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         Summary 

 With the combination of worldwide landscape changes and the uncertainty about the impact 
on species abundance and distribution, the value of spatio-temporal modelling tools is 
increasingly obvious. The Little Bustard  Tetrax tetrax  breeds on low-intensity arable cultiva-
tion and pastoral land and is currently threatened by diverse landscape modifications. The 
aim of this research was to predict Little Bustard population trends in the face of realistic 
scenarios of land use and infrastructure changes, applying a recently developed spatially 
explicit framework, based on the stochastic dynamic methodology (StDM). The application of 
this approach provided some basis to analyse the responses of breeding populations’ spatial 
distribution and abundance to the scenarios implemented. Since some of these scenarios rep-
resent local and/or regional risks to the viability of Little Bustard breeding populations, the 
results obtained demonstrate the potential of the proposed framework for landscape planning 
in the scope of the conservation of this threatened species. This approach also provides a 
promising baseline to support ecological risk assessments for other species, derived from 
ecological models with increased predictive power and intuitiveness to decision makers and envi-
ronmental managers.      

   Introduction 

 Although southern European countries still hold vast areas of agro-steppes, the current multifac-
torial changes at the landscape level, induced both by agricultural intensification and abandon-
ment, combined with increasingly frequent construction of infrastructure, such as highways, 
railroads, dams, power lines and urban sprawl (e.g. Morales  et al.   2005 , Martínez-Abraín  et al.  
2009) are causing large-scale habitat modification and fragmentation. These changes may imply 
serious risks for endangered species living in these areas. The Little Bustard  Tetrax tetrax  is a bird 
that lives in natural steppes and in extensive agricultural landscapes and it has been decreasing 
and disappearing from several countries (Iñigo and Borov  2010 , Silva  et al.   2014a ). The species has 
a fragmented range encompassing south-western and south-eastern Europe and Central Asia 
(Iñigo and Borov  2010 , Silva  et al.   2014a ). It is considered Near Threatened (IUCN  2008 ) and a 
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conservation priority species under the European Bird Directive (2009/147/CE). Several studies 
indicate that agricultural intensification and landscape structural changes are the main reasons 
for its decline (Martínez and Tapia,  2002 , Traba  et al. ,  2008 , Bretagnolle  et al.   2011 ). Most works 
concerning Little Bustard focus on the agricultural patchwork configuration, field characteristics/
management and species bio-ecology (Traba  et al.   2008 , Bretagnolle  et al.   2011 , Faria  et al.   2012 , 
Moreira  et al.   2012 , Tarjuelo  et al.   2013 ) but few address mortality and exclusion/barrier effects 
associated with utility corridors such as roads and overhead power lines (e.g. Silva  et al.   2010 , 
 2014b ). Actually the combined influence of overhead power lines, road networks and agricultural 
changes on the density of Little Bustard breeding populations was, to the best of our knowledge, 
only assessed by Silva  et al.  ( 2010 ). That work depicts a useful methodology to predict changes in 
Little Bustard density for specific locations within a site (areas holding important populations) 
and considers dynamic changes in the surrounding habitats. Nevertheless, that study was not able 
to expand and/or project the explicit spatio-temporal responses to the entire site (Silva  et al.   2010 , 
Santos  et al.   2013 ). When local processes such as land use changes become so significant as to 
affect species dynamics, spatially explicit methods are proposed, providing powerful ways to link 
fine-scale changes to coarse-scale dynamics (Liebhold and Gurevitch  2002 , Chen  et al.   2011 , 
Santos  et al.   2013 ). This is particularly relevant for the Little Bustard that depends on the pres-
ence of specific habitats within a complex and highly dynamic mosaic of agro-ecosystems (Delgado 
 et al.   2009 ). 

 In support of technical and political decisions, modelling can be very useful as a research 
tool to predict the outcome of alternative scenarios, guiding current management options 
from expected future targets and simulating conditions that are difficult or impossible to 
understand otherwise (e.g. Santos  et al.   2013 ). The Stochastic Dynamic Methodology (StDM) 
has been developed as a sequential modelling process to predict the ecological status of chang-
ing ecosystems, from which management strategies can be designed (Santos and Cabral 
 2004 ). This recent research is based on the premise that general statistical patterns of ecologi-
cal phenomena are emergent indices of complex ecological processes (Santos and Cabral  2004 ). 
The Stochastic Dynamic Methodology (StDM) combines statistical and dynamic modelling 
with geostatistical techniques to address complex spatially-explicit emergent problems, from 
the individual habitat patch to the whole landscape context (Santos  et al.   2013 ). While the 
parameters of the dynamic model can be calibrated directly from knowledge of ecosystem 
characteristics and bibliographic information (ecologically driven), others, namely holistic 
parameters, have to be estimated using statistical algorithms, i.e. stochastically generated 
(black-box). The stochastically derived parameters, if supported by a database that includes 
relevant gradients, represent effective conceptual representations of spatial and temporal eco-
system properties and might be used for simulation or prediction, assuming that ecosystem 
conditions remain comparable. The StDM is initiated by the analysis of landscape and habitat 
composition, which defines the suitable parameters that contextualize the physical and biotic 
descriptors at the study unit level. This procedure involves the use of robust information and 
theoretic approaches based on generalized linear models (Nelder and Wedderburn  1972 ) in 
order to establish the interaction criteria between the construction of the dynamic model 
(Ford  1999 ) and the resulting stochastic dynamic simulations for each study unit (Bastos  et al.  
 2012 , Santos  et al.   2013 ). These simulations, when projected into a geographic space (e.g. Johnston 
 1998 ) and submitted to an appropriate geostatistical interpolation (Urban  2006 ), create an 
integrative picture, in space and time, of the responses to the gradients of habitat changes, 
namely considering management options and species responses. When applied as a multi-scale 
approach to address the effects of drivers on relevant indicators, the StDM’s spatially explicit 
outputs (Bastos  et al.   2012 , Santos  et al.   2013 ) can be interpreted both locally and regionally, 
considering stochastic phenomena that characterise ecological processes. The StDM framework 
has been successfully tested in several types of ecosystems affected by gradients of change 
(Santos  et al.   2010 ,  2011 , Carvalho  et al.   2013 , Fernandes  et al.   2013 ) including wildlife conserva-
tion (Silva  et al.   2010 , Bastos  et al.   2012 ). 
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 In this way, the objectives of the present work were: (1) modelling site-specific spatio-temporal 
changes in the landscape, specifically agriculture conversion, linear infrastructure installation 
(such as roads and overhead power lines) and the combination of both stressors; (2) uncovering 
the effects of these changes on particular Little Bustard breeding populations, whose spatially 
explicit distribution patterns are the basis of the ecological assessments; (3) supporting site 
management and policy decisions by creating a tool informing the consequences of alternative 
landscape scenarios on the species distribution and abundances; and (4) comparing the StDM 
framework with analogous methodologies for assessing impacts of landscape changes on threat-
ened species.   

 Material and methods  

 Study area and Little Bustard counts 

 The StDM model construction was supported by existing databases related to the campaigns car-
ried out during the national breeding census, between 2003 and 2006, in the Alentejo region 
(Project LIFE02NAT/P/8476: Conservation of the Little Bustard in Alentejo), which holds the 
most important populations of the species in Portugal ( http://life-sisao.spea.pt/pt/ ). Since 
females and non-breeding males are not conspicuous enough to be detected in workable num-
bers, Little Bustard censuses were based on breeding male estimates derived from 868 survey 
points performed at 31 sites ( Figure 1 ). A second survey programme with 697 survey points 
was carried out during 2010 in 22 of these sites, and these data used to assess the StDM model 
performance. Census details are provided Appendix S1 in the online supplementary material. 
Spatial correlation of Little Bustard male abundance was assessed by Moran’s I, by comparing 
values found at all pairs of points in the given distance class (Moran  1950 ).       

  

 Figure 1.      (A) Location of the Alentejo region in southern Portugal and (B) the spatial distribution 
of the sites (white shapes) in the study area.    
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 StDM methodology 

 Stochastic Dynamic Methodology (StDM) is a mechanistic framework for understanding eco-
logical processes based on statistical parameter estimation methods (Santos and Cabral  2004 , 
Santos  et al.   2011 ,  2013 ). This methodology combines both modelling paradigms, black-box and 
ecologically driven models within the same application. The basic unit of a StDM model is a 
state variable based on the relationships detected in the statistical analysis, described by differ-
ence equations (the discrete parallel to differential equations, where we use old values from the 
system to calculate new ones). Generically, the response variables of the statistical model cor-
respond to the ecological consequences or state variables under study and the explanatory vari-
ables are the principal environmental factors or drivers considered. Therefore, StDM models 
base the inflows and outflows of these state variables on constants and coefficients of the sta-
tistical model (Appendix S2.1). Nevertheless, since the previous statistical test output is static, 
one of the central requirements of StDM is that the dataset used for parametrising the stochas-
tic component includes relevant environmental gradients (Santos and Cabral  2004 ), allowing 
more realism, as the respective parameters are being considered with regard to their embedding 
in time and space (Santos  et al.   2013 ). The partial regression coefficients represent the global 
influence of the environmental variables selected that are of significance on several complex 
ecological processes. Yet the latter are not included explicitly in the model, but taken into 
consideration within the “data-space” of the environmental gradients monitored in changed 
ecosystems.   

 The spatially explicit StDM framework  

  General overview  

 The proposed Spatially Explicit StDM framework is a sequential process for detecting the influ-
ence of spatio-temporal changes in the functioning of selected elements of ecosystems, as depicted 
in  Figure 2  (details in Appendix S2.2).       

  Land use/cover mapping and habitat classes  

 Land use/cover of every survey point (within a circular buffer of 250 m; Appendix S1) was char-
acterised ( Figure 2A ) using a GIS database (Corine Land Cover 2006; Caetano  et al.   2009 ). Land 
use/cover was grouped in eight classes, Rainfed, Artificial Surfaces, Irrigated Crops, Permanent 
Crops, Heterogeneous Agriculture, Forests, Water bodies and Other ( Table 1 ). Additional infor-
mation was collected for calculating infrastructure attributes associated with overhead power 
lines and road network: Line Length, Roads Length and Line Distance ( Table 1 ). The spatial analy-
ses were carried out using ArcGIS® 10.1 Geographic Information System software (Esri  2013 ) 
and SAM (Rangel  et al.   2010 ).        

 Statistical analyses 

 The StDM dynamic model construction ( Figure 2C ) was preceded by a statistical procedure 
( Figure 2B ) for parameter estimation, testing relationships between response and explanatory 
variables (Santos and Cabral  2004 ). The response variable corresponds to Little Bustard male 
abundance and the explanatory variables are expressed by the area occupied by each habitat class 
and linear infrastructures associated that characterised each point (Silva  et al.   2010 ). In order 
to avoid multicollinearity, the 10 predictors selected were tested for pairwise correlation using 
Spearman’s rho correlation coefficient and only predictors with correlation lower than 0.7 (Elith 
 et al.   2006 , Wisz and Guisan  2009 ) and Generalized Variance Inflation Factor lower than 5 were 
considered (Neter  et al.   1996 ). A generalized linear model (GLM) with a log-link function to fit 
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 Figure 2.      The Spatially Explicit StDM framework for forecasting changes in Little Bustard abun-
dance and distribution as a response to local drivers: (A) analyses of landscape in each survey 
point surrounding area; (B) the statistical analysis to determine the convenient parameters that 
capture the influence of the land use/cover and infrastructure characteristics on the species’ 
response at the survey point level; (C) the construction of the stochastic dynamic model for simu-
lating abundance trends at the point level; (D) site specific projection of the resultant stochastic 
dynamic point simulations into a geographic plane; (E) site specific geostatistical chrono-sequential 
interpolations for creating interactive and integrative pictures.    
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the model (count data with an approximate Poisson distribution; O’Hara and Kotze,  2010 ) was 
used so that the effect of each explanatory variable in the presence of all others could be examined 
prior to the dynamic model construction ( Figure 2B ). We assessed the fit of each candidate model 
using the Akaike Information Criterion (AIC) value (Akaike  1974 , Hurvich and Tsai  1989 ), by 
comparing all possible combinations using the Akaike weights (AICwi; Anderson  et al.   2000 ). In 
order to reduce complexity, we selected the “best model” supported by the data (lower AIC and 
higher adjusted R 2 ; Santos  et al.   2011 ). All statistical analyses (Appendix S2.3) were carried out 
using Genstat statistical software (version 13.0, VSN International) and SAM (Rangel  et al.  
 2010 ).   

 Conceptualisation of the dynamic model 

 Significant partial regression coefficients were used to construct a stochastic dynamic model 
(e.g. Santos and Cabral  2004 , Santos  et al.   2013 ) for estimating Little Bustard occurrence and 
abundance in changing habitats ( Figure 2B ). In a holistic perspective, the partial regression coef-
ficients represent the influence of the habitat variables selected that are of significant importance 
on several complex ecological processes (Santos and Cabral  2004 ) and are related to Little Bustard 
occurrence. We used the software STELLA (version 10.1., Isee Systems, Inc.,  http://www.iseesystems.
com ) for the dynamic model development. The model was also constructed to automatically 
receive each point land use/cover and infrastructural variables for different periods, calculating 
the rates of change used for modelling each point landscape dynamics.   

 Converting dynamic simulations in spatially explicit dynamic projections 

 To create the spatial dynamic projections for each site, the dynamic simulations by point were 
achieved considering the respective trends in land use/cover and linear infrastructure. Using 
this information the StDM model was able to estimate the respective abundance of the Little 
Bustard for each point in the periods considered ( Figure 2D ). The spatial representation of 
multiple StDM simulations enabled the creation of geographical projections of land use/
cover, linear infrastructure and Little Bustard densities for each site ( Fig. 2E , Appendix S2.4) 
(Cressie and Ver Hoef  1993 , Walker  et al.   2008 , Dormann  2011 , Sherman  2011 , Zhang and 
Murayama  2000 ). 

 Table 1.      List of the variables considered in the StDM model construction  

Variables  Units Code  

Explanatory variables   
a) Land uses/cover  
Rainfed cereals, fallow and pastures hectares RAINFED 
Natural and planted Mediterranean forests hectares FORESTS 
Urbanised, industrial and social areas hectares ARTIFICIAL SURFACES 
Reservoirs hectares WATER BODIES 
Irrigated intensive annual crops hectares IRRIGATED CROPS 
Orchards and vineyards hectares PERMANENT CROPS 
Complex small scale diverse agriculture hectares HETEROGENEOUS AGRICULTURE 
Riverine vegetation and scrublands hectares OTHER 
b) Infrastructure  
Paved roads metres ROADS LENGTH 
Overhead transmission power lines (OTPL) metres LINE LENGTH 
Distance from the nearest OTPL metres LINE DISTANCE 
Response variable  
Little Bustard male abundance Number of males TETRAX  
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 The framework simulations were analysed facing realistic scenarios of change, in terms of land 
use and/or infrastructural alterations: scenario 1 associated with actual infrastructure develop-
ments and small changes in land use/cover that have occurred in the site within the study region 
called “Cuba”; scenario 2 related to no infrastructure developments but with large transforma-
tions in land uses/cover that have occurred in the site within the study region called “Airoso”, 
mostly related with irrigation and agriculture intensification supplied by the increasing water 
availability from the recently built Alqueva Dam (Costa  et al.   2011 ); scenario 3, applied in the 
“Airoso” site and combining the actual land use changes with possible infrastructure develop-
ments. In order to perceive changes in the landscape and compare Little Bustard densities and 
distribution, three time steps of the dynamic simulations were selected from which the respective 
spatial projections were depicted ( Figures 2D, 2E ).   

 Spatially explicit StDM framework performance 

 For assessing regional performance for the Alentejo, a set of independent data was used to com-
pare the simulated populations with real estimated populations (22 sites monitored in 2010). 
Results of the average population estimates for these sites were compared with the respective 
expected values from our spatially explicit simulations, using Model II regression analyses 
(Standardized Major Axis regression-SMA using the software SMATR 3.0; Warton  et al.   2012 ). 
The 95% confidence limits for the intercept and the slope of the regression were determined for 
each analysis to assess the proximity of the produced simulations in relation to the respective 
estimated values (Sokal and Rohlf  1995 ). The spatially explicit simulations were considered with 
regional accuracy (considering all sites from the Alentejo region) when (1) a statistically significant 
correlation occurred between both sets of data (simulated populations per site versus estimated 
populations per site); (2) the intercept of the common regression line was not statistically signifi-
cantly different from 0 and; (3) the slope of the common regression line was not statistically signifi-
cantly different from 1 (Sokal and Rohlf  1995 , Warton  et al.   2012 ). Complementary to the previous 
regional performance assessment, differences between each point simulated abundances and esti-
mated abundances (grouped by site) were compared to assess local performances using the Wilcoxon 
signed rank test (Wilcoxon  1945 ). The simulations were considered with local accuracy if the 
simulated abundances and the estimated abundances were not different from each other (statisti-
cally non-significant differences between the simulated and estimated values).    

 Results  

 Effects of environmental variables on the abundance of Little Bustard males 

 A total of 11 independent variables ( Table 1 ) were considered in the GLM analysis to test any 
possible correlation between the Little Bustard’s (male) abundance and the habitat variables of the 
data used in the StDM model construction. With regard to significant habitat variables, the abun-
dance was found to be positively related with the area occupied in each point by Rainfed (rain-fed 
cereals, fallow and pastures) and negatively related to the area of Water bodies (reservoirs), 
Forests (natural and planted), Line Length (metres of overhead high tension power line) and 
Roads Length (the metres of paved road) in each point (AIC = 1,411. 7; df = 6; Adj. R 2  = 8.31; 
F = 39.62;  P  < 0.001; Appendix S3). GLM residuals seem to show the same pattern of the raw 
data, i.e. positive autocorrelation at shorter distances and a mostly negative autocorrelation 
at longer distances (Appendix S4).   

 Dynamic model conceptualisation 

 The dynamic model was constructed to simulate land use changes and infrastructural develop-
ments, using the actual and predicted areas/lengths occupied by land use / cover and infrastructure: 

https://doi.org/10.1017/S0959270915000258 Published online by Cambridge University Press

https://doi.org/10.1017/S0959270915000258


Modelling land use changes on Little Bustard populations 425

  

 Figure 3.      (A) Spatial representation of changes in the land use/cover and infrastructure for 
scenario 1 and (B) the respective Little Bustard responses, expressed in densities (applied to 
the “Cuba” site). The main change is associated with the installation in 2004 (t = 3) of an 
overhead power line. Only Rainfed land use/cover is represented considering that all other 
land use/cover values are below 25% of representativeness. Little Bustard densities were 
calculated with a continuous distribution function based on a simple kriging and its temporal 
variation from t = 1 to t = 8. The distribution area was calculated based in the aggregation of 
the point referenced data.    

rates were calculated using historical information for each point in each site (Caetano  et al.   2009 ). 
The GLM significant partial regression coefficients were used to estimate Little Bustard occur-
rence and abundance under the influence of land use/cover and infrastructural changes (Santos 
 et al.   2013 ). The original conceptual diagram of the overall model and full explanation of 
processes, parameters and equations included in the model construction are shown in Appendices 
S2, S5, S6.   

 Spatially explicit dynamic scenarios  

  Scenario 1  

 The interpolated spatio-temporal simulations, incorporating the spatial autocorrelation in the 
kriging procedure, of the landscape changes that have occurred from the years 2003 to 2010 in 
the site of “Cuba” and the respective interpolated Little Bustard responses, expressed in densi-
ties (number of males per 100 ha), are shown in  Figure 3  (semi-variograms and Moran’s I are 
depicted in Appendix S7). The importance of the areas occupied by Rainfed land use, a main 
road crossing the southeast and the installation of an overhead transmission power line in 2004, 
in the extreme north are the core variables depicted ( Figure 3A ). The interpolated influence of 
these multifactorial changes in the density of the Little Bustard is shown in  Figure 3B : higher 
densities seem to be associated with areas away from the main road and, with the construction 
of the overhead power line, of both infrastructures and dominated by Rainfed land use. Overall 
the population of this site was predicted to have decreased by 5% from 2003 to 2010 in response 
to the landscape changes associated with the construction of the overhead power line and a 
small decrease in the Rainfed area (Appendix S8).       
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  Scenario 2  

 In “Airoso” site the landscape changes were mostly related to the substitution of crops. The inter-
polated spatio-temporal simulations, incorporating the spatial autocorrelation in the kriging pro-
cedure, of the landscape changes, from the years 2004 to 2010 and the respective interpolated 
Little Bustard density responses are shown in  Figure 4  (semi-variograms and Moran’s I are in 
Appendix S7). The reduction in the areas of Rainfed land use/cover, substituted by Permanent 
crops, through a conversion to olive orchards ( Figures 4A and 4B ) was predicted to have caused 
changes in the distribution and a general decline in the population ( Figure 4C ). In fact in the north 
of the site, the population collapsed in response to the changes that occurred and only the south-
ern fringes still hold significant densities. Overall, the population of the “Airoso” site was pre-
dicted to have decreased by 45% in response to the combination of land use changes described 
(Appendix S9).       

  Scenario 3  

 The interpolated spatio-temporal simulations, combining land use changes (identical to 
scenario 2) with the possible construction of a road in the south and the installation of an 
overhead transmission power line crossing the “Airoso” site during 2008 and the respective 
interpolated Little Bustard density responses are depicted in  Figure 5 . These changes could 
intensify the scenario 2 general decline in the population ( Figure 4C  versus  Figure 5C ), 

  

 Figure 4.      Spatial representation of the main changes in land use/cover for scenario 2: (A) the 
decrease in the area occupied by Rainfed, (B) the concomitant increase in the area dominated by 
Permanent crops (olive orchards), and (C) the respective Little Bustard responses, expressed in 
densities (applied to the “Airoso” site). Little Bustard densities were calculated considering a con-
tinuous distribution function based on a simple kriging and its temporal variation from t = 1 to 
t = 7. The distribution area was calculated based in the aggregation of the point referenced data.    

https://doi.org/10.1017/S0959270915000258 Published online by Cambridge University Press

https://doi.org/10.1017/S0959270915000258


Modelling land use changes on Little Bustard populations 427

namely in the southern fringes. Overall, the population of the “Airoso” site could have 
decreased by 56% (an extra 11% decline, compared to scenario 2) in response to the combination 
of stressors described (Appendix S10).        

 Spatially explicit StDM framework performance 

 The results of the performance analysis, based on the confrontation between simulated and 
estimated values for 22 independent sites (not used to construct the model), expressed in the 
respective populations are shown in  Figure 6 . Despite the non-statistical validation of our 
regional estimates ( n  = 22; R 2 = 0.808; T = -4.451; F = 136.554;  P  < 0.001; Appendix S11), we 
could easily recognise the consistent patterns in the spatially explicit outputs, although some-
times underestimated or overestimated in identifying the population of these sites ( Figure 6 ). 
Moreover, 66% of the most important sites (Silva and Pinto  2006 ), with estimated populations 
of 100 or more males were predicted by the framework to attain populations above 100 ( Figure 6 ). 
Concerning our local performance assessment, in 55% of sites (12 out of 22) the confrontation 
between the interpolated abundances simulated and estimated by point was not statistically 
significantly different ( Table 2 ).            

  

 Figure 5.      Spatial representation of the main changes in the land use/cover and infrastruc-
tures for scenario 3: (A) the decrease in area occupied by Rainfed and the installation of 
power lines and a road in 2008, (B) the concomitant increase of the area dominated by 
Permanent crops (olive orchards), and (C) the respective Little Bustard responses, expressed 
in densities (applied to the “Airoso” site). Little Bustard densities were calculated considering 
a continuous distribution function based on a simple kriging and its temporal variation from 
t = 1 to t = 7. The distribution area was calculated based on aggregation of the point refer-
enced data.    
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 Discussion  

 Habitats, infrastructure and bird density 

 The StDM spatially explicit patterns simulated are in agreement with previous studies showing higher 
densities of the Little Bustard in areas of extensive fallow/pastures and cereal (e.g. Silva  et al.   2007 , 

  

 Figure 6.      Comparisons between simulated and estimated male population sizes by site and associ-
ated standard errors (error bars). Dashed line separates sites with more than 100 males.    

 Table 2.      Results of the Wilcoxon test for comparisons between simulated and estimated males abundances by 
survey point (grouped by site). Number of points by site (N), the Wilcoxon value (W), verification of differ-
ences using Z-value (Z) and significance level (*** -  P  < 0.001, ** -  P  < 0.01, * -  P  < 0.05, ns – non significant). 
The last column summarizes the sites that were accurately predicted “+” and inaccurately predicted“−”.  

Nucleus  N W Z Accuracy  

Cuba  53 20 -3.177 (**) - 
Evora 2 30 6 -2.464 (*) - 
C Entradas 30 8 -2.525 (*) - 
Ferrarias 16 2 -0.104 (n.s.) + 
Mourão 29 18 3.211(**) - 
Airoso 25 21 4.104 (***) - 
Granja 21 13 1.596 (n.s.) + 
Mentiras 19 7 0.733 (n.s.) + 
Barros 30 8 0.134 (n.s.) + 
Machados 18 12 2.688 (**) - 
Alter 23 1 -1.461 (n.s.) + 
C Casevel 27 15 -2.901 (**) - 
C Maior 31 5 -0.197 (n.s) + 
C Salto 24 8 0.257 (n.s) + 
Entradas 62 38 -4.725 (***) - 
Guadiana 30 14 0.752 (n.s.) + 
Monforte A 25 19 3.548(***) - 
Reguengos 34 2 -1.549 (n.s) + 
S Marcos 68 26 -4.309(***) - 
T Bolsa 25 5 -0.337 (n.s.) + 
V Fernando 55 10 -0.265 (n.s.) + 
Veiros 22 4 1.368 (n.s) +  
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Moreira  et al.   2012 ). The predicted absences and/or low densities are mainly related to the 
dominance of other land uses, particularly forests, permanent crops and intensive agriculture, 
which are mostly unsuitable habitats for the species (Garcia  et al.   2007 , Delgado  et al.   2009 , 
Silva  et al.   2014a ). In fact, the population size and spatial distribution throughout simulations 
seemed to be greatly influenced by the dynamics of the land use/cover, stressing the impor-
tance of the landscape patchwork layout for conservation of the species (Osborne and Suárez-
Seoane  2006 ). 

 Nevertheless, the progressive development of infrastructure, such as roads and overhead 
transmission power lines, even in areas of suitable habitat, contributes to the deterioration in 
the ecological conditions in such places, with negative consequences for the species’ distribu-
tion and abundance. Our results suggesting that infrastructure can have an additional nega-
tive impact, namely associated with an exclusion effect, on Little Bustard breeding populations 
and that this impact is more evident close to the infrastructure are in agreement with other 
work on similar species (e.g. Benítez-López  et al.   2010 ). The most commonly reported impacts 
of infrastructure include habitat loss, intrusion of edge effects in natural areas, isolation of 
populations, barrier effects, road mortality, collisions and increased human access (Janss  et al.  
 2000 , Benítez-López  et al.   2010 , Santos  et al.   2010 , Silva  et al.   2010 ). Several works also 
report increasing levels of predation by birds of prey near infrastructure, reducing habitat 
quality and the abundance of many prey species (e.g. Lambertucci  et al.   2009 ). Overall, 
the StDM framework outputs suggest that the sustainability of each site’s reproductive 
population may be guaranteed by combining suitable land use with the absence or distant 
installation of linear infrastructure such as roads and overhead power lines. Although the 
patterns of our model are clear, we would like to emphasize that these only represent a partial 
estimate of the actual combined effect of landscape on Little Bustard breeding populations. 
Therefore, we highlight the importance of broadening the analysis to other parts of the year, 
namely winter (Silva  et al.   2004 ) when habitat selection by the species can be different and 
using complementary information, such as mortality or landscape genetics, to assess real 
impacts. These developments would add to the current holistic model/framework presented, 
contributing to an integrative methodology that would provide a more accurate estimate 
of the effects of infrastructure development and landscape changes on Little Bustard 
populations.   

 Methodology usefulness 

 Ecologists classify most quantitative models into correlative models (black-box models: Species 
Distribution Models, Maxent and others) and ecologically driven models (System Dynamics, 
Agent Based, Discrete-Event and others) (Guisan and Zimmermann  2000 , Jørgensen  2008 ). 
Black-box models, although used to simplify the modelling protocol in ecological processes, are 
considered unable to describe, in a comprehensible way, the structural changes when ecosystem 
conditions are changing substantially (e.g. Perry and Millington  2008 ). In fact, in holistic correla-
tive approaches, many details are not considered, such as individual variability, adaptation, local 
idiosyncrasies, and highly dynamic ecological phenomena. Although this simplification enables 
the understanding of whole-system processes such as resilience, resistance, persistence, regulation, 
and density dependence, it is difficult to follow at other scales, namely when local properties are 
crucial to the system’s behaviour. 

 On the other hand, the strength of ecologically driven models lies in their ability to take 
into account the individual/systemic and evolving nature of inter-related activities, showing 
the interactions between principal drivers (Chen et al.  2011 ). Although ecologically driven 
models are usually data-intensive and frequently over-parameterized, many scientists consider 
them useful in a wide variety of applications related to ecosystem functioning (e.g. Jørgensen 
 2008 ). Furthermore, modellers or users of these models should address the issue of the applica-
bility of the models in data-poor conditions, especially when multitudes of field parameters, 
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which are necessary for empiric model calibration, are not available ( Santos   et al.  2013,  Santos 
 et al.  in press ). Actually, in a reductionist analytical perspective, parameter estimation is often 
the weakest point in modelling (van Nes and Scheffer  2005 ). Determining the appropriate 
values of the parameters entered in the model is one of the most critical and challenging parts 
of model building (Santos  et al.   2013 ). 

 The main objective of applying the StDM methodology is to minimise problems in model 
creation such as parameterisation, model complexity and choice of variables (Santos  et al.  
 2011 ). The StDM incorporates a number of particularities when compared to the usual ecologi-
cal dynamic modelling approaches. The first and probably the most important difference is 
calculation of the parameters that result from statistical estimation. Therefore, the sensitivity 
analysis routine, considered crucial in standard dynamic modelling, is not an imperative for 
StDM parameter estimation and dynamic model testing (Santos  et al.   2013 ). This modelling 
tool has emerged from the idea of the so-called hybrid models (Chen  et al.   2011 ): modelling 
species distributions on the basis of large-scale holistic relationships while at the same time 
considering the most important processes. This is one of the major advantages of StDM models 
(Santos  et al.   2013 ): combining different approaches and enabling information transfer at a 
local scale, facilitating a better understanding of ecosystem dynamics, and leading to emergence 
and similar system characteristics. 

 The results obtained also show that space-for-time information in an StDM application can 
overcome problems associated with chrono-sequential information (Santos and Cabral  2004 ). 
The fact that studies in environmental change and community dynamics require regularly 
updated information further compounds the problem of data availability (Santos  et al.   2013 ). 
The identified spatial autocorrelation patterns in the Little Bustard distribution, probably 
associated with the males’ lekking behaviour, were not solved in the GLM but were incorpo-
rated in the final spatio-temporal StDM simulations. Kriging, which accounts for spatial 
autocorrelation based on a variogram, provided a way to estimate a spatial random field 
at unobserved locations (Urban  2006 ). This technique computes the value of interest at an 
unknown point as a weighted average, defined by the variogram model of the sampled neigh-
bours (Urban  2006 ). The option of using this technique following the GLM to adjust autocor-
relation, instead of other spatial models (generalized least squares, geographically weighted 
regressions, among others) (Rangel  et al.   2010 ) which correct autocorrelation and create new 
parameters for the dynamic model, was related to work with a more parsimonious StDM 
model, while incorporating spatial autocorrelation as an ecological factor affecting species 
abundance and distribution.   

 Implications for conservation 

 Regarding a priority species depending on traditional agriculture and occurring in areas 
which are mostly classified under the European protected area network (Natura 2000, special 
protection areas and others) this study highlights the conflicts between conservation efforts, 
agricultural conversion and/or infrastructure development such as utility corridors. Therefore, 
there is an increased need for management policies in the European network of protected areas to 
take appropriate action to avoid a deterioration in habitat and other disturbance affecting 
birds (Directive 2009/147/EC). In the present work, the combined effects of roads and over-
head transmission lines did not  per se  imply a significant decrease in the overall population 
size but caused changes in the use of space by the species, contributing to a higher aggrega-
tion, which might in turn lead to higher vulnerability due to population and environmental 
stochasticity (Torres  et al.   2011 ). In other words, distance from linear infrastructure is an 
important variable even in areas dominated by high quality breeding habitat (fallows, non-
irrigated cereals and pastures). On the other hand, Little Bustard density decreases associated 
with agriculture conversion might reduce dramatically the breeding populations in areas con-
sidered crucial for nature conservation. A defensible strategy for conservation can be created, 
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and most reliably will involve long-term maintenance of agro-steppe areas and management, 
using agri-environmental measures, combined with a limited and distant road and overhead 
power line network. The challenge will be for local and national authorities, jointly with 
farmers and linear infrastructure stakeholders, to outline the main corridors for these utility 
infrastructures that avoid priority conservation sites.    

 Conclusion 

 Our results contribute to increasing the knowledge of the responses of Little Bustard populations 
to the combined effects of utility corridors in a dynamic context of agricultural changes, quantify-
ing some of the negative effects that should be considered when planning and evaluating alterna-
tive infrastructure developments and landscape planning. Specifically, our framework can be used 
to demonstrate and support decisions such as the implementation of agri-environment schemes 
and infrastructure location, improving the current situation where results of previous studies on 
ecological directives or estimated impacts are barely taken into account (Roedenbeck  et al.   2007 , 
Stoate  et al.   2009 ). 

 The effective implementation of the Spatially Explicit StDM framework is very recent 
(Bastos  et al.   2012 , Santos  et al.   2013 ). Although conceptually simpler and more intuitive 
than other modelling methodologies such as Artificial Intelligence (Džeroski  et al .  1997 ), 
the modelling framework can predict ecological trends, including relevant temporal and spa-
tial gradients of stochastic environmental characteristics. It provides accessible explanations 
for underlying associations between variables based on conventional statistical methods that 
allow a more direct development of testable hypotheses. Additionally, the development of 
ecosystem change assessment methodologies must take into account the application’s viabil-
ity and if the results can be applied to other areas of interest (Andreasen  et al .  2001 ). The proposed 
methodology and model was parametrised for the Alentejo region (south-west Iberia) and can 
be easily adjusted or adapted to other species, other sites in the region and eventually to simi-
lar regions of Iberia. 

 This type of modelling may provide a basis for decision-making regarding permitting 
and mitigating prior to construction of infrastructure and/or land use changes, when few 
other tools are available for making such decisions. The work also provides valuable informa-
tion to assess the negative impact of existing infrastructure as well as allowing the recogni-
tion of locations that should be avoided when constructing new developments. Overall, our 
approach can underpin landscape management and policy decisions in agricultural landscapes 
and assure ecosystem services/conservation of wildlife in the face of ongoing environmental 
changes.   
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