detailed 
management units would refine the implementation of conservation 
measures. Additionally, incorporating financial cost assessments would 
enable more thorough cost-benefit analyses, guiding conservation ef
forts towards economically viable and sustainable strategies. The model 
should also be designed to allow for adaptive management, ensuring 
that conservation interventions can be adjusted over time based on 
population responses, thus increasing their effectiveness.

Future research should address the broader challenges in steppe bird 
conservation (Pérez-Granados et al., 2025), with emphasis on under
standing the impact of land-use changes, which is crucial for developing 
effective mitigation strategies, particularly in the context of the 
expanding renewable energy infrastructure. Additionally, investigating 
the role of agri-environmental policies in shaping habitat quality and 
population trends will provide valuable insights for optimizing conser
vation measures and incentives. Importantly, interventions designed to 
reduce anthropogenic mortality and enhance breeding habitat suit
ability for the little bustard are likely to benefit other steppe species with 
similar ecological needs, such as the great bustard (Otis tarda) and 
pin-tailed sandgrouse (Pterocles alchata). This highlights the importance 
of exploring multispecies conservation approaches, including the po
tential of the little bustard as an umbrella species to support broader 
conservation efforts across cereal and grassland landscapes (Morales 
et al., 2023).

In summary, the model developed in this study represents a signifi
cant step in advancing the tools available for designing effective man
agement strategies for the little bustard and other grassland birds in 
Extremadura and beyond. It also provides a valuable means to assess the 
impact of anthropogenic threats such as power lines and habitat loss 
driven by the expansion of solar farms across the Iberian Peninsula.

CRediT authorship contribution statement

Tiago Crispim-Mendes: Writing – original draft, Visualization, 
Validation, Software, Methodology, Investigation, Formal analysis, Data 
curation, Conceptualization. Ana Teresa Marques: Writing – review & 
editing, Conceptualization. Francesco Valerio: Writing – review & 
editing, Conceptualization. Sérgio Godinho: Writing – review & edit
ing, Conceptualization. Ricardo Pita: Writing – review & editing, 
Conceptualization. João Paulo Silva: Writing – review & editing, 

Supervision, Investigation, Funding acquisition, Conceptualization.

Funding

TCM was funded by National Funds through FCT - Foundation for 
Science and Technology under a doctoral grant (SFRH/BD/145,156/ 
2019). ATM was funded by the project NORTE-01-0246-FEDER-000063, 
supported by Norte Portugal Regional Operational Programme 
(NORTE2020), under the Portugal 2020 Partnership Agreement, 
through the European Regional Development Fund (ERDF). JPS was 
supported by an FCT contract (DL57/2019/CP1440/CT0021). RP was 
supported by the FCT through a research contract under the CEEC 
research contract 2022.02878.CEECIND. SG was funded by the FUEL- 
SAT project “Integration of multi-source satellite data for wildland 
fuel mapping: the role of remote sensing for an effective wildfire fuel 
management” from the Foundation for Science and Technology (PCIF/ 
GRF/0116/2019), and by National Funds through FCT under the Project 
UIDB/05183/2020.

Declaration of competing interest

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests: 
Tiago Crispim-Mendes reports financial support was provided by FCT - 
Foundation for Science and Technology. Joao Paulo Silva reports 
financial support was provided by FCT - Foundation for Science and 
Technology. Ricardo Pita reports financial support was provided by FCT 
- Foundation for Science and Technology. Sergio Godinho reports 
financial support was provided by FCT - Foundation for Science and 
Technology. If there are other authors, they declare that they have no 
known competing financial interests or personal relationships that could 
have appeared to influence the work reported in this paper.

Acknowledgements

Special thanks go to Maria de Jesús Palacios and Ángel Sánchez 
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Faria, N., Villers, A., Casas, F., Attie, C., Devoucoux, P., Bretagnolle, V., Morales, M. 
B., 2023. Biased adult sex ratios in Western Europe populations of Little Bustard 
Tetrax tetrax as a potential warning signal of unbalanced mortalities. Bird. Conserv. 
Int. 33, e40. https://doi.org/10.1017/S0959270922000430.

Silva, J.P., Estanque, B., Moreira, F., Palmeirim, J.M., 2014. Population density and use 
of grasslands by female Little Bustards during lek attendance, nesting and brood- 
rearing. J. Ornithol. 155, 53–63. https://doi.org/10.1007/s10336-013-0986-8.

Silva, J.P., Faria, N., Catry, T., 2007. Summer habitat selection and abundance of the 
threatened little bustard in Iberian agricultural landscapes. Biol. Conserv. 139, 
186–194. https://doi.org/10.1016/j.biocon.2007.06.013.

Silva, J.P., Marques, A.T., Bernardino, J., Allinson, T., Andryushchenko, Y., Dutta, S., 
Kessler, M., Martins, R.C., Moreira, F., Pallett, J., Pretorius, M.D., Scott, H.A., 
Shaw, J.M., Collar, N.J., 2023. The effects of powerlines on bustards: how best to 
mitigate, how best to monitor? Bird. Conserv. Int. 33. https://doi.org/10.1017/ 
S0959270922000314.

Silva, J.P., Moreira, F., Palmeirim, J.M., 2017. Spatial and temporal dynamics of lekking 
behaviour revealed by high-resolution GPS tracking. Anim. Behav. 129, 197–204. 
https://doi.org/10.1016/j.anbehav.2017.05.016.

Silva, J.P., Pinto, M., Palmeirim, J.M., 2004. Managing landscapes for the little bustard 
Tetrax tetrax: lessons from the study of winter habitat selection. Biol. Conserv. 117, 
521–528. https://doi.org/10.1016/j.biocon.2003.09.001.

Silva, J.P., Soares, F.C., Guzmán, J.M., Marques, A.T., García de la Morena, E., Juhlin, C. 
M., Guisado, R.R., Cendrero, J., Crispim-Mendes, T., Valerio, F., Gameiro, J., 
Correia, R., Godinho, S., García-Baltasar, S., Abad-Gómez, J.M., Moreira, F., 
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