
   

Simplifying Complexity: 
Applications of  

Stochastic Dynamic Methodology (StDM)  
in Terrestrial Ecology 

 

 

 

 

 

 
Tese apresentada para o efeito de obtenção do grau de Doutor 

em Ciências do Ambiente, de acordo com o disposto no 

Decreto-Lei n. º 216/92, de 13 de Outubro 

 

 
 

 

 

 

 

 

 

 

 

Mário Gabriel Santiago dos Santos 

Born in Lisbon, Portugal on the 12th of November 1973 

 

Supervisor: Prof. Dout. João Alexandre Ferreira Abel dos Santos Cabral 

 Department of Environmental and Biological Engineering, University of Trás-os-

Montes e Alto Douro 

Co-supervisor: Prof. António Maria Luís Crespí 

 Department of Environmental and Biological Engineering, University of Trás-os-

Montes e Alto Douro 



   

Cover design: Mário Gabriel Santiago dos Santos 

Printer: University of Trás-os-Montes e Alto Douro 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mário Gabriel Santiago dos Santos 

Simplifying Complexity 

Thesis University of Trás-os-Montes e Alto Douro 



   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This doctoral dissertation was produced with support from the following companies: Strix 

Environment and Innovation Ltd; Gesfinu/Energia Verde Ltd; Energikontor Ltd. 



   



   

CONTENTS 

 

Chapter 1. General Introduction       11 

Ecosystems sustainability      13 

Ecological indicators       14 

Ecological modelling       15 

General methodology – Stochastic dynamic methodology  18 

Aim of this study       22 

Chapter 2. A stochastic dynamic methodology (StDM) to facilitate handling simple 

passerine indicators in the scope of the agri-environmental measures 

problematics        25 

Abstract         27 

Introduction        29 

Methods         31 

Study area        31 

Passerine and habitat surveys     33 

Data analysis        35 

Determining the indicators’ response    35 

Conceptualisation of the model     37 

Results and Discussion       37 

Effects of habitat factors on simple ecological indicators  37 

Construction of the model and equations    38 

Dynamic model simulations      41 

Conclusions        45 

Acknowledgements       47 

Appendices        49 

Chapter 3. Modelling the performance of bird surveys in non-standard weather 

conditions: general applications with special reference to mountain 

ecosystems        55 

Abstract         57 



   

Introduction        59 

Methods         61 

Study area        61 

Data collecting       62 

Data analysis        65 

Determining the indexes response     65 

Conceptualisation of the model     66 

Results         67 

Effects of independent weather variables on bird contacts, richness and 

diversity        67 

Construction of the model and equations    67 

Deterministic simulations for an average spring day   70 

Stochastic simulations for a spring day    72 

Comparisons between deterministic environmental scenarios (only for bird 

richness)       73 

Discussion        74 

Acknowledgements       77 

Appendices        79 

Chapter 4. Simulating the impact of socio-economic trends on threatened Iberian 

wolf populations (Canis lupus signatus) in North-eastern Portugal 

          85 

Abstract         87 

Introduction        89 

Methods         92 

Study area        92 

Database construction      95 

Data analysis        95 

Determining the indicators’ response    95 

Conceptualisation of the model     96 

Results         97 



   

Effects of socio-economic and environmental factors on the selected 

ecological indicators      97 

Construction of the model and equations    97 

Dynamic model simulations      101 

Discussion        103 

Acknowledgements       107 

Appendices        109 

Chapter 5. Development of a stochastic dynamic model for ecological indicators’ 

prediction in changed Mediterranean agroecosystems of north-eastern 

Portugal         117 

Abstract         119 

Introduction        121 

Methods         125 

Study area        125 

Passerine and habitat surveys     126 

Data analysis        130 

Determining passerine foraging guilds    130 

Determining the guild’s response     130 

Conceptualisation of the model     131 

Spatio-temporal modelling      131 

Results         132 

Guild’s composition       132 

Effects of environmental factors on functional guild’s richness 133 

Conceptualisation of the model and equations   133 

Dynamic model simulations      137 

Spatio-temporal simulations      139 

Discussion        139 

Acknowledgements       143 

Appendices        145 



   

Chapter 6. Predicting the trends of vertebrate species richness as a response to 

wind farms installation in mountain ecosystems of northwest Portugal

          153 

Abstract         155 

Introduction        157 

Methodology        159 

Study area        159 

General methodology      163 

Vegetation sampling       164 

Vertebrates sampling      165 

Data analysis        168 

Determining the indicators responses    168 

Conceptualisation of the model     169 

StDM performance and simulations     169 

Results         170 

Effects of environmental factors on the selected indicators  170 

Annual influences (Base model, B equations)    170 

Seasonal influences (Alternative model, A model)   171 

Construction of the model and equations    173 

StDM performance and simulations     182 

Discussion        188 

Conclusion        191 

Acknowledgements       193 

Appendices        195 

Chapter 7. General discussion       209 

StDM – final remarks       215 

Stella software       215 

Statistical significance versus ecological significance  216 

Parameter estimation      217 

Data – base and gradient      218 



   

Algorithm        218 

“Artifactual delays”       219 

Integration of StDM with GIS     220 

Results validation       220 

General conclusions       221 

References           225 

Summary           247 

Sumário           251 

Acknowledgments         255 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 



 11 

Chapter 1 

General introduction 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on the articles: Cabral, J.A., Cabecinha E., Santos M., Travassos P., Silva-Santos P., 2008. Simulating the 

ecological status of changed ecosystems by holistic applications of a new Stochastic 
Dynamic Methodology (StDM). In: Alonso M. S. and Rubio I. M. (Eds.), Ecological 
Management, New Research. NovaScience Publishers, New York. (in press). 
Santos, M., Cabecinha, E., Silva-Santos, P., Travassos, P., Cabral, J.A., 2006. Simulating 
the ecological status of changed ecosystems by holistic applications of a stochastic dynamic 
methodology (SDM). Proceedings of the International Conference “The Quest for 
Sustainability – the role of Environmental Management Systems and Tools”.ESAC, 
Coimbra, Portugal. 
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“A complex system is an entity, coherent in some recognisable way but whose elements, 

interactions, and dynamics generate structures and admit surprise and novelty that cannot 

be defined a priori. Complex systems are more than the sum of their parts, and a 

consequence of this is that any model of their structure is necessarily incomplete and 

partial. Models thus represent simplifications in which salient parts and processes are 

simulated, and given this definition, many models will exist of any particular system.” 

 

Above Batty and Torrens (2005) provide a straightforward definition of the problem of 

working with methods (namely modelling tools) which aim to predict the behaviour of 

ecological systems. The produced thesis intends to contribute to this objective by using a 

new modelling strategy that simplifies the complexity associated to these systems and helps 

in the selection of management policies. 

 

Ecosystems sustainability 

 

The world’s ecosystems are jeopardized by a set of anthropogenic pressures that put at risk 

their sustainability and weaken their ecological functions and societal services (Vitousek et 

al., 1997; Palmer et al., 2005; Rapport and Singh, 2006; Rusong, 2007; Nunes and Soares, 

2007; Parsons et al., 2008). This problem has lead to an emphasis for developing accurate 

assessments of the ecosystems status (Rapport et al., 1998; Xu et al., 2005; Rapport and 

Singh, 2006; Blanchet et al., 2008; Borja et al., 2008; Graymore et al., 2008). In this scope, 

the need for rapid, standardized and cost-saving assessment methodologies to predict how 

anthropogenic environmental changes will affect the abundance of species, guilds or 

communities is crucial (Andreasen et al., 2001; Duelli, 1997; Zalidis et al., 2004; Gibbons 

et al., 2009; Gilbert, 2009; Pinto et al., 2009). Environmental assessments were idealised 

with the aim of providing the mechanisms to support sustainable development and the 

conservation of biological diversity (Treweek, 1996; Treweek, 1999; Rapport and Singh, 

2006; Söderman, 2006). A environmental assessment ought to begin with a conceptual plan 

that includes the natural geographic and habitat setting, human activity that can potentially 

stress the ecosystem, stressors resulting from that human activity and the effects of those 
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stressors on the ecosystem (Stevenson et al., 2004; Niemeijer and de Groot, 2008). 

Nowadays environmental assessments are pushed to assist with management decisions and 

projections of ‘what if’ scenarios are necessary to capture the main cause-effect 

relationships between human activity and ecosystem responses (Bailey et al., 2007; Cabral 

et al., 2008). Such assessments have been increasingly evaluated using as benchmarks 

ecological integrity and/or ecological health (Jian et al., 2007). Ecological integrity is an 

evaluative concept integrating properties related to self organization (Müller et al., 2000; 

Andreasen et al., 2001; Zampella et al., 2006; Borja et al., 2008; Pinto et al., 2009). 

Ecosystems with integrity are considered to be naturally self-organizing, dynamically 

stable, resilient and possessing a diverse, native biota. They are, in a broad sense, 

sustainable (Woodley et al., 1993; Müller et al., 2000; Buckard and Müller, 2008). One of 

the issues facing resource managers is when ecological conditions of a particular area 

become so altered that sustainability of current use declines or the area transitions to 

another type of use. There is a semantic aspect to this change. For example, characterizing 

cover type requires defining that type (e.g. Rosenqvist et al., 2003) as well as key 

information on particular sites or regions (e.g. Evans and Geerken, 2006). Still less apparent 

are what environmental characteristics signify changes in condition. Resource managers 

seek guideposts to indicate the direction and timing of changes. Such as the shining colour 

of autumn leaves in the deciduous forest signs imminent loss of leaves, resource managers 

need to know what measurable aspect of the environment indicates impending change in 

condition (Zurlini and Girardin, 2008).  

 

Ecological indicators 

 

Ecological indicators have taken on such importance because they provide ‘‘a sign or signal 

that relays a complex message, potentially from numerous sources, in a simplified and 

useful manner’’ (Jackson et al., 2000; Niemeijer and de Groot, 2008; Zurlini and Girardin, 

2008) and provide efficient means to characterize composition, structure, and function of 

complex ecological systems (Müller et al., 2000; Jorgensen et al., 2005; Astin 2007; 

Thompson et al., 2008; Walz, 2008). Their use assumes that these indicators reflect 

environmental changes occurring at various levels in the ecological hierarchy, from genes 
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to species and ultimately to entire regions (Dale and Beyler, 2001; Dale et al., 2008; 

Matzdorf et al., 2008; Niemeijer and de Groot, 2008). Indicators are useful for resource 

managers to document and understand ecological change. Many indicators of sustainability 

include information about ecological, social, and economic aspects of life (e.g., Zhen and 

Routray, 2003; Howe et al., 2007; Salvati and Zitti, 2008). Furthermore, tradeoffs among 

desirable features, costs, and feasibility often determine the choice of indicators and hence 

form the basic criteria for indicator selection (Dale and Beyeler, 2001; Schiller et al., 2001; 

Duelli and Obrist, 2003; Cushman et al., 2008). Because environmental impacts may be 

long-term or occur after a time lag, early indications of change need to be identified. 

Statistical results from Dale et al. (2008) provided scientific confirmation of the technical 

equivalence between several indicators. Decision makers can use other criteria such as cost 

and feasibility in selecting which indicators are most appropriate for long-term measures of 

changes. Niemeijeir and de Grot (2008) revise in detail the criteria for the selection of 

ecological indicators. In this revision, the authors discussed the problematic of indicator 

choice, which is usually not transparent and state that the various indicators are not inter-

related. Consequently, it was argued that the criteria should be applied not just to indicators 

individually, but also in relation to an indicator’s analytical utility within the total 

constellation of a selected set of indicators. This approach requires the selection process to 

be grounded in a conceptual framework that structures the interrelation of individual 

indicators (Pattern, 2006; Eppink and van de Bergh, 2007). This conceptual framework 

should be coupled to modelling tools (e.g. Millie et al., 2006; Rossing et al., 2007; Lancelot 

et al., 2008). 

 

Ecological modelling 

 

Understanding complex ecological systems and the management of associated resources 

requires an interdisciplinary approach by a variety of researchers, policy makers, resource 

managers, and stakeholders (Ticehurst et al., 2008). Environmental assessments and 

community studies usually result in complex biological data sets. In order to find ecological 

relevant holistic patterns and tendencies from such sets of data it is necessary to synthesize 

all the information to a more simplified form (Pardal et al., 2004; Zhao et al., 2005; Madin 



 16 

et al., 2007). The most popular tools to date have been biological indices, which reduce the 

dimensionality of complex ecological data sets to a single univariate statistic and ordination 

methods, which summarize the multi-dimensionality of ecological data sets in a value, 2-D 

or 3-D plots (Pardal et al., 2004; Dauvin et al., 2007). Nevertheless, if the time factor is 

present within the data, they are unable to estimate, in a comprehensible way, the structural 

changes when the habitat conditions are substantially changing (Jørgensen and Bernardi, 

1997; Santos and Cabral, 2004; Ouyang et al., 2007). In this scope, other quantitative 

methods, especially modelling are becoming increasingly important tools (Jorgensen, 1999; 

Akçakaya, 2004; Voinov et al., 2004; Rizzo et al., 2006; De Lander et al., 2008). 

Therefore, ecological studies have been improved by creating dynamic models that 

simultaneously attempt to capture the structure and the composition in systems affected by 

long-term environmental disturbances (Jørgensen, 1994; Chaloupka, 2002; Santos and 

Cabral, 2004; Bolliger et al., 2005; Sohma et al., 2008). Indeed, the comprehensive use of 

ecological models has shown a constant and remarkable growth in the last three decades 

(Williams and Poff, 2006). At the same time, hardware and software advances have 

progressively entered in our quotidian, making computer-modelling frameworks easier to 

use (Williams and Poff, 2006). When properly developed and tested, the ecological models 

must be applied with insight and with regard to their underlying assumptions (Cabral et al., 

2008). These requirements could result in models capable of simulating conditions that are 

difficult or impossible to understand otherwise. Moreover, the application of ecological 

models can synthesize the pieces of ecological knowledge, emphasizing the need for a 

holistic view of a certain environmental problem (Jørgensen, 2001; Bollinger et al., 2005; 

Schizas and Stamou, 2007). 

Ecologists classify quantitative models into data-driven models and system dynamic models 

(Guisan and Zimmermann, 2000; Aumann, 2007). Data-driven models (black-box models) 

are regularly contingent from raw data and the formulation may not be conceptually 

supported by the mechanism of the phenomenon under consideration (Ouyang et al., 2007; 

Perry and Millington, 2008). There are abundant examples of data-driven models employed 

to ecological systems for different purposes. Regression models (e.g. Capitanio and 

Carcailet, 2008), linear time series models (e.g. Orvik and Skagseth, 2003), nonlinear time 

series analysis (e.g. Perry and Millington, 2008), and artificial neural networks (e.g Özesmi 
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et al., 2006; Jeong et. al., 2008) have been used for a variety of purposes, such as 

forecasting, species conservation, ecotoxicological issues and ecosystem management. On 

the other hand, static models with fixed parameters are, in general, unable to estimate 

ecological trends when medium-long-term directional disturbances in stressed ecosystems 

occurred (Jørgensen and Bernardi, 1997; Brosse et al., 2001; Voinov et al., 2001; 

Jørgensen, 2001; Englund and Copper, 2003; Voinov et al., 2004; Van Nes and Scheffer, 

2005).  

To solve this problem, the philosophy and methodologies associated with system dynamics 

modelling were first outlined by Forrester in 1958, who applied them to optimizing 

production and inventory in a manufacturing context (Forrester, 1973). Since 1972, system 

dynamics modelling has been used in a wide range of applications, especially in economics, 

and for corporate strategic and energy planning purposes (Forrester, 1987). The strength of 

system dynamics modelling lies in its ability to take into account the systemic and evolving 

nature of inter-related activities and to clearly show the interactions between principal 

drivers (Scholl, 2001; Mendonza and Prabhu, 2005). Although system dynamics models 

(mechanistic models) are usually data-intensive and frequently over-parameterized, they 

have been found to be useful in a wide variety of applications related to ecosystems 

functioning (e.g. Martineau and Saugier, 2007; Stephenson et al., 2007; Tyre et al., 2007; 

Crout et al., 2009). Towards achieving this goal, Rizzo et al. (2006) have correctly observed 

that most mechanistic models need to be packaged at the level of a user who is not 

necessarily a programmer. Furthermore, modellers or users of these models should address 

the issue of the applicability of the models in data-poor conditions, especially when 

multitudes of field parameters, which are necessary for mechanistic model calibration, are 

not measured (McInstosh, 2003; Aumann, 2007). In fact, in a reductionistic analytical 

perspective, the parameter estimation is often the weakest point in modelling (Jørgensen, 

1999; Jørgensen, 2001; Almaraz, 2005; Van Nes and Scheffer, 2005). This results from the 

evidence that the characterization of an ecosystem cannot be complete.  
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General methodology - Stochastic dynamic methodology 

 

Since many of the ecosystem phenomenological aspects are holistic, whole-system 

properties, the main vocation of the Stochastic Dynamic Methodology (StDM) recently 

developed is a mechanistic understanding of the holistic ecological processes (Mitsch and 

Jørgensen, 1989), based on statistical parameter estimation methods (e.g. Santos and 

Cabral, 2004). Consequently, this methodology combines both modelling paradigms (data-

driven and mechanistic) within the same software. This recent research is based on the 

premise that the general statistical patterns of ecological phenomena are emergent indicia of 

complex ecological processes that do indeed reflect the operation of universal law-like 

mechanisms (Schizas and Stamou, 2007). The StDM is a modelling procedure developed in 

order to predict the ecological status of changed ecosystems, from which management 

strategies can be designed. These procedures are focusing on the interactions between 

conceptually isolated key-components and reduce the number of pre-conceptions added to 

the modelling procedures. In this perspective, the StDM should be compatible with most 

activities undertaken by conventional ecological science, i.e., pattern seeking, the ability to 

explain past and present states, and the ability to predict future ecosystem states. When 

applied to contexts relating to environmental management, the emphasis of the StDM 

applications must be in terms of cost and speed of reliable ecological assessment results. In 

contexts relating to education and communication, the results of StDM applied to 

monitoring, science, or management activities are intuitive and can be easily communicated 

to non-experts (ranging from students to resource users to senior policy makers). 

The Stochastic-Dynamic Methodology (StDM) is a sequential modelling process initiated 

by a multiple regression conventional procedure. However, the fact that the data we 

considered consisted of n independent variables does not automatically imply that all 

variables have a significant effect on the magnitude of the dependent variable. Therefore, a 

stepwise multiple regression analysis is used to test for relationships between dependent 

and independent variables. Generically, the dependent variables correspond to the 

ecological indicator responses also called state variables (Keddy et al., 1993). The 

independent variables are the principal environmental factors considered in the scope of a 

specific problematic. A step down procedure is used so that the effect of each variable in 
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the presence of all others could be examined first with the least significant variable being 

removed at every step (Zar, 1996). The analysis stops when all the surviving variables have 

a significance level. Although the usual lack of normality distribution of the ecological 

dependent variables is frequently not solved by any transformation, the linearity and the 

homoscedasticity of the residuals are recurrently achieved by using logarithmic 

transformations (X’ = log[X + 1]) in each side of the equation, i.e. on both the dependent 

and independent variables (Zar, 1996). After this data transformation, the lack of substantial 

intercorrelation among independent variables should be confirmed by the inspection of the 

respective tolerance values. The regression equation, containing the statistics used to 

estimate the ecological parameters when there are n independent variables, would be: 

 

logY = a + b1(logX1) + b2(logX2) + b3(logX3) +…+ bn(logXn) 

 

where n is the number of independent variables, a is the Y intercept, and b1, b2, b3,…, bn are 

the partial regression coefficients. 

Nevertheless, since this statistical test output is static, one of the central requirements of 

StDM is that the data set recorded includes true gradients of changes (Santos and Cabral, 

2004; Cabral et al., 2008). In this way, the factors of time and space are implicit in the 

respective treatment. Such a procedure allows more realism, as the respective parameters 

are being considered with regard to their embedding in time and space (Santos and Cabral, 

2004; Cabral et al., 2008). This is of particular importance when it comes to the 

comprehension of the indicator’s response. Since the previous statistical procedures were 

based on data sets that include gradients of ecosystem changes, over space and time, the 

significant partial regression coefficients are assumed to be relevant holistic ecological 

parameters. This guides the construction of the dynamic model. Therefore, in a holistic 

perspective, the partial regression coefficients represent the global influence of the 

environmental variables selected that are of significant importance on several complex 

ecological processes. Yet, the latter are not included explicitly in the model, but taking into 

consideration within the “data space” of the environmental gradients monitored in changed 

ecosystems. This is the “heart” of the philosophy of the StDM.  
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The StDM approach includes any kind of possible interactions between biological key-

components and environmental resources, with holistic and ecological relevance (Cabral et 

al., 2008). The basic unit of a StDM model (figure 1.1) is a state variable based on the 

relationships detected in the multiple regression analysis that are described by difference 

equations. Therefore, the inflows of these state variables are based on positive constants and 

all positive coefficients of each indicator’s regression (figure 1.1).  

 

 

Figure 1.1. The StDM basic unit. 

 

On the other hand, all the negative constants and negative partial regression coefficients 

influences are represented by an outflow (figure 1.1). Although the output for each indicator 

in our simulations is composed of a given value per time unit, the respective state variable 

might have a cumulating behaviour over time in response to changes in the environmental 

conditions. Therefore, to avoid this, an additional outflow is incorporated in the state 

variable. This adjustment aimed at the emptiness of the state variables in each time step, by 

a “flushing cistern” mechanism, before a new step with new environmental influences 

would begin (figure 1.1) (Cabral et al., 2008). 

For the development of the StDM approaches the common modelling software STELLA 

was used, which stands for Systems Thinking Experimental Learning Laboratory with 

Animation (Isee systems, 2006). Version 8 of code STELLA has three levels (Isee 

systems, 2006). The first and highest of these is the “control panel” level. Here we can find 
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icons of the principal variables, along with templates for the key tabular and graphical 

outputs resulting from the model simulations (Leaver and Unsworth, 2007). At the control 

panel level it is possible to vary the values of the principal variables, execute the model and 

obtain results. The second level is that of the “model”. Here the model is constructed using 

the four primary elements: “stocks”, “flows”, “connectors” and “converters”. “Stocks” can 

be considered as reservoirs where entities such as heat and mass accumulate. “Flows” can 

be imagined as pipelines, with a valve that controls the rate of accumulation or depletion of 

the stocks (e.g. heat or mass). If the arrowhead of the valve points away from the stock then 

the amount stored is subject to depletion; if it points in the opposite direction there is an 

increase in the “stockpile”. The flow valve icon has an associated algebraic expression that 

determines the magnitude of the flow through the pipe. “Converters” contain information in 

the form of equations or values that can be applied to stocks, flows and other converters in 

the model. “Connectors” are links that relay information in the vector sense of the 

arrowhead of the connector. The model element at the arrowhead end of the connector 

depends on the element at the other end of the connector (i.e. at its starting end). The 

dependence is specified in an algebraic expression for the target element of the connector in 

terms of all the variables of the connectors leading to that element. This expression will 

include the variable at the origin of the connector. Connectors can feed information into or 

out of flows and converters but only extract information out of stocks. Feeding information 

into, as well as out of, stocks would create more unknown variables than there are 

equations, with the result that the value of stocks (or amount in the “stockpile”) would be 

indeterminate. At the third and lowest level is the “equation” level, where all the equations 

associated with the stocks, flows and converters can be viewed and, if necessary, amended. 

STELLA utilises a four-step process to determine the value of parameters (Isee systems, 

2006). Firstly, a list of equations is assembled in the order in which they are to be 

evaluated. Equations may only include differentials that are of first order and linear. 

Secondly, initial values are input for stocks. Thirdly, using the specified time step, new 

values are calculated for stocks based on the equations specified in the flows and 

converters. Finally, the process is repeated using the same size of time step until the total 

specified simulation time is reached (Leaver and Unsworth, 2007). 
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Aim of this study 

 

The aim of this study was to test the applicability of a new stochastic dynamic 

methodology in the scope for a swift, accurate, standardized and cost-saving 

ecosystem’s assessment tool. The methodology is still very recent (Cabecinha et al., 2004, 

Santos and Cabral, 2004). The ground work for the development of this method began in 

2001, although the concept probably started much earlier in Prof. João Alexandre Cabral 

thoughts (personal communication). In this scope, the StDM was successfully applied in 

several types of scenarios, such as agro-ecosystems (Santos and Cabral, 2004; Cabral et al., 

2007), inland waters (Cabecinha et al., 2004; Cabecinha et al., 2007; Cabecinha et al., 2008; 

Cabecinha et al., submitted), estuaries (Silva-Santos et al., 2006; Silva-Santos et al., 2008), 

wildlife conservation (Santos et al., 2007), bird survey testing (Santos et al., 2009), pine 

forests (Silva-Santos et al., submitted) and mountain heathlands (Santos et al., submitted). 

The state-of-the-art of this methodology and applications was recently published (Cabral et 

al., 2008). As with any ecological modelling procedure, the complexity of a StDM 

model is determined by the problem, the choice of the key-components in the studied 

ecosystem and the available data (Cabral et al., 2008). In reality, from the basic unit (Fig. 

1.1) a model can be designed in several ways according to the purpose of the final project. 

Moreover, it is useful to distinguish the objectives of the final simulations when the 

modeller selects the complexity and the structure of the model. The different aspects 

involved in the development and application of a StDM model are treated as distinct 

chapters in this thesis. The chapters will try to display some of the methodology’s 

capabilities, throughout a sequence of study-cases that require different StDM features, 

options and parameters with increasing ambition. It also serves the more general purpose of 

demonstrating the feasibility and convenience of using StDM in studies of applied ecology. 

Most of the results contained in these chapters have already been published or submitted for 

publication. Besides this introduction, the structure of the thesis was organised starting from 

a clear-cut application that describes the theory and procedures of StDM, including 

modelling fundamentals and background methods. It provides a demonstration how StDM 

can be used to build simple models and will assist the reader and guide the reading process 

through the increasing realism of the subsequent chapters. In summary the ultimate 
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objective of the thesis is contribute to the discussion about simplifying the complexity of 

holistic ecological models from which management strategies can be designed to restore 

ecosystems functions and biological communities that have been damaged by 

anthropogenic and/or natural disturbances. 

The chapters’ models (and the written thesis) are available on the CD-ROM included with 

the thesis. The models were implemented with the Stella® software (Isee systems, 2006). 

The CD-ROM contains a freeware version of the Isee player® (Isee player 9.1). This 

enables individuals interested in these applications to easily view, edit and run the models 

developed 



 

. 
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Chapter 2 

A stochastic dynamic methodology (StDM) to facilitate 

handling simple passerine indicators in the scope of the agri-

environmental measures problematics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the article: Cabral, J.A., Rocha, A., Santos, M., Crespí, A.L., 2007. A stochastic dynamic methodology 

(SDM) to facilitate handling simple passerine indicators in the scope of the agri-environmental measures 

problematics. Ecol. Indicators 7, 34-47. 
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Abstract 

 

The present chapter examined the applicability of a holistic stochastic dynamic 

methodology (StDM) in predicting the tendencies of simple ecological indicators as a 

response to the changes in agricultural hedgerow networks. Although considerable effort 

has been made to identify appropriate agri-environmental indicators, yet most of them are 

far too complex to be comprehensively measured and quantified by non-specialists. The 

ecological integrity of the typical hedgerows can be partly assessed by the observation of 

the occurrence of passerine indicators. Since the conventional measures’ regarding bird 

studies requires high-specialization levels, we proposed alternative simple, suitable and 

intuitive indicators capable of responding with comparable rigour to key changes in such 

agro-ecosystems. The dynamic model developed was preceded by a conventional 

multivariate statistical procedure performed to discriminate the significant relationships 

between conceptually isolated key-components of the studied hedgerows. The final model 

provided some basis to analyse the responses of simple passerine indicators to the 

agricultural scenarios that will characterize the region. Overall, the simulation results are 

encouraging since they seem to demonstrate the StDM reliability in capturing the habitat 

dynamics of the studied agro-ecosystems by predicting the behavioural pattern for simple 

measures, roughly associated with bird occurrence, habitat food resources and breeding 

conditions. 
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Introduction 

 

The Common Agriculture Policy (CAP) is changing the traditional agricultural pattern and 

landscape in countries of the European Union (EU). This is done by encouraging farmers to 

start intensive modern plantations and thus threatening traditional agro-ecosystems (Naveh, 

1998; Baudry et al., 2000a; Beaufoy, 2001). Although South Europe has evolved over 

thousands of years with a gradual increasing role played by human activity (Naveh, 1998), 

the advent of the agricultural intensification quickly induced profound changes in landscape 

structure (Baudry et al., 2000a). Many species of wildlife have been unable to adapt to such 

radical changes (Pain, 1994; Pain et al., 1997; Naveh, 1998; Bignal and McCracken, 2000). 

The use of ecological and environmental indicators is particularly helpful for conservation 

and management purposes as they reveal what effect changes of land use have on the 

ecological integrity of agro-ecosystems (Romstad, 1999; Medellín et al., 2000; Müller et al., 

2000; Andreasen et al., 2001; Dale and Beyeler, 2001; Welsh Jr. and Droege, 2001). 

Although considerable effort has been made to identify appropriate agri-environmental 

indicators, final selection was not been made (Zalidis et al., 2004). Recent studies on agri-

environmental indicators, such as species diversity or other aspects of biodiversity, have 

revealed widely differing views on why and what to measure and quantify (Büchs, 2003a; 

Büchs, 2003b; Duelli and Obrist, 2003; Zalidis et al., 2004). In ecological research, 

biodiversity indicators have a scientific background and can be used as quantifiable 

environmental factors (Duelli, 1997). Nevertheless, ecological integrity assessment and 

community studies usually result in complex biological data sets. When applied to contexts 

relating to environmental management, namely in order to find ecological relevant holistic 

patterns and tendencies from such sets of data, it is necessary to reduce all the information 

to a summarised and simplified form. Since the biodiversity is far too complex to be 

comprehensively measured and quantified by non-specialists (ranging from agro-

technicians to conventional environmental managers, who are usually not biologists), other 

suitable and intuitive indicators have to be found. 

Although the relations between birds and agricultural changes are complex, some studies 

have been produced using birds as ecological integrity indicators in agro-ecosystems, 

forests, wetlands, riparian areas, steppe and salt deserts (e.g., Croonquist and Brooks, 1991; 
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Bradford et al., 1998; Canterbury et al., 2000; Santos and Cabral, 2004). In a overview of 

this problematic in Mediterranean agro-ecosystems, Chapter 5 (Santos and Cabral, 2004) 

suggested that passerine communities present several characteristics that have justified their 

relevance as ecological indicators: (1) they usually occur in high densities in the studied 

habitats, (2) they are functionally placed at an intermediate position in the food webs 

(O’Connor and Shruub, 1986; Wilson et al., 1999; Moreby and Stoate, 2001), (3) they 

provide cheap and easy measurements (due to their conspicuous nature) if standard 

methodologies are applied (Ralph et al., 1993; Bibby et al., 2000; Chapter 3), (4) they are 

sensitive to landscape and agricultural changes (Santos and Cabral, 2004; Chaper 5), (5) 

several species were studied intensively with regard to their natural variation (e.g. Brickle et 

al., 2000; Chamberlain et al., 2000; Henderson et al., 2000; Shutler et al., 2000; Siriwardena 

et al., 2000; Stoate et al., 2000), (6) for many species, demography, behaviour, distribution 

and phenology are connected with seasonal and spatial changes in farming practices 

(Omerod and Watkinson, 2000), and (7) they have the capacity for population recovery in 

response to good management procedures in previously disturbed ecosystems (Ryan, 1998; 

Chamberlain et al., 1999; McMaster and Davis, 2001; Peach et al., 2001). Since the 

conventional measures regarding bird studies requires high-specialization levels, the main 

question is if alternative simple indicators are capable of responding with comparable 

rigour to key changes in agro-ecosystems. 

The main objective of this chapter was to demonstrate the applicability of a holistic StDM 

approach in the scope of the agri-environmental indicators selection, by focusing on the 

interactions between conceptually isolated key-components in agricultural hedgerows, 

namely between simple passerine measures and environmental conditions. The hypotheses 

to be tested include: (1) that the measures selected are representative of the local breeding 

passerine community, and (2) that the agro-ecosystem integrity can be partly assessed by 

these potential ecological indicators, used as state variables in the dynamic model 

construction. These hypotheses were tested by applications of a stochastic dynamic model 

in order to capture the complexity of some ecological consequences resulting from the 

gradients of changes expected in the studied agro-ecosystems. 
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Methods 

 

Study area 

 

The study was carried out near the town of Vila Real (41º 30’ N, 7º 10’ W), in the Campeã 

valley region, north Portugal (Fig. 2.1). A typical hedgerow network dominates the 

landscape. French geographers use the word “bocage” to mean a landscape where 

hedgerows are characteristic features (Figs. 2.2, 2.3) (Baudry et al., 2000b). In the region, 

hedgerows are typically farm delimitations of trees and shrubs on an earthen bank. The 

main agricultural changes are either: (1) the decrease of the hedgerow connectivity because 

trees are cut and not replaced, resulting in gaps in hedgerow structure; or (2) the 

abandonment of farms that becomes dense woods. 

 

 

Fig. 2.1. Location of the studied area in North-western Portugal, “Campeã” valley (shaded 

area). 
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Fig. 2.2. The “bocage” compartment in a permanent pasture of the studied area. 

 

 

Fig. 2.3. A turf meadow with Erica tetralix bushes. 
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Passerine and habitat surveys 

 

We chose seventeen traditional small farms, ranged from 0.06 to 0.54 ha (Figs. 2.4, 2.5), 

that differ in hedgerow density and land use. These areas were chosen, because they contain 

the gradients of the bocage landscape where the agricultural changes were occurring. This 

is of particular importance when it comes to the comprehension of the indicator’s response 

(Santos and Cabral, 2004; Chapter 5). 

 

Fig. 2.4. A small abandoned farm with hedgerows dominated by Betula celtiberica trees. 

 

 

Fig. 2.5. One of the biggest farms, a permanent pasture. 
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The farms were surveyed between May and August of 2003. The main breeding season was 

chosen for this study according to the assumption that passerines would be more dependent 

upon a restricted landscape and its resources (Santos and Cabral, 2004) Each farm was 

surveyed by a 6-minute unlimited-radius point count (3-minute for bird counts and 3-

minute for song listening) until five hours after sunrise, a period when most passerines are 

active (Ralph et al., 1993). As point counts allow an immediate collection of habitat data 

after the experiment they were preferred to transect and mapping methods (Bibby et al., 

2000). During the study period we carried out fourteen counts in each farm, where the three 

simple measures selected were recorded: (1) the number of feeding birds, (2) the number of 

bird flights, and (3) the number of different song types. Thereafter, the calculations of each 

farm area, using hedgerows farm delimitations as reference, allowed us to determine the 

densities (birds per hectare) from such measures. Although the determination of passerine 

bird densities requires more hard-working habitat surveys, they represent uniform measures 

from the spatial heterogeneity of the study area. Passerine bird and habitat surveys were 

carried out only under appropriate weather conditions (Bibby et al., 2000). 

Hedgerows provide passerine birds with nesting, roosting and foraging sites and 

facilitate long distance movement through landscapes (Fig. 2.6) (Hinsley and Bellamy, 

2000). Several studies have shown, at local or regional levels, that the distribution of 

birds is determined by the distribution and abundance of their food resources (e.g., 

Goss-Custard et al., 1977; Goss-Custard, 1985; Piersma et al., 1993; Kalejta and 

Hockey, 1994). Optimal foraging theory predicts that consumers should aggregate in 

areas where their net rate of energy gain is maximal (Stephens and Krebs, 1986). These 

trends can be directly measured in studies on food selection, intake rates and 

distribution patterns explained accordingly (Goss-Custard, 1970). Therefore, we 

assumed the number and density of feeding passerine birds as a gross measure of the 

foraging habitat quality. The most common functions attributed to bird song are 

territory defence, female attraction and stimulation during breeding (e.g., McGregor, 

1991; Mota, 1999). The diversity of song types, normally proportional to species 

richness, was adopted as a measure of breeding activity. The number of passerine bird 

flights was considered as a generic indicator of bird occurrence in each study area. The  
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Fig. 2.6. A Coal Tit (Parus ater), using the shrubs that encompass the fields. 

 

habitat was described at the end of each point count. The description was based on 

ground measures: (1) farm area, (2) farm perimeter, (3) percentage of land uses, and (4) 

vegetation ground cover. These calculations were based upon the information recorded by 

using a distance-measuring wheel and a Global Position System device. For land uses a 

broad classification was considered: (1) permanent and abandoned cereal and horticulture 

crops (Fig. 2.7) (2) permanent and abandoned pastures (Figs. 2.4, 2.5) and (3) turf fields 

(Fig. 2.3). The percentage of the respective occupied area was roughly calculated. Each 

hedgerow was described by vegetation layer structure and tree, shrub and herbaceous main 

composition. These three vegetation stratums were estimated as a percentage of ground 

cover. For each farm, the hedge area calculations were based on canopy height and tree 

perimeter measures, using a hypsometer and a distance-measuring wheel. 

 

Data analysis 

 

Determining the indicators’ response 

 

In the StDM, the dynamic model construction was preceded by a conventional multivariate 

statistical procedure for parameter estimations. A stepwise multiple regression analysis  
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Fig. 2.7. A typical horticultural field showing the main crops of the area - corn and potatoes. 

 

(Zar, 1996) was used to test for relationships between dependent and independent variables. 

The dependent variables correspond to the ecological indicators selected, in numbers and 

densities (Table 2.1).The independent variables were the percentage of area occupied by the 

principal land uses considered, the area and perimeter of the farms, and the area and the 

percentage of vegetation ground cover of the hedgerows (Table 2.1). A step down 

procedure was used so that the effect of each variable in the presence of all others could be 

examined first with the least significant variable being removed at every step (Zar, 1996). 

The analysis stopped when all the surviving variables had a significance level (P < 0.05) 

(Zar, 1996). Although the lack of normality distribution of the dependent variables was not 

solved by any transformation (Kolmogorov-Smirnov test), the linearity and the 

homoscedasticity of the residuals were achieved by using logarithmic transformations (X’ = 

log[X + 1]) in each side of the equation, i.e., on both the dependent and independent 

variables (Zar, 1996). The lack of substantial intercorrelation among independent variables 

was confirmed by the inspection of the respective tolerance values. All the statistical 

analysis was carried out using the software SYSTAT 8.0. 
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Conceptualisation of the model 

 

Since the previous statistical procedures were based on data sets that include the regional 

gradients of the studied agro-ecosystem changes, over space and time, the significant partial 

regression coefficients were assumed to be relevant holistic ecological parameters. These 

led the construction of the dynamic model. The model does not distinguish between 

different species within the indicators selected, but considers them as a whole (in each 

correspondent state variable). Therefore, in a holistic perspective, the partial regression 

coefficients represent the global influence of the habitat variables selected that are of 

significant importance on several complex ecological processes. Yet, the latter were not 

included explicitly in the model, but were related to our simple indicators. This is the 

“heart” of the philosophy of the StDM. For the development of this model the software 

STELLA 8.1 was used. 

 

Results and Discussion 

 

Effects of habitat factors on simple ecological indicators 

 

A total of six dependent and eleven independent variables were considered in the multiple-

regression analysis to test any possible correlation between the simple indicators and the 

habitat variables of the farms used in the model construction. From the habitat variables 

considered, two were excluded of the model (P>0,05), concretely the percentage of 

permanent cereal and horticulture crops (PCROPS) and the percentage of turf fields 

(TURF). With regard to significant habitat variables associated to farm land use, the main 

positive influencing factors on selected indicators were related to abandoned cereal and 

horticulture crops (ACROPS), permanent pastures (PPASTURE), and farm area 

(FARMAREA). The main negative influencing factors were related to abandoned pastures 

(APASTURE) and farm perimeter (PERIM). The hedgerow vegetation structure dominated 

by trees (TREE) and shrubs (SHRUB) seemed to represent relevant positive influences. 

Contrarily, the percentage of the hedgerow herbaceous stratum (HERB) was always 

associated with negative influences. Depending on the indicator type, the significant  
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Table 2.1. Specification of all variables considered in this study. IN and OUT represents, 

respectively, the surviving independent variables (used in the dynamic model construction) and 

the removed independent variables by a previous step down multiple regression analysis. 
Variables Specification Code 

Independent variables IN   

Abandoned Cereal and Horticulture Crops % of area ACROPS 

Permanent Pastures % of area PPASTURE 

Abandoned Pastures % of area APASTURE 

Farm Perimeter m PERIM 

Farm Area ha FARMAREA 

Hedge Area m
2
 HEDGEAREA 

Hedge Tree Stratum % of ground cover TREE 

Hedge Shrub Stratum % of ground cover SHRUB 

Hedge Herbaceous Stratum % of ground cover HERB 

Independent variables OUT   

Permanent Cereal and Horticulture Crops % of area PCROPS 

Turf Fields % of area TURF 

Dependent variables   

Bird Flights Numbers FLIGHT 

Feeding Birds Numbers FEED 

Song Types Numbers SONG 

Density of Bird Flights Numbers per ha DENSFLIGHT 

Density of Feeding Birds Numbers per ha DENSFEED 

Density of Song Types Numbers per ha DENSSONG 

 

 

associations with the hedgerow area (HEDGEAREA) were either positive or negative. The 

regression equations, and their significance, for all the combinations performed are shown 

in Table 2.2. 

 

 Construction of the model and equations  

 

The diagram of the model presented in Figure 2.1 is based on the relationships detected in 

the multiple regression analysis (Table 2.2) and on possible scenarios resulting from the 

expected agriculture dynamics in the region. The model includes six state variables, three 

related to the number of the selected indicators and three related to the respective densities, 

all expressed in logarithms of the real values (Figure 2.8). The initial values of all state 

variables, indicated in Appendix 2.1 (Process equations), were based on the average data 

recorded in a representative farm selected from the study area. 
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Table 2.2. The regression equations, degrees of freedom (DF), coefficient of determination (R
2
), 

F-values and their significance level (*** P<0.001) for all combinations reported, as selected by 

stepwise multiple regression. The specification of all variables is explained in the Methods 

section. 

Equations DF R
2
 F 

Logflight = -1.188+1.112(Logfarmarea)+ 

0,333(Loghedgearea)+0.347(Logshrub) 
234 0.162 15.091*** 

Logfeed = 0.045+0.075(Logacrops) 
236 0.053 13.284*** 

Logsong = 0.141+1.696(Logfarmarea) 

+0.41(Loghedgearea)+0.208(Logshrub)-

0.674(Logperim) 

233 0.189 13.560*** 

Logdensflight = 

0.225+0.91(Logtree)+0.512(Logshrub)-

0.734(Logperim) 

234 0.125 11.142*** 

Logdensfeed = -0.242+1.142(Logtree)+ 

0.096(Logppasture)+0.679(Logacrops)-

0.477(Loghedgearea)-0.2(Logherb)-

0.565(Logapasture) 

231 0.113 4.920*** 

Logdenssong = 0.574+0.945(Loghedgearea) 

+0.34(Logshrub)-1.425(Logperim) 
234 0.189 18.236*** 

 

The processes that affect the state variables are described by difference equations 

(Appendix 2.1, Difference equations). The habitat influences were introduced into the 

model as table functions (Appendix 2.1, Table functions). The inflows affecting the state 

variables, (Dflight gains, Dfeed gains, Dsong gains, Flight gains, Feed gains, and Song 

gains), were based on positive constants and all positive coefficients of each indicator’s 

regression (Figure 2.8 and Appendix 2.1, Difference and Process equations). On the other 

hand, with the exception of the number of feeding passerine birds (Logfeed), all indicators 

were affected also by an outflow (Dflight losses, Dfeed losses, Dsong losses, Flight losses, 

and Song losses) related to the negative constants and partial regression coefficients 

influences (Figure 2.8, Table 2.2 and Appendix 2.1, Difference and Process equations). 
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Figure 2.8. Conceptual diagram of the model used to predict the impact on simple passerine 

indicators produced by changing the studied agricultural patterns. Rectangles represent state 

variables; Parameters or constants are small circles; Sinks and sources are cloudlike symbols, 

flows are thick arrows, and all the relations between state variables and other variables are fine 

arrows. Image details in Appendix 2.2. 

 
Although the output for each indicator in our simulations is composed of a given value per 

time unit, the respective state variable might have a cumulating behaviour over time in 

response to changes in the habitat conditions. Therefore, to avoid this, six outflow 

adjustments were incorporated in the model (Dflight adjust, Dfeed adjust, Dsong adjust, 

Flight adjust, Feed adjust, and Song adjust). These outflow adjustments aimed at the 

emptiness of the functional guild state variables in each time step, by a “flushing cistern” 

mechanism, before a new step with new environmental influences would begin (Figure 2.8 

and Appendix 2.1, Difference and Process equations). 
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Since the state variable values were obtained from logarithmic transformations, some 

conversions were introduced for a better comprehension of the model simulations (Figure 

2.8 and Appendix 2.1, Associated variables). These conversions were obtained by an 

inverse transformation (anti-logarithmic), which transform logarithms of numbers and 

densities into values expressed in original measurement units (DENSFLIGHT, 

DENSFEED, DENSSONG, FLIGHT, FEED, and SONG). 

A logarithmic transformation was applied to the area and ground cover percentages of the 

habitat variables (Figure 2.8 and Appendix 2.1, Associated variables), because the data 

required to estimate the values of state variables should use the same units that were 

obtained for the calculation of significant partial regression coefficients, assumed as holistic 

ecological parameters (see Methods). Therefore, only logarithms of the habitat variables are 

acceptable in the inflows and outflows of the state variables (Figure 2.8 and Appendix 2.1, 

Difference equations and Process equations). Thus, the model is prepared to accept and 

transform real data from the habitat variables and to convert logarithmic outputs from a 

specific state variable simulation back into the original units. 

 

Dynamic model simulations 

 

The scenario considered, for academic demonstration purposes, was based on a possible 

temporal succession of farmland activities vs. land abandonment in the study region. The 

following three steps of agricultural pattern changes were adopted through a simulation 

period of 30 years: (1) the progressive abandonment of a small traditional farm (with 0.171 

ha and 168 m of perimeter), originally dedicated to permanent horticulture crops, occurs in 

the first 10 years, (2) the conversion into a larger permanent pasture farm (with 0.342 ha 

and 338 m of perimeter), which is responsible for a rapid and significant hedgerow 

deforestation, take place between the year 10 and the year 20, and (3) the abandonment of 

the pasture farming, which allow a gradual hedgerow recovery, is simulated during the last 

10 years. The illustrations of these changes are shown in Figures 2.9 and 2.10. 
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Year 5

Year 15

Year 25

Year 5

Year 15

Year 25

 

Figure 2.9. Illustration of the scenario adopted: a possible temporal succession of farmland 

activities vs. land abandonment in the study region. The hedge delimitations represent the 

model simulation universe. ACROPS - abandoned cereal and horticulture crops; PPASTURE - 

permanent pastures; APASTURE - abandoned pastures. 
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Figure 2.10. Ground cover computer simulations for a representative farm of the study area 

under the expected gradient of habitat changes (through a period of 30 years). (a) Percentage of 

area occupied by land uses; (b) Percentage of the hedge vegetation stratums. The specification 

of the respective variable codes is expressed in the Table 1. 

 

The estimated response of the simple indicators to the above-described scenario is shown in 

Figure 2.11. The simulated alterations in the habitat structure have important implications 

over the state variables, especially when the indicators are uniformly expressed in passerine 

bird densities (Figure 2.11b). In fact, the conversion of an abandoned small horticulture 

crop to a larger permanent pasture, associated with the decrease of the hedge quality, 

influenced negatively all the indicators proposed (Figures 2.9, 2.10 and 2.11). 
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Figure 2.11. Computer simulations for the simple passerine indicators’ estimated responses 

under the expected gradient of habitat changes (through a period of 30 years). (a) Numbers of 

bird flights (FLIGHT), feeding birds (FEED) and different song types (SONG); (b) Densities 

(per hectare) of bird flights (DENSFLIGHT), feeding birds (DENSFEED) and different song 

types (DENSSONG). 

 
This conversion includes a reduction of quality in surrounding hedgerows because local 

rangeland managers have viewed these ecotones as localities of relatively high forage 

production, as sources of predators and as sources of water loss via evapotranspiration in 

riparian situations. In such scenario, regarding density tendencies, a drastic reduction will 

be expected, namely for feeding passerine birds with a decrease from about 30 birds/ha to 

0.01 birds/ha (Figure 2.11b). When the abandonment of the pasture farming take place, 
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associated with a progressive hedgerow recovery, the numbers and densities related to 

passerine bird flights and song types will increase gradually, but the passerine bird feeding 

parameters remained with relative low values (Figure 2.11). 

 

Conclusions 

 

The main objective of the StDM approach proposed is a mechanistic understanding of the 

agro-ecosystem ecological functioning in the scope of the need for rapid, standardized and 

cost-saving assessment methodologies (Duelli, 1997; Zalidis et al., 2004). Our approach 

includes the interaction between simple indicators and habitat resources, with holistic and 

ecological relevance, and reduces the number of pre-conceptions added to the model. The 

simulation results show that the indicators selected, as state variables, were not indifferent 

to the structural changes expected to occur in the studied agro-ecosystems. The response of 

simple measures, roughly associated with passerine occurrence, habitat food resources and 

breeding conditions, is variable and sensitive to those structural changes. The most 

important factors positively associated with such indicators in hedgerows are hedge size 

and the presence/abundance of trees and shrubs. Other conventional studies that 

investigated the effects of changes in hedgerow agricultural practices on characteristic 

faunal groups (on passerine bird richness in particular) have come to similar conclusions 

(e.g., Hinsley and Bellamy, 2000; Donald et al., 2002). The simulation results reflect well 

the shift of the agro-ecosystem towards new expected conditions and the simple indicators 

proposed are capable of responding with credibility to key changes, namely as a result of 

the detrimental effects on the traditional hedgerow characteristics. Therefore, considering 

that almost all northern Mediterranean countries are, or will be, regulated by CAP policies, 

encouraging the intensification of production processes (Piorr, 2003), the study region will 

probably lose many of its traditional hedgerow characteristics and the respective ecological 

integrity will decline. 

In this chapter a simple StDM model was developed in the scope for the agri-environmental 

problematics. Chapter 5 will return to this challenging problematic but applied at the 

landscape scale. In any case, a deterministic scenario is one of the numerous 

approximations to reality that a modeller may advocate. Considering that biological and 
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environmental variations are the patterns of real ecosystems, it may be too simplistic to 

expect a single pre-determined scenario and solution in ecological models. In fact the next 

chapter examines the applicability of StDM models facing more realistic situations, namely 

by the introduction of stochastic scenarios. The systems application also changes from the 

indicators response in agroecosystems to the accuracy of indicators collected in mountain 

heathlands. 
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Appendices 

Appendix 2.1. Mathematical equations used in Stella for the relationships between the passerine 

indicators selected and the habitat changes simulated for the studied hedgerows. 

EQUATIONS 

DIFFERENCE EQUATIONS 

Logdensfeed(t) = Logdensfeed(t - dt) + (Dfeed_gains - Dfeed_losses - Dfeed_adjust) * dt 

Logdensflight(t) = Logdensflight(t - dt) + (Dflight_gains - Dflight_losses - Dflight_adjust) * dt 

Logdenssong(t) = Logdenssong(t - dt) + (Dsong_gains - Dsong_losses - Dsong_adjust) * dt 

Logfeed(t) = Logfeed(t - dt) + (Feed_gains - Feed_adjust) * dt 

Logflight(t) = Logflight(t - dt) + (Flight_gains - Flight_adjust - Flight_losses) * dt 

Logsong(t) = Logsong(t - dt) + (Song_gains - Song_adjust - Song_losses) * dt 

PROCESS EQUATIONS 

(a) Density of feeding birds 

Initial value of Logdensfeed = 0.275 

Dfeed_gains = 1.142*Logtree+0.096*Logppasture+0.679*Logacrops 

Dfeed_losses = 0.242+0.477*Loghedgearea+0.2*Logherb+0.565*Logapasture 

Dfeed_adjust = Logdensfeed 

(b) Density of bird flights 

Initial value of Logdensflight = 1.293 

Dflight_gains = 0.225+0.91*Logtree+0.512*Logshrub 

Dflight_losses = 0.734*Logperim 

Dflight_adjust = Logdensflight 

(c) Density of different song types 

Initial value of Logdenssong = 0.863 

Dsong_gains = 0.574+0.945*Loghedgearea+0.340*Logshrub 

Dsong_losses = 1.425*Logperim 

Dsong_adjust = Logdenssong 

(d) Number of feeding birds 

Initial value of Logfeed = 0.133 

Feed_gains = 0.045+0.075*Logacrops 

Feed_adjust = Logfeed 

(e) Number of bird flights 

Initial value of Logflight = 0.622 

Flight_gains = 1.112*Logfarmarea+0.333*Loghedgearea+0.347*Logshrub 

Flight_adjust = Logflight 

Flight_losses = 1.188 
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Appendix 2.1. (Continued) 

(f) Number of different song types 

Initial value of Logsong = 0.364 

Song_gains = 0.141+1.696*Logfarmarea+0.410*Loghedgearea+0.208*Logshrub 

Song_adjust = Logsong 

Song_losses = 0.674*Logperim 

ASSOCIATED VARIABLES 

DENSFEED = 10^Logdensfeed-1 

DENSFLIGHT = 10^Logdensflight-1 

DENSSONG = 10^Logdenssong-1 

FEED = 10^Logfeed-1 

FLIGHT = 10^Logflight-1 

SONG = 10^Logsong-1 

Logacrops = LOG10(ACROPS+1) 

Logapasture = LOG10(APASTURE+1) 

Logfarmarea = LOG10(FARMAREA+1) 

Loghedgearea = LOG10(HEDGEAREA+1) 

Logherb = LOG10(HERB+1) 

Logperim = LOG10(PERIM+1) 

Logppasture = LOG10(PPASTURE+1) 

Logshrub = LOG10(SHRUB+1) 

Logtree = LOG10(TREE+1) 

TABLE FUNCTIONS 

ACROPS = GRAPH(TIME) 

(0.00, 0.00), (1.00, 19.0), (2.00, 43.0), (3.00, 59.5), (4.00, 72.5), (5.00, 79.5), (6.00, 85.0), (7.00, 85.0), (8.00, 85.0), 

(9.00, 85.5), (10.0, 0.00), (11.0, 0.00), (12.0, 0.00), (13.0, 0.00), (14.0, 0.00), (15.0, 0.00), (16.0, 0.00), (17.0, 0.00), 

(18.0, 0.00), (19.0, 0.00), (20.0, 0.00), (21.0, 0.00), (22.0, 0.00), (23.0, 0.00), (24.0, 0.00), (25.0, 0.00), (26.0, 0.00), 

(27.0, 0.00), (28.0, 0.00), (29.0, 0.00), (30.0, 0.00) 

APASTURE = GRAPH(TIME) 

(0.00, 0.00), (1.00, 0.00), (2.00, 0.00), (3.00, 0.00), (4.00, 0.00), (5.00, 0.00), (6.00, 0.00), (7.00, 0.00), (8.00, 0.00), 

(9.00, 0.00), (10.0, 0.00), (11.0, 1.50), (12.0, 1.50), (13.0, 1.50), (14.0, 1.50), (15.0, 1.50), (16.0, 1.50), (17.0, 1.50), 

(18.0, 2.00), (19.0, 2.00), (20.0, 9.00), (21.0, 13.5), (22.0, 23.5), (23.0, 46.5), (24.0, 54.5), (25.0, 65.0), (26.0, 86.0), 

(27.0, 88.0), (28.0, 90.0), (29.0, 91.0), (30.0, 90.5) 

FARMAREA = GRAPH(TIME) 

(0.00, 0.171), (1.00, 0.171), (2.00, 0.171), (3.00, 0.171), (4.00, 0.171), (5.00, 0.171), (6.00, 0.171), (7.00, 0.171), 

(8.00, 0.171), (9.00, 0.171), (10.0, 0.342), (11.0, 0.342), (12.0, 0.342), (13.0, 0.342), (14.0, 0.342), (15.0, 0.342), 

(16.0, 0.342), (17.0, 0.342), (18.0, 0.342), (19.0, 0.342), (20.0, 0.342), (21.0, 0.342), (22.0, 0.342), (23.0, 0.342), 

(24.0, 0.342), (25.0, 0.342), (26.0, 0.342), (27.0, 0.342), (28.0, 0.342), (29.0, 0.342), (30.0, 0.342) 
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Appendix 2.1. (Continued) 

HEDGEAREA = GRAPH(TIME) 

(0.00, 922), (1.00, 922), (2.00, 922), (3.00, 922), (4.00, 922), (5.00, 922), (6.00, 922), (7.00, 922), (8.00, 923), (9.00, 

923), (10.0, 1133), (11.0, 1133), (12.0, 1133), (13.0, 1148), (14.0, 1133), (15.0, 1155), (16.0, 1148), (17.0, 1133), 

(18.0, 1125), (19.0, 1140), (20.0, 1163), (21.0, 1178), (22.0, 1178), (23.0, 1200), (24.0, 1200), (25.0, 1193), (26.0, 

1208), (27.0, 1268), (28.0, 1268), (29.0, 1298), (30.0, 1350) 

HERB = GRAPH(TIME) 

(0.00, 3.00), (1.00, 3.50), (2.00, 4.00), (3.00, 3.00), (4.00, 2.50), (5.00, 2.00), (6.00, 5.50), (7.00, 5.50), (8.00, 5.50), 

(9.00, 3.50), (10.0, 10.5), (11.0, 26.5), (12.0, 29.5), (13.0, 29.0), (14.0, 29.0), (15.0, 28.5), (16.0, 28.5), (17.0, 28.0), 

(18.0, 28.0), (19.0, 28.0), (20.0, 23.0), (21.0, 18.0), (22.0, 16.5), (23.0, 16.5), (24.0, 13.5), (25.0, 10.0), (26.0, 9.00), 

(27.0, 9.00), (28.0, 8.50), (29.0, 8.00), (30.0, 9.50) 

PERIM = GRAPH(TIME) 

(0.00, 168), (1.00, 168), (2.00, 168), (3.00, 168), (4.00, 168), (5.00, 168), (6.00, 168), (7.00, 168), (8.00, 168), (9.00, 

168), (10.0, 338), (11.0, 338), (12.0, 338), (13.0, 338), (14.0, 338), (15.0, 338), (16.0, 338), (17.0, 338), (18.0, 338), 

(19.0, 338), (20.0, 338), (21.0, 338), (22.0, 338), (23.0, 338), (24.0, 338), (25.0, 338), (26.0, 338), (27.0, 338), (28.0, 

338), (29.0, 338), (30.0, 338) 

PPASTURE = GRAPH(TIME) 

(0.00, 0.00), (1.00, 0.00), (2.00, 0.00), (3.00, 0.00), (4.00, 0.00), (5.00, 0.00), (6.00, 0.00), (7.00, 0.00), (8.00, 0.00), 

(9.00, 0.00), (10.0, 95.5), (11.0, 93.0), (12.0, 92.0), (13.0, 92.0), (14.0, 92.0), (15.0, 92.0), (16.0, 92.0), (17.0, 92.0), 

(18.0, 92.0), (19.0, 92.0), (20.0, 79.5), (21.0, 56.0), (22.0, 42.5), (23.0, 22.5), (24.0, 1.00), (25.0, 0.00), (26.0, 0.00), 

(27.0, 0.00), (28.0, 0.00), (29.0, 0.00), (30.0, 0.00) 

SHRUB = GRAPH(TIME) 

(0.00, 72.0), (1.00, 71.0), (2.00, 71.0), (3.00, 70.0), (4.00, 71.0), (5.00, 71.0), (6.00, 71.5), (7.00, 71.0), (8.00, 71.0), 

(9.00, 68.0), (10.0, 58.0), (11.0, 38.0), (12.0, 27.5), (13.0, 24.5), (14.0, 24.5), (15.0, 24.5), (16.0, 24.5), (17.0, 24.5), 

(18.0, 24.5), (19.0, 24.5), (20.0, 26.0), (21.0, 29.0), (22.0, 30.5), (23.0, 31.0), (24.0, 34.5), (25.0, 47.5), (26.0, 53.5), 

(27.0, 56.5), (28.0, 58.5), (29.0, 59.5), (30.0, 61.5) 

TREE = GRAPH(time) 

(0.00, 55.5), (1.00, 55.0), (2.00, 55.5), (3.00, 55.5), (4.00, 56.0), (5.00, 54.5), (6.00, 54.0), (7.00, 55.0), (8.00, 55.0), 

(9.00, 55.5), (10.0, 47.0), (11.0, 29.5), (12.0, 25.0), (13.0, 23.5), (14.0, 23.5), (15.0, 23.5), (16.0, 23.5), (17.0, 23.5), 

(18.0, 23.5), (19.0, 23.5), (20.0, 24.5), (21.0, 26.0), (22.0, 26.0), (23.0, 27.5), (24.0, 29.0), (25.0, 29.5), (26.0, 36.0), 

(27.0, 40.0), (28.0, 44.5), (29.0, 46.5), (30.0, 49.0) 
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Chapter 3 

Modelling the performance of bird surveys in non-standard 

weather conditions: general applications with special 

reference to mountain ecosystems 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the article: Santos, M., Travassos, P., Repas, M, Cabral, J.A., 2009. Modelling the performance of bird 

surveys in non-standard weather conditions: general applications with special reference to mountain ecosystems. 

Ecol. Indicators 9, 41-51. 
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Abstract 

 

Although considerable effort has been made to identify the appropriate climatic conditions 

for bird surveys, considered as standard conditions, in many occasions these conditions are 

not fulfilled. These are for instance the case of Environmental Impact Assessments (EIA), 

where the field work is, recurrently, carried out in variable and non-standard weather 

conditions or in the scope of general ecological monitoring (GEM) programs, where 

different taxa (birds and other animal groups) are sampled simultaneously with distinct 

methodological requirements. The present work examined the applicability of a stochastic 

dynamic methodology (StDM) for predicting the richness and diversity of passerine surveys 

in mountain habitats characterized by variable and, predominantly, non-standard weather 

conditions. The relative variations of these metrics are the underlying database of our StDM 

model, providing some basis to analyse the accuracy of bird surveys. This model focuses on 

the interactions between conceptually isolated key-components, such as the passerine 

richness and diversity, and the influence of the prevailing climatic conditions. 

The proposed model was preceded by a conventional multivariate statistical procedure 

performed to discriminate the significant relationships between the selected metrics versus 

climatic variables. Since this statistical analysis is static, the dataset recorded from the field 

included true gradients of weather conditions (ranging from standard to extreme 

conditions). The results of the StDM simulations revealed significant variations in the 

performance of passerine surveys in response to several combinations of non-standard 

weather conditions, which enable us to calculate the appropriated correction factors for 

discrete climatic scenarios. This could be used, in the future, to improve the quality of 

passerine diversity and richness estimates, namely in the scope of EIA studies when the 

climatic conditions are inevitably adverse for rigorous passerine surveys. 
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Introduction 

 

Environmental impact assessments (EIA) and general ecological monitoring (GEM) 

programs may provide mechanisms to support sustainable development and the 

conservation of biological diversity (Treweek, 1996; Treweek, 1999; Söderman, 2006). The 

universal application of EIA and GEM are the basis to implement national strategies of 

sustainable development, considering that EIA is used to foresee the environmental 

consequences of proposed human actions and GEM is used to implement corrections and 

adaptations to reduce the ecological impacts of human progresses (MacNeely 1994). 

Although the ecological inputs to environmental statements are considered in EIA, many 

criticisms have arisen from lack of scientific rigour and failure to evaluate ecological 

impacts (Treweek, 1996; Slootweg and Kolhoff, 2003; Slootweg, 2005). One of the main 

problems is that ecological assessments are considered a sub discipline, under-resourced 

and in many occasions totally ignored (Treweek, 1996; Mandelik et al., 2005; Slootweg, 

2005; Genetelli, 2006). In fact, only a fraction of the environmental statements, reported in 

the EIAs of Europe and North America when submitted to authorities, had undergone field 

work, frequently carried out at inappropriate times of the year (Treweek et al., 1993; 

Genetelli, 2006; Gontier et al., 2006; Söderman, 2006). Even the studies that take into 

account the appropriate times of the year may fail because of limitations and constrains on 

the survey methodology (the same can occur in GEM) (IEEM, 2006, Gontier, 2007). In 

many instances surveys are constrained by unrealistic timescales and budgets, which affect 

the quality of the gathered information (Treweek 1996, Treweek 1999). In order to avoid 

these problems many ecological impact guidelines have been built (Treweek, 1999; IEEM, 

2006; IEEM, 2007) 

This is for instance the case of bird populations monitoring, which is based on expert 

knowledge and labour-intensive work (Bibby et al., 2000; Chamberlain et al., 2004). 

Although there is an increasing interest in the development of more cost-effective 

monitoring measures based on reliable predictors of species occurrence, the forecast of 

species presence from habitat surveys is unlikely to be an accurate method for monitoring 

birds (Chamberlain et al., 2004). Actually, scientists have expended tremendous effort 

counting birds, recording data that are used to quantify species’ distribution, occurrence, 
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habitat relationships, responses to environmental perturbations and population trends 

(Ralph et al., 1993; Rabaça 1995; Ralph et al., 1995; Bibby et al., 2000). A variety of 

counting techniques have been used. Index counts are based on bird detections during one 

or more surveys of points, transect, or defined areas (Kendeigh, 1944; Verner 1985; Ralph 

et al., 1995; Bibby et al., 2000; Rosenstock et al., 2002). Detections are transformed to an 

index value, such as the frequency of detections across sampling units (Verner and Ritter 

1986; Hutto et al., 1986; Bibby et al., 2000). Since this information is required so that the 

bird conservation and management may be effective, it is essential to use techniques that 

can provide ‘‘trustworthy information’’ (Romesburg 1981; Bibby et al., 2000; Thompson, 

2002). Limitations of index counting procedures have been recognized for some time 

(Burnham 1981; Verner 1985; Verner and Ritter 1986; Nichols et al., 2000; Thompson, 

2002). However, index counts remain popular among ornithologists and resource managers. 

To provide reliable information, one must assume that index counts have a consistent and 

positive correlation with actual bird density. To meet that assumption, detectability must 

remain constant despite three types of factors that can affect passerine counts: (1) observer 

performance which diverges among and within persons and is influenced by training, age, 

experience, motivation, hearing acuity, eyesight, physical health, fatigue level, behaviour 

and clothing colour (Cyr 1981; Kepler and Scott 1981; Ramsey and Scott 1981, Sauer et al., 

1994; Gutzwiller and Marcum 1997); (2) environmental variables that affect bird behaviour 

and observer efficiency, such as wind velocity, precipitation, temperature, cloud cover, light 

intensity, topography and vegetation characteristics (Anderson and Ohmart 1977; Dawson 

1981; Verner 1985); (3) bird conspicuousness, that varies according to the species, size, 

colour, characteristics of vocalizations, flight behaviour, physiological status, flock size, 

density, age, and sex (Cohen et al., 1960; Sayre et al., 1978; Wilson and Bart 1985). When 

index counts are conducted on multiple occasions to produce consistent time series, the 

detectability is frequently assumed as constant over time. However, previous studies have 

shown that detectability varies at multiple temporal and spatial scales (Best 1981; Robbins 

1981b; Skirvin 1981; Rollfinke and Yahner 1990). To address potential problems with 

index counts, standardized sampling protocols have been developed (e.g. Ralph et al., 1995, 

Hamel et al., 1996; Bibby et al., 2000). These protocols may reduce the influence of some 

confounding factors, although the critical assumption of constant detectability likely cannot 
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be met in most studies (Nichols et al., 2000). Measures of relative abundance derived from 

index counts thus represent an uncertain combination between bird density/conspicuousness 

and the respective detectability. Moreover, when such a measures (bird relative abundance, 

occurrence and distribution) are applied to assess population responses to environmental 

perturbations and general population trends (ex: Birdlife, 2007; Cornell Lab of Ornithology, 

2007), they must be discussed also as potential ecological indicators. 

The main objectives of the present chapter were: (1) to develop a holistic predictive 

approach by focusing on the interactions between conceptually isolated key-components, 

namely between the detected bird diversity/richness and the variation of weather conditions, 

and (2) to measure the performance of bird surveys in order to facilitate the correction of 

the species richness estimates performed under non-standard weather conditions. The 

hypotheses to be tested include: (I) that the bird indicators selected are representative of the 

local populations varying predictably due to changes in the time of day and/or weather 

conditions, and (II) that the bird indexes “behaviour” can be represented by the state 

variables, assumed as important ecological indicators in the dynamic model construction. 

These hypotheses were tested by general applications of a StDM model in order to quantify 

the lack of bird surveys accuracy in non-standard conditions, namely through gradients of 

times and weather conditions expected for a particular region. 

 

Methods 

 

Study area 

 

The study was carried out in a mountain of North-western Portugal, “Serra do Marão” (Fig. 

3.1a), with an average altitude of 1000 meters above the sea-level (SW limit, X = 59000, 

Y= 4560000; NE limit, X = 595000, Y = 4567000). The bio-climatologists classify the 

study area as “supramediterranean superior” with precipitation values of 1400-2000 

mm/year and an average annual temperature of 10 ºC (Molina et al., 1992). Heathlands and 

pastures are the dominant habitats, which result from traditional goat herdsman practices, 

such as induced fires and animal grazing (Fig. 3.2). 
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Data collecting 

 

One hundred and ninety two plots (250x250 meters) were randomly surveyed (Random 

Number Generator Pro 1.24) from May 2004 to December 2005 with a seasonal 

periodicity. These plots (Fig. 1b) include some structural homogeneity, in terms of the 

dominant local habitat characteristics, an important requirement for the unbiased 

comprehension of the indicators response under different weather conditions. Each plot 

descriptions and surveys were made in its centre using a Global Position System device 

(Magellan GPS 320). 
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Fig. 3.1. (a) Location of the studied area in a mountain of North-western Portugal, “Serra do 

Marão” (shaded area), and (b) the spatial distribution of the sampling plots. 
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Fig. 3.2. Conducting a point-count in the “Seixinhos” shrublands. 

 

One 10 minute point count (unlimited radio point count) (Ralph et al., 1993; Ralph et al., 

1995; Smith et al., 1998; Bibby et al., 2000) was done by plot and surveys were conducted 

between sunrise and sunset (in standard and non-standard weather conditions) (Fig. 3.2). 

Additionally, a weather station (WeatherLink and Davis Instruments Wireless Vantage Pro 

6150) was positioned near the point counts localization (100-250 meters), and several 

climatic variables such as temperature, rain, wind speed, wind direction, atmospheric 

pressure, and humidity were measured during the bird surveys (Fig. 3.3). Although 

information related with bird’s phenologic state was taken, the most important data was the 

community composition by plot (number of species and number of individuals by species) 

(Fig. 3.4). The same ornithologist achieved the constant performance of the records. The 

average sunrise occurs at 6:00 in spring and at 9:00 in winter but in many occasions it was 

impossible to initiate the timetable with sunrise counts. In fact, during the most part of the 

year, particularly during the morning periods, dense fog affects the performance of the field 

works, mainly influenced by the dominant winds and the proximity of the ocean. Moreover, 

during the winter, snow and ice interdict frequently the access to many parts of the studied 

mountain during early mornings. 
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Fig. 3.3. Mounting the weather station during a windy day before the beginning of the bird 

surveys. 

 

 

Fig. 3.4. The Dartford warbler (Sylvia undata), a common species of the studied area. 
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Data analysis 

 

Determining the indexes responses 

 

In the StDM, the dynamic model construction was preceded by a conventional multivariate 

statistical procedure for parameter estimations. A stepwise multiple regression analysis 

(Zar, 1996) was used to test for relationships between dependent and independent variables. 

Therefore, a step down procedure was used so that the effect of each variable in the 

presence of all other pertinent variables could be examined first with the least significant 

variable being removed at every step. The analysis stopped when all the remaining 

variables had a significant level P < 0.05 (Zar, 1996). All the variables used are shown in 

Table 3.1. Since these statistical tests are static, the data set recorded include true gradients 

of a large range of weather conditions. In this way, the probability of encountering novel 

combinations of weather conditions is reduced. Such a procedure allows more credibility to 

the model construction, as the respective parameters are considered with regard to their 

embedding in time and space, avoiding a combination of weather conditions never 

encountered before. Although the lack of normality distribution of the dependent variables 

was not solved by any transformation (Kolmogorov-Smirnov test), the linearity and the 

homoscedasticity of the residuals were achieved by using logarithmic transformations (X’ = 

log[X + 1]) in each side of the equation, i.e., on both the dependent and independent 

variables (Zar, 1996). Therefore, the logarithms of dependent variables, selected as 

representative of the studied bird community, were: (a) bird richness (LOGNspecies, 

number of species), (b) bird contacts (LOGNbirds, total contacts with birds) and (c) bird 

diversity (LOGH, Shannon, 1948) (Table 3.1). The independent variables were the 

logarithms of the climatic variables considered: temperature (LOGTemp), atmospheric 

pressure (LOGBar), time of the day (LOGHours), wind speed (LOGWind), rainfall 

(LOGRain) and atmospheric humidity (LOGHum) (Table 3.1). The lack of substantial 

intercorrelation among independent variables was confirmed by the inspection of the 

respective tolerance values. All the statistical analysis was carried out using the statistical 

software SYSTAT 8.0. 
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Table 3.1. Specification of the key variables considered in this study. 
Code Description Unit of measure 

Dependent variables   

H Bird diversity  Shannon index 

 
Nspecies 

 

Bird richness Number bird species 

Nbirds 

 

Bird contacts Number of bird contacts 

Independent variables   

Temp Temperature ºC  

Bar Atmospheric pressure Bar 

Hours Hour of the day Hour 

Wind Wind speed m/s 

Rain Rainfall mm/m 

Hum Atmospheric humidity Percentage 

 

Conceptualisation of the model 

 

Since the previous statistical procedure was supported on a database which included true 

gradients of weather conditions, over space and time, the significant partial regression 

coefficients were assumed as relevant holistic ecological parameters in the dynamic model 

construction. This is the heart of the philosophy of the StDM. In a holistic perspective, the 

partial regression coefficients represent the global influence of the weather variables 

selected, which are of significant importance on bird survey performance, namely on 

several complex processes such as bird behaviour, observer efficiency, bird 

conspicuousness and physiological status (of birds but also of the observer). Yet, the latter 

were not included explicitly in the model, but were implicitly related to the state variables 

under consideration (bird biodiversity indicators). The model is prepared to work with table 

functions for deterministic purposes (Deterministic Mode) and to produce random 

simulations based on the daily stochastic variability of each weather variable (Random 

Mode). For the development of the dynamic model the software STELLA 8.1.4. was used. 
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Results 

 

Effects of independent weather variables on bird contacts, richness and diversity  

 

A total of three dependent and six independent variables were considered in the multiple-

regression analysis to test any possible correlation between bird diversity estimates and 

weather variables used in the model construction. From the five climatic variables 

considered, the rainfall (LOGRain) and atmospheric humidity (LOGHum) were excluded of 

the model (P>0,05). With regard to the independent variables with significant relevance for 

bird survey performance, the positive influencing factors on the bird diversity estimates 

were related to temperature (LOGTemp) and atmospheric pressure (LOGBar). The negative 

influencing factors were related with the time of day (LOGHour) and with the wind speed 

(LOGWind). The regression equations, and their significance, for all the combinations 

performed, are shown in Table 3.2 (Appendix 3.2 shows the list of recorded species). 

Construction of the model and equations 

 

The diagram of the model presented in Fig. 3.5 is based on the relationships detected in the 

multiple regression analysis (Table 3.2) and on climacteric data from mountains of north-

western Portugal (Portuguese Institute of Meteorology 2006). 

 

Table 3.2. The regression equations, degrees of freedom (DF), coefficient of determination (R
2
), 

F-values and their significance level (*** P<0.001) for all combinations reported, as selected by 

stepwise multiple regression analysis. 

Equations DF R
2
 F 

LOGH = -7.690 + 0.252 x (LOGTemp) + 2.792 x (LOGBar) – 

0.655 x (LOGHours) 

173 0.137 9.016*** 

LOGNspecies = 1.629 + 0.403 x (LOGTemp) – 0.188 x 

(LOGWind) – 1.257 x (LOGHours) 

173 0.163 11.045*** 

LOGNbirds = 1.726 + 0.535 x (LOGTemp) – 1.481 x (LOGHours) 173 0.107 10.293*** 
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Therefore, the model includes the following three state variables: (a) bird richness 

(LOGNspecies), (b) bird contacts (LOGNbirds) and (c) bird diversity (LOGH). The initial 

values for the considered state variables were assumed to be zero (Appendix 3.1, Process 

equations) given the absence of records before the beginning of the survey (our initial 

situation in t0). Later, for simulations representation, the initial value was discarded, since 

only in t1 (first point of the simulation) it was possible to take into account the influences of 

the weather variables on bird surveys. The processes that affect the state variables are 

described by difference equations (Appendix 3.1, Difference equations). The inflows (Gains 

birds, Gains Sp, Gains H) affecting the state variables (our bird diversity estimates) were 

based on positive constants and all positive partial coefficients resulting from the previous 

multiple regression analysis (Table 3.2, Fig. 3.5, Appendix 3.1 - Difference and Process 

equations). On the other hand all the state variables were affected also by an outflow 

(Losses Birds, Losses Sp, Losses H) related to the negative constants and partial regression 

coefficients influences (Table 3.2, Fig. 3.5, Appendix 3.1 - Difference and Process 

equations). Although the output for each bird measure simulated is composed of a given 

value per time unit, the respective state variable could have a cumulating behaviour over 

time in response to changes in the weather conditions. Therefore, to avoid this, three 

outflow adjustments were incorporated into the model (Adjust birds, Adjust Sp, Adjust H). 

These outflow adjustments aimed to empty the state variables in each time step, by a 

“flushing cistern” mechanism, before beginning the next step with new weather influences 

(Figure 3.5 and Appendix 3.1 - Difference and Process equations). Therefore, to avoid this, 

three outflow adjustments were incorporated into the model (Adjust birds, Adjust Sp, 

Adjust H). These outflow adjustments aimed to empty the state variables in each time step, 

by a “flushing cistern” mechanism, before beginning the next step with new weather 

influences (Figure 3.5 and Appendix 3.1 - Difference and Process equations). For process 

compatibilities and a more realistic comprehension of the model simulations, some 

conversions were introduced, denominated associated variables (Figure 3.5 and Appendix 

3.1 - Associated variables). Regarding passerine estimates, these conversions were obtained 

through an inverse 
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Fig. 3.5. Conceptual diagram of the model used to predict bird richness/diversity under variable 

weather conditions. Rectangles represent state variables; other variables, parameters or 

constants are small circles; sinks and sources are cloudlike symbols; flows are thick arrows; all 

the relations between state variables and other variables are fine arrows. The specification of all 

variable codes is expressed in Table 3.1. Image details in Appendix 3.3. 

 

transformation (anti-logarithmic), which transforms logarithms into the original 

measurement units (Nbirds, Nspecies and H). The climatic variables were logarithm 

transformed for a compatible integration in the balances of the state variables (Figure 3.5 

and Appendix 3.1 - Associated variables). This transformation (LOGWind, LOGTemp, 

LOGHours, LOGBar) was incorporated because the data required for the state variables 

balances should have the same units used to obtain the partial regression coefficients, 

assumed as holistic ecological parameters (see Methods). Therefore, only logarithms of the 

weather variables are acceptable in the inflows and outflows of the passerine diversity 

estimates (Figure 3.5 and Appendix 3.1 - Difference equations and Process equations). 
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Thus, the model is prepared to accept and transform real data from the environmental 

variables and to convert logarithmic outputs from specific passerine estimation back into 

the original units. 

For the performance comparisons, the daily fluctuations of weather variables were 

introduced into the model as table functions (Appendix 3.1, Table functions). This 

deterministic procedure was used to calculate the deviations of a given state variable, 

recorded in controlled non-standard conditions, when compared with the correspondent 

values from estimates in standard weather conditions. After the deterministic procedures, 

the trends of each selected state variable were simulated facing more realistic scenarios. 

These simulations were based on stochastic principles, which take into consideration the 

random behaviour of some weather variables (Fig. 3.5 and Appendix 3.1 - Stochastic 

variables) with influence on bird surveys. The limit values for the environmental variables 

were determined in accordance with: (1) the time of day for temperature or (2) absolutely 

by (realistic) random for wind and atmospheric pressure. These limits imposed maximum 

and minimum values for each stochastic environmental variable, included in the model as 

Random functions (Fig. 3.5 and Appendix 3.1 - Stochastic variables). The selection of the 

model running mode is done by switching the toggle option between 0 and 1 for 

deterministic or stochastic calculations, respectively (Fig. 3.5 and Appendix 3.1 - 

Constants). Some variables, such as the limits of the simulation period (Initial hour and 

final hours, IH and FH) were set as constants (Fig. 3.5 and Appendix 3.1 - Constants). In 

order to simplify the paper structure and for academic demonstration purposes, only the 

spring values were introduced as representative weather conditions, but the same exercise 

could be applied to the other seasons. 

 

 Deterministic simulations for an average spring day 

 

The selection of the option 0 in the “Deterministic_0_Random_1” toggle (Fig. 3.5 and 

Appendix 3.1 - Constants) determined the variation in the weather conditions taking into 

account the average conditions expected for a spring day in the studied area (Portuguese 

Institute of Meteorology 2006). The time unit chosen was the hour, because it captures in an 

acceptable way the weather variations that occur through the day. The simulations 
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considered (Fig. 3.6a) were based on possible weather changes that occur in a standard 

spring day: (1) the temperature is expected to increase from sunrise till 2 p.m. and, 

thereafter, to decline until the sunset; (2) the wind is expected to vary randomly along the 

day; (3) the atmospheric pressure was considered as constant because only very small 

variations is expected to occur during the simulation period. In response to this scenario, the 

simulations of detected bird numbers (Nbirds), bird richness (Nspecies) and bird diversity 

(H) estimates are showed in Fig. 3.6b. A reduction in the passerine diversity estimates was 

evident along the simulation period with a maximum of 6.60 (9:00) and a minimum of 1.98 

(19:00) for Nbirds (-70%), a maximum of 4.06 (9:00) and a minimum of 1.48 (19:00) for 

Nspecies (-65%), and a maximum of 1.05 (9:00) and a minimum of 0.36 (19:00) for H (-

65%). 

 

Fig. 3.6. (a) Deterministic computer simulation for the variation in the climatic conditions 

during an average spring day. A period of 11 hours was considered, in a representative point 

count of the study area in the Marão Mountain. (1) temperature (Temp. ºC); (2) atmospheric 

pressure (Bar), assumed as a constant; (3) wind speed (Wind, m/s). (b) Deterministic computer 

simulation for bird diversity estimates during an average spring day. A period of 10 hours was 

considered, in a representative point count of the study area in the Marão Mountain. (1) bird 

diversity (H); (2) Number of bird contacts (Nbirds); (3) Number of bird species (Nspecies). 
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Stochastic simulations for a spring day 

 

By selecting the option 1 in the “Deterministic_0_Random_1” toggle (Fig. 3.5 and 

Appendix 3.1 - Constants) the variation in the climatic conditions was randomly generated 

(Fig. 3.7a). The values were obtained taking into consideration the limits expected for the 

prevailing spring climatic conditions in the studied area (Portuguese Institute of 

Meteorology 2006). Despite the fact that a single stochastic simulation produces inevitably 

a more erratic weather “behaviour”, our bird diversity estimates (Fig. 3.7b) showed a 

similar trend along the day, when compared with the previous deterministic simulation, 

ranging from a maximum of 8.86 (9:00) to a minimum of 1.97 (19:00) for Nbirds (-78%), 

from a maximum of 4.72 (9:00) to a minimum of 1.04 (18:00) for Nspecies (-76%), and 

from a maximum of 1.59 (9:00) to a minimum of 0.49 (19:00) for H (-70%). 

 

Fig. 3.7. (a) Stochastic computer simulation for the variation in the climatic conditions during a 

spring day. A period of 11 hours was considered, in a representative point count of the study 

area in the Marão Mountain. (1) temperature (Temp. ºC); (2) atmospheric pressure (Bar), 

assumed as a constant; (3) wind speed (Wind, m/s). (b) Stochastic computer simulation for bird 

diversity estimates during a spring day. A period of 10 hours was considered, in a representative 

point count of the study area in the Marão Mountain. (1) bird diversity (H); (2) Number of bird 

contacts (Nbirds); (3) Number of bird species (Nspecies). 
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Comparisons between deterministic environmental scenarios (only for bird richness) 

 

The StDM simulations were used to compare bird richness estimates in standard and non-

standard deterministic weather conditions (Fig. 3.8). The following conditions were 

considered optimal (standard) to perform bird surveys in a spring day (May): during the 

morning (9:00) with no wind (0 m/s) and a warm temperature (17.5ºC). For these 

conditions, the average bird richness is about 8 species (Fig. 3.8, line c). In contrast, the 

selected non-standard weather conditions to perform a spring survey were characterized by 

strong winds (+50% than the respective average value for a spring day) and cold 

temperatures (-50% than the respective average value for a spring day). Considering only 

the time of the day, the expected lack of performance in bird richness estimates ranged from 

12% to 65% (Fig. 3.8, line a). The supplementary decline of accuracy resulting from the 

deterioration of the weather conditions ranged from 15% to 30% (Fig. 3.8, line b). 

Combining the influence of the time of the day and the non-standard weather conditions can 

result in a loss of information between 70% and 95% (Fig. 3.8). 

 

Fig. 3.8. Comparison of simulations performed with standard weather conditions and non-

standard weather conditions (only for bird richness). (a) Curve of detectability for a spring day 

with optimal (standard) weather conditions; (b) Curve of detectability for a spring day with bad 

(non-standard) weather conditions; (c) Maximum average richness for spring day recorded at 

9:00 (optimal weather conditions).; Arrow 1 indicates the decline of accuracy from surveys 

performed at 15:00; (2) Arrow 2 indicates the supplementary decline of accuracy resulting from 

the deterioration of the weather conditions, also at 15:00. 
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Discussion 

 

The point count method has become increasingly used for counting birds for different 

purposes, including ecological monitoring (Drapeau et al., 1999; Chapter 2, Chapter 3, 

Chapter 5, Chapter 6). Many authors recommend caution in the analysis of estimates 

obtained from point counts, arguing that biased results may pilot wrong conclusions (Barker 

and Sauer, 1995; Drapeau et al., 1999). In fact, bird surveys results, namely point counts, 

are considered to be highly correlated with several biotic and abiotic variables (Wheaters 

and Mayhew 1981; Palmeirim and Rabaça 1994; Ralph et al., 1995; Smith et al., 1998; 

Drapeau et al., 1999; Cam et al., 2000; Mills et al., 2000; Zimmerling and Ankney 2000; 

Siegel et al., 2001; Kéry and Schmid 2004). Actually, the assumption that all bird species 

are equally detected in several different point counts is unlikely to be met (Bart and Earst, 

2002; Diefenbach et al., 2003). Therefore, if the pattern of change in the survey accuracy is 

known, the results of the surveys may be subsequently corrected (Kéry and Schmid, 2004). 

Although several biodiversity items are taking into account in EIA statements, the 

assessment of the respective impacts is frequently unsatisfactory (Atkinson et al., 2000). 

One of the reasons for this evidence is related with the practical constrains of many specific 

biodiversity methodologies that require expertise and labour intensive fieldwork in order to 

provide pertinent predictions for the EIA process (Gontier et al., 2006). Additionally, in 

many situations, the surveys are conducted according to time restrictions and/or financial 

limitations. These restrictions and limitations force many observers to violate the standards 

of many methodologies, namely in the scope of bird point counts in non-appropriate hours 

and/or weather conditions (Ralph et al., 1995). Since the conspicuousness of many species 

varies throughout the day, season and weather conditions, important bias is normally 

present in the obtained records (Palmeirin and Rabaça, 1994; Ralph et al., 1995). 

Our StDM model simulations for bird abundance, bird richness and bird diversity estimates 

are, in general terms, in accordance with other studies. In fact, the positive influence of 

temperature and atmospheric pressure on the observations performance may reflect the 

appropriate conditions prevailing in spring sunshine days where visual detectability and 

bird activity are higher (Anderson and Ohmart, 1977; Robbins, 1981a; Robbins, 1981b; 

Ralph et al., 1995). On the other hand, the bird activity (particularly song activity) usually 
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decreases through the day in mountain habitats (Drappeau et al. 1999; Bibby et al., 2000; 

Mills et al., 2000). Additionally, the strong wind can reduce drastically the activity of many 

bird species and the observer acuity (Verner, 1985; Ralph et al., 1995). 

The StDM model developed in this study seems to represent a useful contribution for 

surveys based on bird point counts, namely by quantifying the lack of bird survey accuracy 

in non-standard weather conditions and/or in different times of the day. Since the 

performance of the observer is highly determined by the prevailing weather conditions 

(Verner and Ritter, 1986; Buskirk and MacDonald, 1995; Drapeau et al., 1999; Ralph et al., 

1995), the StDM deterministic and stochastic simulations allowed the correction of the 

results from inappropriate bird surveys. In fact, the results showed that the performance of 

bird surveys was not indifferent to changes in the weather variables, namely when surveys 

were carried out in severe weather conditions. Without any correction, the accuracy 

variation through the time of day or as a consequence of non-standard weather conditions 

may produce poor information and wrong conclusions. Therefore, our proposed 

methodology should be considered as a contribution for correcting non-standard records of 

bird richness, abundance and diversity within the “data space” of the environmental 

gradients monitored in particular ecosystems, such as our case-study in mountains 

dominated by heathlands of NW Portugal. 

The main objective of the StDM approach is a mechanistic understanding of the changes in 

bird survey accuracy caused by several environmental factors in the scope for rapid, 

standardized and cost-saving assessment methodologies (Duelli, 1997; Zalidis et al., 2004). 

Our approach includes the interaction between simple weather/time variables and observed 

bird activity, with holistic and ecological relevance, reducing the number of pre-

conceptions added to the model. Overall, the main results showed that it is valid, 

interesting, and instructive to construct StDM models by focusing on the interactions 

between simple key-components. Nevertheless, since the accuracy of bird surveys can be 

only partly assessed by the indicators selected, this approach also provides a useful starting 

point, allowing the development of more complicated models, with introduction of other 

indicators, interactions and interferences with precise applicability conditions. 

In chapters 2 and 3, the main objective of the StDM applications was to improve the ability 

of monitoring the integrity of ecological systems. Nevertheless the StDM is easily adaptable 
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to other circumstances and ideas. In fact, the next chapter breaks this line of thought (of 

chapters 2 and 3) by using a StDM application as a tool for the conservation and 

management of a species (at a regional scale). It also introduces new concepts and 

structures in the StDM such as: the use of indirect indicators and the “cascade effect”. 

These improvements intend to add realism to the connections considered in the StDM 

model by incorporating interrelations between socio economic systems and ecological 

systems.  
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Appendices 

Appendix 3.1 Mathematical equations used in Stella for the relationships between bird diversity 

estimates, weather conditions and time of day. 

EQUATIONS 

DIFFERENCE EQUATIONS 

LOGNbirds(t) = LOGNbirds(t - dt) + (Gains_birds - Losses_birds - Adjust_birds) * dt 

LOGNspecies(t) = LOGNspecies(t - dt) + (Gains_Sp - Losses_Sp - Adjust_Sp) * dt 

LOGH(t) = LOGH(t - dt) + (Gains_H - Losses_H - Adjust_H) * dt 

PROCESS EQUATIONS 

A) Number of birds  

INITIAL VALUE LOGNbirds = 0 

Gains_birds = 1.762+0.535*LOGTemp 

Losses_birds = 1.481*LOGHours 

Adjust_birds = LOGNbirds 

B) Richness  

INITIAL VALUE OF LOGNspecies = 0 

Gains_Sp = 1.629+0.403*LOGTemp 

Losses_Sp = 0.188*LOGWind+1.257*LOGHours 

Adjust_Sp = LOGNspecies 

C) Diversity 

INITIAL VALUE OF LOGH = 0 

Gains_H = 0.252*LOGTemp+2.792*LOGBar 

Losses_H = 7.69+0.655*LOGHours 

Adjust_H = LOGH 

ASSOCIATED VARIABLES 

LOGBar = LOG10(Bar+1) 

LOGHours = LOG10(time+1) 

LOGTemp = LOG10(Temp_Cº+1) 

LOGwind = LOG10(Wind+1) 

Nbirds = (10^LOGNbirds-1) 

Nspecies = (10^LOGNspecies-1) 

H = (10^LOGH-1) 

STOCHASTIC VARIABLES 

Random_Bar = RANDOM(950,1092) 

Random_Wind = RANDOM(0,25) 

Temp_1h = RANDOM(5,16) 

Temp_2h = RANDOM(6,17) 

Temp_3h = RANDOM(7,18) 

Temp_4h = RANDOM(9,25) 

Temp_5h = RANDOM(9,30) 

Temp_6h = RANDOM(9,30) 

Temp_7h = RANDOM(9,30) 

Temp_8h = RANDOM(9,25) 
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Appendix 3.1 (continued). 
Temp_9h = RANDOM(8,25) 

Temp_10h = RANDOM(8,20) 

Temp_11h = RANDOM(7,20) 

Temp_12h = RANDOM(7,18) 

CONSTANTS 

IH = 8 

FH = 19 

Deterministic_Bar = 1016 

Deterministic_0_Random_1 = 0 

COMPOSED VARIABLES 

Temp_Cº = If Deterministic_0_Random_1=0 then Deterministic_Temp_Cº else Random_Temp_Cº 

Bar = If Deterministic_0_Random_1=0 then Deterministic_Bar else Random_Bar 

Wind = If Deterministic_0_Random_1=0 then Deterministic_Wind else Random_Wind 

Random_Temp_Cº = RT1+RT2+RT3+RT4+RT5+RT6+RT7+RT8+RT9+RT10+RT11+RT12 

RT1 = if time=Initial_hour and time<=Final_hour then Temp_1h else 0 

RT2 = if time=Initial_hour+1 and time<=Final_hour then Temp_2h else 0 

RT3 = if time=Initial_hour+2 and time<=Final_hour then Temp_3h else 0 

RT4 = if time=Initial_hour+3 and time<=Final_hour then Temp_4h else 0 

RT5 = if time=Initial_hour+4 and time<=Final_hour then Temp_5h else 0 

RT6 = if time=Initial_hour+5 and time<=Final_hour then Temp_6h else 0 

RT7 = if time=Initial_hour+6 and time<=Final_hour then Temp_7h else 0 

RT8 = if time=Initial_hour+7 and time<=Final_hour then Temp_8h else 0 

RT9 = if time=Initial_hour+8 and time<=Final_hour then Temp_9h else 0 

RT10 = if time=Initial_hour+9 and time<=Final_hour then Temp_10h else 0 

RT11 = if time=Initial_hour+10 and time<=Final_hour then Temp_11h else 0 

RT12 = if time=Initial_hour+11 and time<=Final_hour then Temp_12h else 0 

TABLE FUNCTIONS 

Deterministic_Temp_Cº = GRAPH(time) 

(8.00, 9.36), (9.25, 10.0), (10.5, 11.3), (11.8, 12.1), (13.0, 13.0), (14.3, 13.5), (15.5, 12.1), (16.8, 11.1), (18.0, 9.75), 

(19.0, 8.50) 

Deterministic_Wind = GRAPH(time) 

(8.00, 3.70), (9.00, 4.05), (10.0, 3.80), (11.0, 3.55), (12.0, 1.15), (13.0, 0.05), (14.0, 0.35), (15.0, 0.95), (16.0, 1.15), 

(17.0, 1.60), (18.0, 1.80), (19.0, 0.00) 
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Appendix 3.2. List of bird species (by family) recorded in “Serra do Marão mountains” during 

field work. 

Accipitridae Picus viridis Cisticola juncidis 

Gyps fulvus Passerines Phylloscopus bonelli 

Aegypius monachus Alaudidae Phylloscopus brehmmi 

Aquila chrysaetos Alauda arvensis Regullus ignicapillus 

Hieraaetus fasciatus Lullula arborea Muscicapidae 

Circaetus gallicus Hirundinidae Muscicapa striata 

Milvus migrans Ptyonoprogne rupestris Ficedula hypoleuca 

Circus cyaneus Hirundo rustica Paridae 

Circus pygargus Hirundo daurica Parus major 

Buteo buteo Delichon urbica Parus ater 

Pernis apivorus Motacillidae Parus caeruleus 

Accipiter nisus Anthus campestris Parus cristatus 

Accipiter gentilis Anthus spinoletta Aegithalidae 

Falconidae Anthus pratensis Aegithalos caudatus 

Falco tinnunculus Anthus trivialis Certhiidae 

Falco subbuteo Troglodytidae Certhia brachydactyla 

Falco peregrinus Troglodytes troglodytes Laniidae 

Phasianidae Prunelidae Lanius meridionalis 

Alectoris rufa Prunella modularis Corvidae 

Coturnix coturnix Prunella collaris Garrulus glandarius 

Columbidae Turdidae Pyrrhocorax pyrrhocorax 

Columba palumbus Erithacus rubecula Corvus corone 

Cuculidae Phoenicurus ochruros Corvus corax 

Cuculus canorus Oenanthe oenanthe Sturnidae 

Strigiformes Saxicola rubetra Sturnus unicolor 

Strix aluco Saxicola torquata Fringillidae 

Otus scops Monticola saxatilis Fringilla coelebs 

Caprimulgidae Turdus merula Carduelis cannabina 

Caprimulgus europaeus Turdus viscivorus Carduelis chloris 

Apodidae Sylviidae Emberizidae 

Apus apus Sylvia atricapilla Plectrophenax nivalis 

Coraciidae Sylvia melanocephala Emberiza cirlus 

Coracias garrulus Sylvia communis Emberiza cia 

Picidae Sylvia undata  
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Chapter 4 

Simulating the impact of socio-economic trends on threatened 

Iberian wolf populations (Canis lupus signatus) in North-

eastern Portugal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the article: Santos, M., Vaz, C., Travassos, P., M, Cabral, J.A., 2007. Simulating the impact of socio-
economic trends on threatened Iberian wolf populations Canis lupus signatus in north-eastern Portugal. Ecol. 
Indicators 7, 649-664. 
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Abstract 

The IP4 highway and the new projected road network have been changing the critical 

Iberian wolf (Canis lupus signatus) habitat in Trás-os-Montes e Alto Douro region 

(North-eastern Portugal). A holistic stochastic dynamic methodology (StDM) was 

developed for predicting changes in Iberian wolf population due to the new highways 

construction, increasing road traffic density and urbanization. The ecological indicators 

for wolf presence and abundance were estimated indirectly from the density of attacks 

on livestock. The low density of wild ungulates in the area makes livestock the main 

source of food for wolves. These indirect ecological indicators and state variables are 

the underlying database of our StDM model. This model focus on the interactions 

between conceptually isolated key-components, such as the density of attacks on 

livestock and changes in habitat conditions, providing some basis to analyse the 

responses of wolf populations to the environmental scenarios that will characterize the 

region in the future. The model proposed was preceded by a conventional multivariate 

statistical procedure (stepwise multiple regression analysis) performed to discriminate 

the significant relationships between livestock attacks and socio-environmental 

variables. The holistic parameters of the model were estimated from the results of the 

statistical treatment and from regional data regarding tendencies within the use of land. 

The simulation results demonstrate the StDM capability in capturing the trends of this 

changing region, namely by showing a dramatically decrease of wolf attacks in the 

region for the next decade. 

 



 



 89 

Introduction 

 

In the beginning of the 20th century, the subspecies Iberian wolf (Canis lupus signatus) 

lived in almost all Iberian Peninsula (Petrucci-Fonseca and Álvares, 1997). However, a fast 

regression and fragmentation of the wolf distribution area happened from the middle 20th 

century and the number of individuals of these populations decreased substantially (Fig. 

4.1; ICN, 1997). The species is legally protected in Portugal since 1990. It is considered a 

priority subspecies for conservation and is included in Bern Convention (Annex II), CITES 

and Habitats Directive (92/43/CEE). The Portuguese wolf population is the south 

westernmost tip of the main contiguous Iberian population stretching from northeastern 

Spain to northwest of Portugal. The total number of individuals in this population is 

estimated at about 250-300 wolves, of which 60% is believed to live in the study area. The 

status of this population is considered stable or slightly decreasing (Álvares, 2004). 

In North-eastern Portugal, the lack of prey, human persecution, habitat loss, forest logging, 

the construction of new roads and other infrastructures have been responsible for several 

impacts on the wolf population, namely due to road causalities and population 

fragmentation. In the last ten years about 10% of a nearby population was killed by cars 

 

1930 1980 20001930 1980 2000

 

Fig. 4.1. Trends in Wolf distribution in Portugal (adapted from ICN,1997). 
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 (Rio-Maior et al., 2003). The effect of roads on the biotic integrity of ecosystems has 

become a major issue for conservation biology (Kaczensky et al., 2003). For a species like 

wolf, with wide spatial requirements (Linnell et al., 1996), the following aspects are the 

main concerns when considering the impact of roads: (1) direct mortality due to vehicle 

collisions (Wooding and Brady 1987; Foster, 1992; Ferreras et al., 1992; Ruediger, 1998; 

Kaczensky et al., 2003), (2) habitat fragmentation due to the barrier or filter effect of high 

speed, high volume traffic axes (Servheen et al., 1998; Clevenger and Waltho, 2000), (3) 

habitat loss due to noise and increased human use along roadsides (McLellan and 

Shackelton, 1988; Forman, 2000), and (4) subsequent increased mortality due to higher 

levels of interaction between humans and wolf (Gibeau and Herrero, 1998; Mladenoff and 

Sickley, 1998; Gibeau, 2000). Actually, contrarily to the recent expansion in Spain 

(Cayuella, 2004), the Iberian wolf survival in Portugal is endangered if the limiting causal 

factors continue operating (Álvares, 2004). The low abundance of natural preys implies that 

the main food resource available for wolves is livestock, such as goats, sheep, cows and 

horses (Petrucci-Fonseca, 1990) (Figs. 4.2, 4.3).  

 

Fig. 4.2. Semi-wild “Garranos” horses in the highlands of the “Serra da Cabreira”. 
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Fig. 4.3. The “Barrosãs” cattle feeding in the the highlands of the “Serra da Cabreira”. 

 

Predation on domestic livestock has become a nuisance in areas where extensive grazing is 

practiced, a problem compounded by the presence of wandering dogs (Cozza et al., 1996). 

For conservation purposes, livestock losses caused by wolf are monetarily compensated by 

the governmental Institute for Nature Conservation (ICN, 1997). Although the claims 

validation is sometimes doubtful, the majority is considered as wolf attacks (Cozza et al., 

1996; Petrucci-Fonseca, personal communication) (Fig. 4.4).  

 

Fig.4.4. An indicator of Wolf presence in the “Marão” mountains. 
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The Portuguese Institute for Nature Conservation (ICN) has constructed a database, 

actualised every season, of the attacks per region and per livestock species. This 

information was used to monitor Portuguese wolf populations and assumed as a relevant 

ecological indicator for the studied problematic. 

The main objective of the present chapter was to develop a holistic predictive approach, 

using StDM, by focusing on the interactions between conceptually isolated key-components 

in such systems, namely between local livestock attacks and changes in 

environmental/socio-economic conditions. As the wolf population is presumed to be linked 

to their dependence on habitat characteristics and abundance of prey items, the hypotheses 

to be tested include: (1) that the ecological indicator selected is representative of the local 

wolf population varying predictably due to an increase in human influence, and (2) that the 

wolf population can be assessed by the state variables, assumed as important ecological 

indicators, used in the dynamic model construction. These hypotheses were tested by 

applications of a StDM model in order to capture the complexity of some ecological 

consequences resulting from the gradients of changes expected in the studied region. The 

StDM proposed is preceded by a conventional multivariate statistical procedure. Since these 

statistical tests are static, the data set recorded include true gradients of changes. In this 

way, the factors of time and space were implicit in the respective treatment. Such a 

procedure allows more credibility, as the respective parameters are being considered with 

regard to their embedding in time and space. The results of this study are intended to help 

non-governmental organizations and governments in preparing management plans and 

strategies for wolf conservation. 

 

Methods 

 

Study area 

 

Our study was conducted along the IP4 highway in North Portugal, a wolf core area 

(Fig.4.5). The regional climate is a complex mixture of Mediterranean and Atlantic 

influences. Economic activity in the region mainly consists of livestock rearing and 

agriculture, which has been decreasing, in response to socio-economic changes. The region  
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Fig. 4.5. Location of the study area in north-eastern Portugal: the selected villages are placed 
along the IP4 highway axis. 

has a long history of human settlement. Agriculture probably started in Roman times, as 

in much of the Mediterranean region. The present appearance of this culturally 

determined landscape is therefore the product of many centuries of interaction between 

humankind and the environment (Carreira and Petrucci-Fonseca, 2000, Espirito-Santo 

and Petrucci-Fonseca, 2004). Livestock rearing is traditionally based on small family 

based units (Álvares and Primavera, 2004). A common practice is the transhumance, 

which involves the seasonal displacement of the animals from the valley bottoms, 

where they spend the coldest months of winter in pens and private lawns, to common 

mountain pastures in spring, summer and autumn (Ribeiro and Petrucci-Fonseca, 2004). 

Main changes that are occurring in the area are an increase in the road network density, 

urbanization and forest/shrublands surfaces and a decrease in population density, 

agriculture surfaces and cattle rearing (Censos, 1991, 2001; RGA, 1992, 1999). Other 

large and medium sized predators present on our study area are Eurasian wild cat (Felis 

sylvestris), red fox (Vulpes vulpes), badger (Meles meles), and genet (Genetta genetta). 

The tree wild ungulate populations present are the roe deer (Capreolus capreolus) (Fig 
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4.6 and 4.7), the red deer (Cervus elaphus) and the wild boar (Sus scrofa), although 

only the wild boar is common and widespread. 

 

Fig. 4.6. Roe deer (Capreolus capreolus) presence in the “Alvão” mountains 

 

 

Fig. 4.7. A roe deer (Capreolus capreolus) in the “Marão” mountains. 
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Database construction 

 

The information required for the database construction was collected in several sources 

(Appendix 4.1). The data related to human population and agriculture characteristics were 

obtained from national population censuses, and specific agriculture censuses (Censos, 

1991, 2001; RGA, 1992, 1999). The information about livestock and wolf attacks was 

acquired from specific databases of the Institute for Nature Conservation (Non-published 

data, ICN, 2004).  

The University of Trás-os-Montes e Alto Douro and the National Roads Institute provided 

additional data about mortality of large-sized animals in the IP4 highway and about traffic 

density (Non-published data, IEP, 2001, 2004; Non-published data, UTAD, 2003). 

All variables were selected for classifying the evolving areas to the IP4 highway, relating 

the wolf attacks on livestock with the highway permeability. Additionally, all the data 

available from plans to implement new roads and highways in the region, probably 

increasing the actual impacts, were also considered. Each village area, the basic territorial 

unit selected for analysis (in a total of 70 villages), was characterised taking into account 

this set of variables. All variables were transformed into densities, to uniform the data 

precedent from villages with different areas. 

 

Data analysis 

 

Determining the indicators’ response 

 

In the StDM, the dynamic model construction was preceded by a conventional multivariate 

statistical procedure for parameter estimations. A stepwise multiple regression analysis 

(Zar, 1996) was used to test for relationships between dependent and independent variables. 

All these variables were organized in three components. The first component is composed 

by eleven independent variables related with several economic, social and environmental 

data, such as the percentage of area occupied by the principal land uses considered, the 

human population density, the road net characteristics and the traffic density 
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(BUILDDENS, POPDENS, ROADVILLAGE, SAU, SANU, SANUVILLAGE, 

UNDERCOV, OTHERSUR, IRRISURVILLAGE and TRAFFIC) (Appendix 4.1). The 

second component was considered as a “hinge group” of three variables related to the 

livestock abundance/density (DENSTOTSHEEP, DENSTOTGOAT and DENSCATTLE) 

(Appendix 4.1). The third component is composed by four dependent variables, also 

expressed in densities and roughly associated with wolf occurrence, such as the livestock 

fatalities caused by the specie (DENSCLAIM, DEADSHEEPDENS, DEADGOATDENS 

and DEADCATTLEDENS) (Appendix 4.1). From a bottom up perspective, the first 

component (the environmental scenario) interacts with the other two components, and the 

second component (the availability of preys) interacts with the third component (the wolf 

indirect indicators). Therefore, a step down procedure was used so that the effect of each 

variable in the presence of all other pertinent variables could be examined first with the 

least significant variable being removed at every step (Zar, 1996). The analysis stopped 

when all the surviving variables had a significance level (P < 0.05) (Zar, 1996). Although 

the lack of normality distribution of the dependent variables was not solved by any 

transformation (Kolmogorov-Smirnov test), the linearity and the homoscedasticity of the 

residuals were achieved by using logarithmic transformations (X’ = log[X + 1]) in each side 

of the equation, i.e., on both the dependent and independent variables (Zar, 1996). The lack 

of substantial intercorrelation among independent variables was confirmed by the 

inspection of the respective tolerance values. All the statistical analysis was carried out 

using the software SYSTAT 8.0. 

 

Conceptualisation of the model 

 

Since the previous statistical procedures were based on data sets that include the regional 

gradients of the studied ecosystem changes, over space and time, the significant partial 

regression coefficients were assumed to be relevant holistic ecological parameters. These 

led the construction of the dynamic model. In a holistic perspective, the partial regression 

coefficients represent the global influence of the variables selected that are of significant 
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importance on several complex ecological processes. Yet, the latter were not included 

explicitly in the model, but were related to our ecological indicators. This is the “heart” of  

the philosophy of the StDM. For the development of this model the software STELLA 

8.1.4. was used. 

 

Results 

 

Effects of socio-economic and environmental factors on the selected ecological indicators 

 

A total of seven dependent and eleven independent variables were considered in the 

multiple-regression analysis to test any possible correlation between the wolf indirect 

indicators and the socio-economic and environmental variables used in the model 

construction. With regard to the independent variables with significant relevance for wolf 

population trends, the main positive influencing factors on selected indicators were related 

to density of goats (LOGDENSTOTGOAT), area utilized for agriculture, total and by farm 

(LOGSAUEVILL, LOGSAUFARM), road traffic (LOGTRAFFIC), the irrigated areas by 

farm (LOGIRRSURVIL). The main negative influencing factors were related to the density 

of roads by village (LOGROADVILLAGE), areas non-utilized for agriculture or forestry 

by farm (LOGOTHERSUR), kilometres of IP4 highway by village (LOGIP4FREG) and 

population density (LOGPOPDENS). Depending on the indicator type, the significant 

associations with the area of non-utilized agriculture surface (LOGSANUVILL) were either 

positive or negative. The regression equations, and their significance, for all the 

combinations performed, are shown in Table 4.1. 

 

Construction of the model and equations 

 
The diagram of the model presented in Fig. 4.8 is based on the relationships detected in the 

multiple regression analysis (Table 4.1) and on possible scenarios resulting from the 

expected socio-economic and environmental dynamics in the region (ex: land use, vehicle 

traffic, population density). Therefore, the model includes the following eleven  
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Table 4.1. The regression equations, degrees of freedom (DF), coefficient of determination (R2), 

F-values and their significance level (*** P<0.001) for all combinations reported, as selected by 

stepwise multiple regression. 

Equations DF R2 F 

LOGDENSCLAIM = 0.006 + 0.047 x (LOGDENSTOTGOAT) 68 0.106 8.054** 

LOGDEADGOAT = -0.300 + 0.155 x (LOGSAUEVILL) + 0.083 x 

(LOGTRAFFIC) + 0.037 x (LOGDENSTOTGOAT) - 0.151 x 

(LOGROADVILLAGE) 

65 0.235 4.986** 

LOGDEADCATTLE = 0.050 x (LOGTRAFFIC) - 0.166 - 0.074 x 

(LOGROADVILLAGE) 

67 0.097 3.580* 

LOGDEADSHEEP = 0.107 - 0.210 x (LOGROADVILLAGE) 68 0.055 3.927* 

LOGDENSTOTGOAT = 1.058 x (LOGTRAFFIC) - 2.849 - 0.444 x 

(LOGPOPDENS) - 0.370 x (LOGOTHERSUR) 

66 0.204 5.633** 

LOGDENSTOTCATTLE = 0.235 + 0.815 x (LOGIRRSURVILL) - 1.321 x 

(LOGIP4VILLAGE) - 0.285 x (LOGSANUVILL) 

66 0.415 15.639*** 

LOGDENSTOTSHEEP = 0.626 + 0.751 x (LOGSAUFARM) + 0.388 x 

(LOGSANUVILL) - 0.407 x (LOGPOPDENS) 

66 0.529 24.725*** 

Variables specification: LOGDENSCLAIM (logarithm of the density of claims attributed to wolf); LOGDENSTOTGOAT 
(logarithm of the density of goats); LOGDEADGOAT (logarithm of the density of fatalities of goats attributed to wolf); 
LOGSAUEVILL (logarithm of agricultural utilized surface by farm by village); LOGTRAFFIC (logarithm of the vehicle traffic in 
the IP4 highway); LOGROADVILLAGE (logarithm of the kilometres of main roads by village area); LOGDEADCATTLE 
(logarithm of the density of fatalities of cattle attributed to wolf); LOGDEADSHEEP (logarithm of the density of fatalities of sheep 
attributed to wolf); LOGDENSTOTGOAT (logartithm of density of goats);  LOGPOPDENS (logarithm of the population density); 
LOGOTHERSUR (logarithm of the area of other soil uses by farm); LOGDENSTOTCATTLE (logarithm of the density of cattle); 
LOGIRRSURVILL (logarithm of the irrigated surface by farm); LOGIP4VILLAGE (logarithm of the kilometres of IP4 highway by 
village); LOGSANUVILL (logarithm of the agricultural non-utilized surface by village); LOGDENSTOTSHEEP (logarithm of the 
density of goats); LOGSAUFARM (logarithm of the utilized agricultural surface by village). 
 

state variables, seven related to livestock densities and wolf attacks (indicator variables) and 

four related to socio-economic and environmental variables (environmental variables) (Fig. 

4.8). For modelling purposes, these environmental variables were adopted as dynamic state 

variables based on reliable information about their future tendencies. The initial values of 

all state variables, indicated in Appendix 4.2 (Process equations), were based on the 

average  
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Fig 4.8. Conceptual diagram of the model used to predict the impact of the socio-economic and 
environmental changes on wolf populations. Rectangles represent state variables; parameters 
(variables) or constants are small circles; sinks and sources are cloudlike symbols; flows are 
thick arrows; all the relations between state variables and other variables are fine arrows. The 
specification of all variable codes is expressed in appendix 4.1. Image details in Appendix 4.3. 
 

data recorded from the 70 studied villages. The processes that affect the state variables are 

described by difference equations (Appendix 4.2, Difference equations). 

The inflows affecting the indicator variables, (LODCGAINS, LDGGAINS, LDSGAINS, 

LDCGAINS, LDTCGAINS, LDTGGAINS, LDTSGAINS), were based on positive 

constants and all positive coefficients of each indicator’s regression (Table 4.1, Fig. 4.8, 

Appendix 4.2, Difference and Process equations). On the other hand, with the exception of 

the number of claims (LOGDENSCLAIM), all indicator variables were affected also by an 

outflow (LDCLOSSES, LDGLOSSES, LDSLOSSES, LDTCLOSSES, LDTGDLOSSES, 

LDTSLOSSES) related to the negative constants and partial regression coefficients 

influences (Figure 4.8, Table 4.1, Appendix 4.2, Difference and Process equations). 

Although the output for each indicator variable in our simulations is composed of a given 
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value per time unit, the respective indicator state variable might have a cumulating 

behaviour over time in response to changes in the habitat conditions. Therefore, to avoid 

this, seven outflow adjustments were incorporated into the model (LODCADJUST, 

LDGADJUST, LDSADJUST, LDCADJUST, LDTCADJUST, LDTGADJUST and 

LDTSADJUST). These outflow adjustments aimed at the emptiness of the indicator 

variables in each time step, by a “flushing cistern” mechanism, before a new step with new 

environmental influences would begin (Figure 4.8 and Appendix 4.2, Difference and 

Process equations). Since the indicator variables values were obtained from logarithmic 

transformations, some conversions were introduced for a better comprehension of the 

model simulations (Figure 4.8 and Appendix 4.2, Associated variables). These conversions 

were obtained by an inverse transformation (anti-logarithmic), which transform logarithms 

of numbers and densities into values expressed in original measurement units 

(DEADCATLEDENS, DEADGOATDENS, DEADSHHEPDENS, DENSCLAIM, 

DENSTOTCATTLE, DENSTOTGOAT, DENSTOTSHEEP). 

For the remaining state variables, the inflows and outflows affecting the environmental 

variables (OTHERSURINC, OTHERSURDEC, SANUINC, SANUDEC, 

VARIADENSPOP, POPDENSDEC, SAUINC, SAUDEC) were based on rates and 

relationships collected from national databases (RGA, 1989, 1999; Censos, 1991, 2001; 

Fig. 4.8, Appendix 4.2, Difference and Process equations). To represent the interactions 

between the different land uses within the study area (OTHERSUR, SAU and SANU), three 

interactive outflows were incorporated into the respective state variables (TOUTSUP, 

SANULIM, SAULIM) (Fig. 4.8, Appendix 4.2, Difference and Process equations). A 

logarithmic transformation was applied to the environmental variables (Fig. 4.8 and 

Appendix 4.2, Associated variables) because the data required to estimate the values of the 

indicator variables should use the same units that were obtained for the calculation of 

significant partial regression coefficients, assumed as holistic ecological parameters (see 

Methods). Therefore, only logarithms of the environmental variables are acceptable in the 

inflows and outflows of the indicator variables (Fig. 4.8 and Appendix 4.2, Difference 

equations and Process equations). Thus, the model is prepared to accept and transform real 

data from the environmental variables and to convert logarithmic outputs from a specific 

indicator variable simulation back into the original units. 
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Some values, such as total area (TOTAREA), year of connection between the IP3 and IP4 

highways (IP3YEAR) and the rates of change of utilized agricultural surface, surfaces 

occupied by human and population density (OTHERSURDECRAT, OTHERSURINCRAT, 

POPDECYEAR, POPDENSDECRAT, POPDENSRAT, SAUDECRAT, SAUINCART) 

were assumed as static, without any variation during the simulated period and, therefore, 

were introduced as constants (Fig. 4.8, Appendix 4.2, Constants). 

The composed variables result from simple mathematical operations between several 

variables. They are used in order to complete the outputs of the model. Those are the cases 

of total area of land uses simulated (TOTAREASIMU), resulting from the sum of the 

different land uses; the density of dead livestock and total livestock 

(DEADLIVESTOCKDENS, DENSTOTLIVESTOCK), resulting from the sum of the 

densities of livestock fatalities caused by wolf and the sum of livestock species density, 

respectively; the irrigated surfaces and agricultural surface utilized by farm (IRRSURVILL, 

SAUEVILL) that result from linear relationships with the utilized agricultural surface 

(SAU); the increase in local human population, assumed as a consequence of the new IP3 

highway functioning (REALDENSPOP) (Fig. 4.8, Appendix 4.2, Composed variables). 

The remaining environmental variables, namely the traffic trends in the highways 

(TRAFFIC) and the highway and road network characteristics (IP4VILLAGE, 

ROADVILLAGE) were introduced into the model as table functions (Fig. 4.8, Appendix 

4.2, Table functions). 

 

Dynamic model simulations 

 

The temporal unit chosen was the year (starting in 2004), because it captures in an 

acceptable way the ecological trends that occur in the studied region throughout several 

years. The simulations considered were based on a possible temporal succession of changes 

for the next twenty years in the region: (1) the area occupied by agriculture is expected to 

decrease and the area occupied by forest and shrublands is expected to increase; (2) the 

population density is expected to decrease, a pattern observed in the last twenty years; (3) 

the road network and the IP4 highway traffic (largely international) is expected to increase 

in response to improvements in the highway and new connections with other highways 
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(such as IP3, Fig. 4.5); (4) the density of the different species of livestock is expected to 

change in the same pattern observed in the last twenty years, where small species increase 

or stabilize their densities while the big species density declines. 

The expected socio-economic and environmental scenario for the next two decades will be 

a reduction in the area utilized for agriculture by farm (-78%), a decrease in the population 

density (-18%), and substantial increases in the average daily traffic in highways (+66%) 

and in the road network density (+59%) (Fig. 4.9). 

For this scenario, the average livestock density simulations are shown in Fig. 4.10, where a 

small reduction can be expected for the total livestock effectives (-13%). Nevertheless, the 

contributions of each livestock species were variable. In fact, sheep density and goat density 

are expected to rise (+53% and +90%, respectively) while cattle density is expected to 

decrease (-92%). 
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Fig. 4.9. Computer simulations of some socio-economic and environmental indicators, 
considered relevant as estimates of ecological changes in the area. A period of 20 years was 
considered, in a representative average village along the IP4 highway. Lines and scale 
explanation: (1) Daily vehicle traffic in the IP4 highway (TRAFFIC), scale between 9000 and 
15000 vehicles/day; (2) density of highways by village (ROADVILLAGE), scale between 1 and 
2 km/km2; (3) population density (POPDENS), scale between 180 and 230 hab/km2; (4) 
percentage of utilized area by farm, for agriculture (SAUFARM), scale between 5% and 45%. 
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Fig. 4.10. Computer simulations of livestock density (animals/km2) for a period of 20 years, in a 
representative average village along the IP4 highway. Lines explanation: (1) Cattle density 
(DENSTOTCATTLE); (2) Goat density (DENSTOTGOAT); (3) Total livestock density 
(DENSTOTLIVESTOCK); (4) Sheep density (DENSTOTSHEEP). 
 
With regard to the principal selected indicators, the dead livestock attributed to wolf (Fig. 

4.11), the simulations show a step decrease throughout the next 20 years (-84%). The 

simulation for goats and sheep killed by wolf (in densities) show substantial decreases (-

100% and –84%, respectively), while the density of dead cattle remains constant. 

 

Discussion 

 

Human activities within a landscape often result in land use conversion, loss of land cover 

types, and fragmentation of the remaining land cover into smaller and more isolated 

elements. The division of the landscape by linear elements such as roads contributes to this 

loss of habitat diversity (Saunders et al., 2002). Roads rather than urban expansion, rural 

home development, or other land use conversion, may be the dominant mechanism of 

habitat fragmentation (Baker and Dillon, 2000; Saunders et al., 2002). In fact, landscapes 

bisected by a dense road network would be expected to have more and smaller habitat  
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Fig. 4.11. Computer simulations of livestock dead (deads/km2) attributed to wolf for a period of 
20 years, in a representative average village along the IP4 highway. Lines explanation: (1) Dead 
cattle density (DEADCATTLEDENS); (2) Dead goat density (DEADGOATDENS); (3) Dead 
sheep density (DEADSHEEPDENS); (4) Total dead livestock density 
(DEADLIVESTOCKDENS). 
 

patches (such as mature forests stands), decreasing connectivity and the complexity of patch 

shape, and increasing the proportions of edge habitat (Reed et al., 1996; Tinker et al., 1998; 

Saunders et al., 2002). The ecological influences of these roads may extend hundreds or 

thousands of meters from road verges (Forman and Deblinger, 2000). The ecological 

impacts of roads includes: (a) direct removal of habitat and fragmentation of the remaining 

habitat (Saunders et al., 2002); (b) imposition of edge effects on habitat structure, function 

and composition (Mefle and Carrol, 1997; Voller, 1998); (c) direct mortality of animals 

caused by vehicle collisions (Fahrig et al., 1995; Goosem, 1997); (d) disruption of 

organisms dispersal and concomitant isolation of populations (Mader, 1984; Swihart and 

Slade, 1984; Mefle and Carrol, 1997); (e) chronic disturbance from human activity and 

traffic (McLellan and Shackleton, 1988; Reijnen et al. , 1996; Saunders et al., 2002); and (f) 

high hunting pressure as a consequence of the human accessibility increase (Andrews, 

1990). The large number of potential impacts of roads suggests that road density, examined 

at appropriate scales and across different habitat types, may be a useful indicator of 

disturbance for wildlife and landscape affected by human activities. 
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The stochastic-dynamic methodology developed in this study seems to represent a useful 

contribution to the assessment of the ecological status of the wolf habitat, predicting 

credible trends for wolf occurrence in the next two decades. In fact, the simulation results 

showed that the indirect indicators selected, such as wolf attacks on livestock, were not 

indifferent to changes in the ecological conditions, namely when conditions relatively 

unaffected by human activities were changed by man-induced disturbances. The relevant 

ecological drifts observed are in accordance with other studies that investigated the 

consequences of ecosystem changes by anthropogenic impacts on wolf populations 

(Findlay and Houlahan, 1997; Mladenoff et al., 1999; Glenz et al., 2001). In fact, road 

density has been used as a critical factor and it has been shown that wolf density in North 

America is a function of road density. This road density can be considered as a holistic 

measure of several hidden habitat factors that affect wolf populations (Boitani, 2000). 

In this perspective, the decrease in 84% of wolf attacks on livestock, through the next 20 

years, could represent a reduction in the same order of magnitude in local wolf densities. In 

fact, a predator like wolf is particularly vulnerable to extinction, due to their large body 

size, low population numbers, low dispersion in disturbed ecosystems, and low 

reproductive efficiency (Petrucci-Fonseca, 1990). For the conservation of the species in the 

region, it is important to maintain landscape units and the permeability of the main roads to 

eliminate and compensate the negative impacts produced by the road network. The type of 

highways present in the region has few crossings, because of guard rails and fences in 

flatter land which constitute effective barriers to wolves and wild prey (Boitani, 2000). The 

drastic scenario simulated can be mitigated by the readjustment of the tracks and the use of 

efficient faunal passages (Cueva, 2003; Rico, 2003). 

Our approach includes the interaction between simple indicators and resources, with 

holistic and ecological relevance, and reduces the number of pre-conceptions added to the 

model. Nevertheless, since ecological integrity of the wolf habitat can be only partly 

assessed by the indirect indicators selected, this approach also provides a useful starting 

point, allowing the precise development of more complicated models, with introduction of 

other indicators, interactions and interferences with precise applicability conditions. 

After this species’ centred chapter, the StDM applications return (in chapter 5) to the agri-

environmental problematics discussed previously in chapter 2. Nevertheless the StDM 
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model presented in chapter 5 was designed to simulate the dynamics of landscape changes 

(and not the farm scale as in chapter 2) and its effects on the integrity of Mediterranean 

agroecosystems. The major advances from the previous chapters are the introduction of the 

guild concept as ecological indicator, the integration of conventional dynamic model 

procedures in a StDM and the incorporation of each landscape unit simulations in a 

Geographical Information System (GIS) approach. These advances improve the StDM in 

terms of the stakeholders’ discernment of the ecological changes occurring. 
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Appendices 

Appendix 4.1. Specification of all variables considered in this study. 
Code Description Unit of measure Source 

AREA Area of each village Km2 INE: Censos 1991 and 2001 

MILKCATTLE Cattle – Milk cattle Number of animals INE: RGA 1989, 1999. 

OTHERCATTLE Cattle–Other cattle Number of animals INE: RGA 1989, 1999. 

TOTCATTLE Total cattle Number of animals INE: RGA 1989, 1999. 

DENSCATTLE Total cattle density Number of animals / km2  

REPSHEEPFEM Sheep –  Reproductive Females  Number of animals INE: RGA 1989, 1999. 

TOTSHEEP Total sheep Number of animals INE: RGA 1989, 1999. 

DENTOTSHEEP Total sheep density Number of animals / km2  

REPGOATFEM Goats –  Reproductive Females Number of animals INE: RGA 1989, 1999. 

TOTGOAT Total goat density Number of animals INE: RGA 1989, 1999. 

DENSTOTGOA
T 

Total goat density Number of animals / km2  

TOTLIVESTOC
K 

Total livestock Number of animals INE: RGA 1989, 1999. 

DENSTOTLIVE
STOCK 

Total livestock density Number of animals / km2  

CLAI Wolf attacks on livestock Number of attacks ICN: Parque Natural do 

CLAIM Average wolf attacks on livestock Averaged number of attacks Alvão and Parque Natural de 

DENSCLAIM Average density of wolf attacks on 
livestock 

Averaged number of attacks / 
km2 

Montesinho (2002 and 2003) 

DSHEEP Dead sheep Number of dead INE: RGA 1989, 1999. 

DEADSHEEP Average dead sheep Average number of dead  

DEADSHEEPDE
NS 

Average density of dead sheep Average number of dead / 
km2 
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Appendix 4.1 (Continued) 
Code Description Unit of measure Source 

DGOAT Dead goat Number of dead INE: RGA 1989, 1999. 

DEADGOAT Average dead goat Average number of dead  

DEADGOATDE
NS 

Average density of dead goat Average number of dead / 
km2 

ICN: Parque Natural do 

DCATTLE Dead cattle Number of dead Alvão and Parque Natural de 

DEADCATTLE Average dead cattle Average number of dead Montesinho (2002 and 2003) 

DEADCATTLE
DENS 

Average density of dead cattle Average number of dead / 
km2 

 

OTHERDEAD Other species dead  Number of dead INE: RGA 1989, 1999. 

DEADLIVESTO
CK 

Total livestock dead Number of dead INE: RGA 1989, 1999. 

DISTREPRPAC
K 

Distance to the nearest reproducing 
pack of wolves 

kms  

BUILD Buildings Number of buildings INE: Censos 1991 and 2001 

BUILDDENS Buildings density Number of buildings / km2 INE: Censos 1991 and 2001 

POPDENS Population density Number of inhabitants / km2  

ROAD Road network – secondary roads kms Departamento de Engenharia 

ROADVILLAGE Road network by village kms of roads / km2 Civil – Grupo de Estudos 

IP4 Extension of IP4 highway by 
village 

kms Territoriais da UTAD and 
Câmara 

IP4VILLAGE Extension of IP4 highway by 
village area 

Kms of IP4 / km2 Municipal de Amarante 
(2003) 
 

SAU  Utilized agricultural surface – area 
utilized for agriculture by village 
(includes arable land, permanent 

ha(hectares)  

SANU Non-utilized agricultural surface – 
abandoned surfaces, once included 
in the upper category  

ha(hectares)  

SAUEVILLAGE Utilized agricultural surface by 
farm 

ha/farm  

FOREST Production forest surfaces by 
village 
 

ha(hectares) INE: RGA 1989, 1999. 
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Appendix 4.1 (Continued) 
Code Description Unit of measure Source 

OTHERSUR Surfaces occupied by human 
structures (buildings, tracks, dams), 
wildlife and recreational areas. 

ha  

IRRISURVILLA
GE 

Irrigated surface by village 
 

ha  

TRAFFIC 
 

Average daily traffic in the IP4 
highway 
 

Average number of cars by 
day  
 

IEP: 2001, 2004. 

ROADKILLS Road kills of medium and large 
sized vertebrates occurred in the 
IP4 highway 

Number of road kills IEP: 2001, 2004. 

UNDERCOV Production areas of cultures under 
tree plantations 

 INE: RGA 1989, 1999. 
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Appendix 4.2 Mathematical equations used in Stella for the relationships between the indicators 
selected and the socio-economic/environmental trends expected in the study region. 
EQUATIONS 

DIFFERENCE EQUATIONS 

LOGDEADCATTLE(t) = LOGDEADCATTLE(t - dt) + (LODCGAINS - LODCADJUST - LDCLOSSES) x dt 

LOGDEADGOAT(t) = LOGDEADGOAT(t - dt) + (LDGGAINS - LDGADJUST - LDGLOSSES) x dt 

LOGDEADSHEEP(t) = LOGDEADSHEEP(t - dt) + (LDSGAINS - LDSLOSSES - LDSADJUST) x dt 

LOGDENSCLAIM(t) = LOGDENSCLAIM(t - dt) + (LDCGAINS - LDCADJUST) x dt 

LOGDENSTOTCATTLE(t) = LOGDENSTOTCATTLE(t - dt) + (LDTCGAINS - LDTCLOSSES - LDTCADJUST) x dt 

LOGDENSTOTGOAT(t) = LOGDENSTOTGOAT(t - dt) + (LDTGGAINS - LDTGLOSSES - LDTGADUST) x dt 

LOGDENSTOTSHEEP(t) = LOGDENSTOTSHEEP(t - dt) + (LDTSGAINS - LDTSADJUST - LDTSLOSSES) x dt 

OTHERSUR(t) = OTHERSUR(t - dt) + (OTHERSURINC - OTHERSURDEC - TOUTSUP) x dt 

SANU(t) = SANU(t - dt) + (SANUINC - SANUDEC - SANULIM) x dt 

POPDENS(t) = POPDENS(t - dt) + (VARIADENSPOP - POPDENSDEC) x dt 

SAU(t) = SAU(t - dt) + (SAUINC - SAUDEC - SAULIM) x dt 

PROCESS EQUATIONS 

A) DENSITY OF CATTLE PREDATED BY WOLF 

INITIAL VALUE OF LOGDEADCATTLE = 0.004781 

LODCGAINS = 0.050 x LOGTRAFFIC 

LDCLOSSES = 0.166 + 0.074 x LOGROADVILLAGE 

LODCADJUST = LOGDEADCATTLE 

B) DENSITY OF GOAT PREDATED BY WOLF 

INITIAL VALUE OF LOGDEADGOAT = 0.014517 

LDGGAINS = 0.155 x LOGSAUEVILL + 0.083 x LOGTRAFFIC + 0.037 x LOGDENSTOTGOAT 

LDGLOSSES = 0.300 + 0.151 x LOGROADVILLAGE 

LDGADJUST = LOGDEADGOAT 

C) DENSITY OF SHEEP PREDATED BY WOLF 

INITIAL VALUE OF LOGDEADSHEEP = 0.036769 

LDSGAINS = 0.107 

LDSLOSSES = 0.210 x LOGROADVILLAGE 

LDSADJUST = LOGDEADSHEEP 

D) DENSITY OF CLAIMS ATTRIBUTED TO WOLF  

INITIAL VALUE OF LOGDENSCLAIM = 0.117 

LDCGAINS = 0.006 + 0.047 x LOGDENSTOTGOAT 

LDCADJUST = LOGDENSCLAIM 

E) DENSITY OF CATTLE  

INITIAL VALUE OF LOGDENSTOTCATTLE = 0.8596 

LDTCGAINS = 0.235 + 0.815 x LOGIRRSURVILL 

LDTCLOSSES = 1.321 x LOGIP4VILLAGE + 0.285 x LOGSANUVILL 

LDTCADJUST = LOGDENSTOTCATTLE 

F) DENSITY OF GOAT 

INITIAL VALUE OF  LOGDENSTOTGOAT = 0.0299 

LDTGGAINS = 1.058 x LOGTRAFFIC 
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Appendix 4.2 (Continued) 
LDTGLOSSES = 2.849 + 0.444 x LOGPOPDENS + 0.370 x LOGOTHERSUR 

LDTGADUST = LOGDENSTOTGOAT 

G) DENSITY OF SHEEP 

INITIAL VALUE OF LOGDENSTOTSHEEP = 0.8770 

LDTSGAINS = 0.626 + 0.751 x LOGSAUFARM + 0.388 x LOGSANUVILL 

LDTSADJUST = LOGDENSTOTSHEEP 

LDTSLOSSES = 0.407 x LOGPOPDENS 

H) AVERAGE AREA, BY FARM, OCCUPIED BY NON AGRICULTURE AND FOREST 

INITIAL VALUE OF OTHERSUR = 2.080526 

OTHERSURINC = IF TIME > IP3YEAR THEN OTHERSURINCRAT x OTHERSUR ELSE 0 

OTHERSURDEC = IF TIME > IP3YEAR AND OTHERSURINCRAT >0 THEN 0 ELSE OTHERSURDECRAT x OTHERSUR 

TOUTSUP = IF TOTAREASIMU > TOTAREA AND SANU + SAU > 0 THEN (TOTAREASIMU - TOTAREA) / 3 ELSE 

TOTAREASIMU - TOTAREA 

H) POPULATION DENSITY 

INITIAL VALUE OF POPDENS = 221.844286 

VARIADENSPOP = REALDENSPOP x POPDENS 

POPDENSDEC = IF TIME < POPDECYEAR THEN 0 ELSE POPDENSDECRAT x POPDENS 

I) SURFACES, BY FARM, NON UTILIZED FOR AGRICULTURE 

INITIAL VALUE OF SANU = 3.933646 

SANUINC = IF SAUDEC > 0 THEN SAUDEC ELSE 0 

SANUDEC = IF SAUINC > 0 THEN SAUINC ELSE 0 

SANULIM = IF TOTAREASIMU > TOTAREA AND OTHERSUR + SAU > 0 THEN (TOTAREASIMU - TOTAREA) / 3 ELSE 

TOTAREASIMU - TOTAREA 

J) SURFACES, BY FARM, UTILIZED FOR AGRICULTURE 

INITIAL VALUE OF SAU = 33.902602 

SAUINC = IF TIME > IP3YEAR AND SAUDECRAT > 0 THEN 0 ELSE SAUINCRAT x SAU 

SAUDEC = IF TIME < IP3YEAR THEN 0 ELSE SAUDECRAT x SAU 

SAULIM = IF TOTAREASIMU > TOTAREA AND SANU + OTHERSUR > 0 THEN (TOTAREASIMU-TOTAREA) / 3 ELSE 

TOTAREASIMU - TOTAREA 

ASSOCIATED VARIABLES 

DEADCATTLEDENS = 10^LOGDEADCATTLE - 1 

DEADGOATDENS = 10^LOGDEADGOAT - 1 

DEADSHEEPDENS = 10^LOGDEADSHEEP - 1 

DENSCLAIM = 10^LOGDENSCLAIM - 1 

DENSTOTCATTLE = 10^LOGDENSTOTCATTLE - 1 

DENSTOTGOAT = 10^LOGDENSTOTGOAT - 1 

DENSTOTSHEEP = 10^LOGDENSTOTSHEEP - 1 

LOGIP4VILLAGE = LOG10(IP4VILLAGE + 1) 

LOGIRRSURVILL = LOG10(IRRSURVILL + 1) 

LOGOTHERSUR = LOG10(OTHERSUR + 1) 

LOGPOPDENS = LOG10(POPDENS + 1) 

LOGROADVILLAGE = LOG10(ROADVILLAGE + 1) 
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Appendix 4.2 (Continued) 
LOGSANUVILL = LOG10(SANU + 1) 

LOGSAUEVILL = LOG10(SAUEVILL + 1) 

LOGSAUFARM = LOG10(SAU + 1) 

LOGTRAFFIC = LOG10(TRAFFIC + 1) 

CONSTANTS 

TOTAREA = 50.286 

OTHERSURDECRAT = 0.092 

OTHERSURINCRAT = 0.092 

POPDECYEAR = 10 

POPDENSDECRAT = 0.019 

POPDENSINCRAT = 0 

POPDENSRAT = 0 

SAUDECRAT = 0.106 

SAUINCRAT = 0.106 

IP3YEAR = 3 

COMPOSED VARIABLES 

TOTAREASIMU = OTHERSUR + SANU + SAU 

DEADLIVESTOCKDENS = DEADCATTLEDENS + DEADGOATDENS + DEADSHEEPDENS 

DENSTOTLIVESTOCK = DENSTOTCATTLE + DENSTOTGOAT + DENSTOTSHEEP 

IRRSURVILL = SAU x 0.33 

SAUEVILL = 0.0101 x SAU + 0.0181 

REALDENSPOP = IF TIME < IP3YEAR THEN POPDENSRAT ELSE POPDENSRAT + POPDENSINCRAT 

TABLE FUNCTIONS 

IP4VILLAGE = GRAPH(TIME) 

(0.00, 0.19), (1.00, 0.19), (2.00, 0.19), (3.00, 0.19), (4.00, 0.19), (5.00, 0.19), (6.00, 0.19), (7.00, 0.19), (8.00, 0.19), (9.00, 0.19), 

(10.0, 0.19), (11.0, 0.19), (12.0, 0.19), (13.0, 0.19), (14.0, 0.19), (15.0, 0.19), (16.0, 0.19), (17.0, 0.19), (18.0, 0.19), (19.0, 0.19), 

(20.0, 0.19) 

ROADVILLAGE = GRAPH(TIME) 

(0.00, 1.35), (1.00, 1.35), (2.00, 1.35), (3.00, 1.35), (4.00, 1.39), (5.00, 1.42), (6.00, 1.46), (7.00, 1.49), (8.00, 1.53), (9.00, 1.53), 

(10.0, 1.53), (11.0, 1.53), (12.0, 1.55), (13.0, 1.65), (14.0, 1.75), (15.0, 1.80), (16.0, 1.95), (17.0, 2.00), (18.0, 2.05), (19.0, 2.15), 

(20.0, 2.15) 

TRAFFIC = GRAPH(TIME) 

(0.00, 9030), (1.00, 9210), (2.00, 9390), (3.00, 9510), (4.00, 9690), (5.00, 9690), (6.00, 9780), (7.00, 9930), (8.00, 10170), (9.00, 

10470), (10.0, 10920), (11.0, 11520), (12.0, 12330), (13.0, 12540), (14.0, 12840), (15.0, 13200), (16.0, 13620), (17.0, 14040), 

(18.0, 14400), (19.0, 14610), (20.0, 14940) 
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Chapter 5 

Development of a stochastic dynamic model for ecological 

indicators’ prediction in changed Mediterranean 

agroecosystems of north-eastern Portugal 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the article: Santos, M., Cabral, J.A., 2004. Development of a stochastic dynamic model for ecological 

indicators’ prediction in changed Mediterranean agroecosystems of north-eastern Portugal. Ecol. Indicators 4, 285-

303. 
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Abstract 

 

A holistic stochastic dynamic model was developed by focusing on the interactions between 

conceptually isolated key-components, such as local passerine guilds and changes in habitat 

conditions, in Mediterranean agroecosystems of the “Terra Quente Transmontana region” 

(north-eastern Portugal). The ecological integrity of the typical patchwork of this region, 

with respect to land use, can be partly assessed by the observation of the occurrence of 

passerine guilds. These important indicators and state variables are the underlying database 

of our model. This model aimed the prediction of the ecological changes which can be 

expected when olive orchards are being intensified. The model proposed was preceded by a 

conventional multivariate statistical procedure (stepwise multiple regression analysis) 

performed to discriminate the significant relationships between guild richness and 

environmental variables. Since this statistical analysis is static, the dataset recorded from 

the field included true gradients of habitat changes. The model parameters were estimated 

from the results of the stochastic treatment and from regional data regarding tendencies 

within the use of land. A period of 50 years was considered. The final model provided some 

basis to analyse the responses of passerine guilds to the environmental scenarios that will 

characterize the new agroecosystems of the region. The model simulations were 

incorporated into a Geographical Information System (GIS) approach. The results of the 

simulation revealed a structural drift within the different guild richness in response to the 

expected gradient of habitat changes. The possible local extinction of several species within 

the less well-represented guilds, such as the steppe passerine species, may be associated 

with a predictable reduction in ecological integrity of the typical agroecosystems. 

Therefore, a new structure of the passerine communities indicates that future 

agroecosystems will diverge from the initial or actual ecological state. 
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Introduction 

 

The Mediterranean region has evolved over thousands of years with an increasing role 

played by human activity (Naveh, 1998). For many species of wildlife, little of their 

original habitat remained and for many centuries they have adapted themselves to 

landscapes shaped by human activity (Pain, 1994; Naveh, 1998; Bignal and McCracken, 

2000). Olive (Olea europaea) production marks a significant land use in this region with 

important environmental, social and economic implications (EC, 1997). Mediterranean 

olive culture has a history of thousands of years (Standish, 1960). According to Guerrero 

(1997) most of the olive groves of the world are concentrated in Spain (2.4 million ha), 

Italy (1.4 million ha), Tunisia (1.2 million ha), Greece (1 million ha), Turkey (0.7 million 

ha) and Portugal (0.5 million ha). Traditional plantations, often mixed with other crops have 

old trees and a high aesthetic and natural value (Pena and Cabral, 1991; Rey, 1993; Pain, 

1994; Naveh, 1998; EFNCP, 2000; Stobbelaar et al., 2000; Beaufoy, 2001) (Fig.5.1). 

 

Fig. 5.1. The traditional patchwork of mediterranean cultures. 
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The European Common Agriculture Policy (CAP) is changing the traditional agricultural 

pattern and landscape (Chapter 2). This is done by encouraging farmers of the European 

Union (EU) to start intensive modern plantations and thus threatening agroecosystems such 

as winter cereals, extensively grazed pastures and low-input olive farming (Naveh, 1998; 

Beaufoy, 2001; Stoate et al., 2001) (Fig. 5.2). These changes are related to an increase in 

olive oil consumption, due to worldwide EU campaigns (EC, 1997) and the scientifically 

proven advantages of olive oil to human health (Baudet et al., 1984; Mattson and Grundy, 

1985; Reaven, 1991). Continuous and intensified olive plantations will gradualy superscale 

the old mixed Mediterranean farming. Therefore biodiversity will be reduced (Pain, 1994; 

EFNCP, 2000; Beaufoy, 2001). Major problems resulting from that are soil erosion and 

desertification in Mediterranean Europe (Angelakis et al., 1988; Graaff and Epping, 1999).  

Closer linked are other severe problems such as over-exploitation of water resources and 

water and soil pollution caused by pesticides and herbicides (Cirio, 1997; Beaufoy 2001). 

 

Fig. 5.2 Olive monoculture substituting the traditional patchwork of mediterranean cultures. 
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The use of ecological indicators is particularly helpful for conservation and management 

purposes as they reveal what effect changes of land use have on the ecological integrity of 

ecosystems (Romstad, 1999; Medellín et al., 2000; Müller et al., 2000; Andreasen et al., 

2001; Dale and Beyeler, 2001; Welsh Jr. and Droege, 2001). Indicator species are usually 

proposed with which to capture the biological integrity of the environment. This, of course, 

presupposes the fact that tendencies of individual species can be extrapolated to other 

species of the community (e.g., Karr, 1991; Chase et al., 2000; Welsh Jr. and Droege, 

2001). This indicator species concept has been questioned (Landres et al., 1988), since 

many co-occurring species have different responses to a particular community trend 

(Rubinoff, 2001). Species can be categorised into guilds, in order to minimise this particular 

disadvantage (Verner, 1984). Guilds are useful when evaluating collective responses 

throughout gradients of changes in the structure and functioning of ecosystems (Block et 

al., 1995). 

Although the relations between birds and agricultural changes are complex (Gates and 

Donald, 2000), some studies have been produced using birds as ecological integrity 

indicators in forests, wetlands, riparian areas, steppe and salt deserts (Adamus and Brandt, 

1990; Croonquist and Brooks, 1991; Moors, 1993; Bradford et al., 1998; Canterbury et al., 

2000). Other studies have identified birds as good indicators of environmental changes 

(Verner, 1984; Morrison, 1986). According to Dale and Beyeler (2001) the selection of 

ecological indicators requires some predefined criteria. Passerine functional guilds present 

several characteristics that have justified our choice: (1) they usually occur in high densities 

in the studied habitats, (2) they are functionally placed at an intermediate position in the 

food webs (O’Connor and Shruub, 1986; Wilson et al., 1999; Moreby and Stoate, 2001), (3) 

they provide cheap and easy measurements (due to their conspicuous nature) if standard 

methodologies are applied (Bibby et al., 2000; Ralph et al., 1993; Rabaça, 1995), (4) they 

are sensitive to landscape and agricultural changes, and (5) several species were studied 

intensively with regard to their natural variation (e.g. Gillings and Fuller, 1998; Jobin et al., 

1998; Boutin et al., 1999; Chamberlain et al., 1999; Brickle et al., 2000; Chamberlain et al., 

2000; Henderson et al., 2000; Omerod and Watkinson, 2000; Shutler et al., 2000; 

Siriwardena et al., 2000; Stoate et al., 2000; Siriwardena et al., 2001). Moreover, for many 

species of passerines, demography, behaviour, distribution and phenology are connected 
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with seasonal and spatial changes in farming practices (Baillie et al., 2000; Omerod and 

Watkinson, 2000). Another advantage of passerine functional guilds is their capacity for 

population recovery in response to good management procedures in previously disturbed 

ecosystems (Ryan, 1998; Chamberlain et al., 1999; McMaster and Davis, 2001; Peach et al., 

2001). With regard to olive farming they are present throughout this agroecosystem’s 

spatial, temporal and technical gradients (Muñoz-Cobo, 1987; Muñoz-Cobo, 1992; Rey, 

1993; Pain, 1994; Rey, 1995; EFNPC, 2000). The main question that still remains 

unanswered is whether passerine guilds are capable of responding in anticipation to key 

changes in agroecosystems (Dale and Beyler, 2001). Omerod and Watkinson (2000) 

mentioned that birds are positioned simultaneously as targets and as indicators of 

agricultural changes, so a problem could arise from a lag time in response. 

The main objective of the present chapter was to develop a holistic predictive approach, 

using a stochastic dynamic model by focusing on the interactions between conceptually 

isolated key-components in such systems, namely between local breeding passerine guilds 

and environmental conditions. As the components of ecosystem integrity are presumed to 

be linked to their dependence on habitat characteristics, the hypotheses to be tested include: 

(1) that the guilds selected are representative of the local bird community varying 

predictably due to an increase in human influence, and (2) that ecosystem integrity can be 

assessed by the state variables, assumed as important ecological indicators, used in the 

dynamic model construction. These hypotheses were tested by new applications of a 

stochastic dynamic model in order to capture the complexity of some ecological 

consequences resulting from the gradients of changes expected in the studied 

agroecosystem. The stochastic dynamic model proposed is preceded by a conventional 

multivariate statistical procedure. Since these statistical tests are static, the data set recorded 

include true gradients of changes. In this way, the factors of time and space were implicit in 

the respective treatment. Such a procedure allows more credibility, as the respective 

parameters are being considered with regard to their embedding in time and space. This 

approach also provides a useful starting point from which to develop more global 

techniques in the scope of this research area, such as the spatial dynamic models, by 

creating expeditious interfaces with Geographical Information Systems (Costanza, 1992). 
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Methods 

 

Study area 

 

The study was carried out near the town of Mirandela (41º 30’ N, 7º10’ W), in two areas (A 

and B) of the Terra Quente Transmontana region, north-eastern Portugal (fig. 5.3). A 

typical mixture of olive orchards, cereal fields, fallow land, cistus sp. shrublands, cytisus sp. 

shrublands, cork oak woodlands and almond orchards dominate the landscape. The main 

agricultural changes are the decrease of cereal and fallow land and the increase of areas 

occupied by intensive olive orchards and forests (RGA, 1992; RGA, 1999) (Fig. 5.4). 
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Figure 5.3. Location of the study areas in North-eastern Portugal. Area A has 2500 ha 

undergoing drastic agricultural changes (100 plots), and area B has 2500 ha dominated by olive 

orchards (100 plots). 
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Fig. 5.4.Intensive olive plantations in area A 

 

Passerine and habitat surveys 

 

Two hundred 25 ha (500*500 metres) plots were randomly surveyed (Random Number 

Generator Pro 1.24), one hundred in area A, where the agricultural changes were occurring 

(fig. 5.5) and one hundred in area B, a region where olive orchards were traditionally 

dominant (Fig. 5.6). These areas were chosen, because they contain the gradients of land 

use. This is of particular importance when it comes to the comprehension of the indicator’s 

response. Each plot description and survey was made in its centre using a Global Position 

System device (Magellan GPS 320). 
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Fig. 5.5. The patchwork of cultures of area A. 

 

 

 
 

Fig. 5.6. The landscape dominated by old olive plantations in area B. 

 

The plots were surveyed only once between mid-February and the end of July of 2001. The 

breeding season was chosen for this study according to the assumption that passerines 

would be more dependent upon a restricted landscape and its resources. Each plot was 

surveyed by a 10-minute unlimited-radius point count until five hours after sunrise, a period 



 128 

when most passerines are active (Ralph et al., 1993) (Fig. 5.7). As point counts allow an 

immediate collection of habitat data after the experiment they were preferred to transects 

and mapping methods (Bibby et al., 2000). Another advantage is that the same visit is 

sufficient to collect both sets of data (Bibby et al., 2000). Although information related to 

the passerine phenologic state was taken, the most important data was the community 

composition of each plot. Surveys were carried out only under appropriate weather 

conditions (Rabaça, 1995). 

The habitat was described at the end of each point count. In accordance with Manel et al. 

(1999), the presence of species can be improved with the use of detailed habitat mapping. 

Therefore, at the end of the description of the plot a ground survey map was produced and 

the area calculation was based upon it. In the olive orchard, canopy height, tree perimeter, 

canopy cover and density were measured as close as possible to the centre of the plot 

(Bibby et al., 2000). Ground cover was registered. All the olive orchards in each plot were 

estimated as a percentage of area and classified into four age-class groups (Michelakis et 

al., 1994; Guerrero, 1997): O5- plantation with less than 5 years, a canopy cover of less 

than 50% and densities of about 200-300 (or even higher) trees per ha; O20- plantation with 

6 to 20 years, the perimeter less than 30 cm and densities of about 200-300 trees per ha; 

O60-plantation with an age of 21 to 60 years, a variable perimeter without tree hollows and 

densities of about 100-200 trees per ha; OOL-plantation which is older than 60 years, has a 

variable perimeter, tree hollows and whose density is under 100 trees per ha (Fig. 5.8). For 

the remaining land uses a broad classification was considered: almond orchards (ALM), 

shrublands (SHR), cereals (CER), pastures (PAS), fallow land (FAL), vegetable gardens 

(VEG), vineyards (VIN), fruit orchards (FRU), cork-oak woodlands (COR), riverine woods 

(RIV), other woods (OTH) and urbanised areas (URB). The percentage of the respective 

occupied area was roughly calculated. For illustrative proposes the average plot of area A 

was calculated as a representative target for model simulations. 
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Fig. 5.7. Performing a point count in a plot of area A. 

 

 

Fig. 5.8. Measuring the perimeter of an olive tree in order to catalog the type of olive plantation. 
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Data analysis 

 

Determining passerine foraging guilds 

 

Passerine species whose feeding habits and/or habitat requirements were not directly 

dependent on vegetation structure were excluded from the data analysis (e.g. Corvidae, 

Hirundinidae). Because during the breeding season different habitats were preferred, the 

dominant land uses in each tetrad of plots (100 ha) were classified into two main structural 

macro-habitats: (1) pseudo-steppe and (2) arboreal habitats. Next, a Mann-Whitney test 

with 50 samples (tetrads) was performed for each species to discover the differences 

between habitat use. All species whose differences were not significant were discriminated 

by using bibliographic data regarding bird habitat use in Iberian Peninsula (Rufino et al., 

1989; Rey et al., 1997). Additionally, the separation by foraging habits, into insectivorous 

and granivorous groups, was obtained by exclusively using data from literature (Cramp et 

al., (1977 – 1994); Calvo and Perris, 1993; Hódar, 1994; Ponz et al., 1996; Hódar, 1998; 

Molina et al., 1998; Lefranc, 1999; Siriwardena et al., 2000; Söderström and Pärt, 2000; 

Moreby and Stoate, 2001). The combination of the information regarding habitat 

requirements and foraging habits enabled us to establish four categories of guilds: (1) 

arboreal insectivorous, (2) arboreal granivorous, (3) pseudo-steppe insectivorous and (4) 

pseudo-steppe granivorous. 

 

Determining the guilds’ response 

 

A stepwise multiple regression analysis (Zar, 1996) was used to test for relationships 

between dependent and independent variables. The dependent variables correspond to the 

guilds composition, in number of species, also called guild richness (Gaston and Blackburn, 

2000). The independent variables were the proportion of area occupied by the principal land 

uses considered. A step down procedure was used so that the effect of each variable in the 

presence of all others could be examined first with the least significant variable being 

removed at every step (Zar, 1996). The analysis stopped when all the surviving variables 

had a significance level < 0.05 (Zar, 1996). Although the lack of normality distribution of 
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the dependent variables was not solved by any transformation (Kolmogorov-Smirnov test), 

the linearity and the homoscedasticity of the residuals were achieved by using logarithmic 

transformations (X’ = log[X + 1]) in each side of the equation, i.e. on both the dependent 

and independent variables (Zar, 1996). The lack of substantial intercorrelation among 

independent variables was confirmed by the inspection of the respective tolerance values. 

All the statistical analyses were carried out using the software SYSTAT 8.0. 

 

Conceptualisation of the model 

 

Since the previous statistical procedures were based on data sets that include gradients of 

agroecosystem changes, over space and time, the significant partial regression coefficients 

were assumed to be relevant holistic ecological parameters. These led the construction of 

the dynamic model. This is the “heart” of the philosophy of the stochastic dynamic model 

developed. The model does not distinguish between different species within the guilds 

selected, but considers them as a whole (in each correspondent state variable). Therefore, in 

a holistic perspective, the partial regression coefficients represent the global influence of the 

environmental variables selected that are of significant importance on several complex 

ecological processes. Yet, the latter were not included explicitly in the model, but were 

related to state variables such as guilds. The information regarding the historical landscape 

dynamics was obtained from national data (RGA, 1992; RGA, 1999) and personal 

interviews with regional agro-technicians. For the development of this model the software 

STELLA 5.0 was used. 

 

Spatio-temporal modelling 

 

The results of the model simulations were thereafter incorporated in a GIS conception. 

Using that, the ecological pattern of guilds’ occurrence, over a period of time and under the 

environmental changes anticipated for area A, could be better visualised and understood. In 

this case, a direct correspondence between each plot and each pixel was adopted. 
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Results 

 

Guilds’ composition 

 

We recorded 53 passerine species during the 6 months of the census program. With regard 

to feeding preferences, most of the species were easily separated by using bibliographic 

data. The Mann-Whitney test for habitat discriminations was significant for only 11 species 

(see Appendix 5.1), mainly because some were uncommon while others had a general 

occurrence in the set of habitats studied. The distribution of passerine species per guild 

allowed us to identify 24 arboreal insectivorous, 9 arboreal granivorous, 12 pseudo-steppe 

insectivorous and 8 pseudo-steppe granivorous (Appendix 5.1) (Fig. 5.9). 

 

 
Fig. 5.9. The Wren (Troglodytes troglodytes), an arboreal insectivorous in a riverine wood of 

the studied area. 
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Effects of environmental factors on functional guilds’ richness 

 

The vegetation structure dominated by trees and/or big bushes seemed to be the main 

influencing factor (positive) on the occurrence of arboreal insectivorous and arboreal 

granivorous guilds. The recorded richness of these guilds in olive orchards (O20, O60, 

OOL), street trees in villages (URB), shrublands (SHR), riverine woods (RIV) and 

vegetable gardens (VEG) was higher than in remaining land uses (Table 5.1). The richness 

of pseudo-steppe insectivorous and pseudo-steppe granivorous guilds seemed to be 

positively affected by an open landscape structure. In fact, the presence of recent olive 

plantations (O5, O20), fallow land (FAL), cereal fields (CER) and shrublands (SHR) was 

connected with the occurrence of these guilds (Table 5.1). Nevertheless, the increase of 

pseudo-steppe granivorous richness with the increasing intensive and tree dominated 

almond plantation area (ALM) was unexpected (Table 5.1). 

 

Conceptualisation of the model and equations  

 

The diagram of the model presented in Fig. 5.10 is based on the following parameters. First, 

the relationships detected in the multiple regression analysis (Table 5.1), second, on 

existing regional data sets for relevant environmental variables regarding agriculture 

dynamics in the region (RGA, 1992; RGA, 1999), and finally on possible scenarios 

resulting from EU funds influencing these agriculture dynamics (EC, 1997).  

Table 5.1. The regression equations, the coefficient of determination (R
2
), F-values and their 

significance level (*** P<0.001) for all combinations reported, as selected by stepwise multiple 

regression. The specification of all variables is expressed in the text.  
Equations DF R2 F 

Arboreal Insectivorous 

P=0.408+0.679(O20)+1.147(O60)+1.114(OOL)+1.149(URB)+0.764(SHR)+2.400

(RIV)+1.441(VEG) 

 

199 

 

0.297 

 

11.615**

* 

Arboreal Granivorous 

P=0.590+0.659(020)+0.489(O60)+0.386(OOL)+0.862(URB) 

 

199 

 

0.132 

 

7.406*** 

Pseudo-steppe Insectivorous 

P=0.332+0.560(O5)+0.671(FAL)+0.512(CER)+0.725(SHR) 

 

199 

 

0.136 

 

7.658*** 

Pseudo-steppe Granivorous  

P=0.197+0.894(O5)+0.656(O20)+1.585(ALM)+1.507(FAL)+1.402(CER)-

0.972(URB)+0.397(SHR) 

 

199 

 

0.368 

 

15.999**

* 
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Therefore, the model includes nineteen state variables, four related to the functional guilds 

and fifteen related to the expansible/retractile environmental variables measured. The 

processes that affect the state variables are described by difference equations. These are 

expressed in a logarithm of richness for the functional guilds and in proportion to the 

occupied area for the environmental variables (Appendix 5.2, Difference equations). The 

initial values of all state variables, indicated in Appendix 5.2 (Process equations), were 

based on the average data recorded in area A. The inflows affecting the functional guild 

state variables, (A I gains, A G gains, P S I gains and P S G gains), were based on positive 

constants and all positive coefficients of each guild’s regression (Figure 5.10, Table 5.1 and 

Appendix 5.2, Difference and Process equations). On the other hand, only the pseudo 

steppe granivorous guild was affected by an outflow (P S G losses) related to urban  
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Figure 5.10. Conceptual diagram of the model used to predict the impact on passerine guilds 

produced by the plantation of intensive olive orchards in agroecosystems of North-eastern 

Portugal. Rectangles represent state variables; Parameters or constants are small circles; Sinks 

and sources are cloudlike symbols, flows are thick arrows, and all the relations between state 

variables and other variables are fine arrows. Image details in Appendix 5.3. 
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influence (URB), the only negative coefficient present in the guild’s multiple regressions 

(Figure 5.10, Table 5.1 and Appendix 5.2, Difference and Process equations). Although the 

richness output for each guild in our stochastic dynamic model simulation is composed of a 

given value per time unit (stochastic contribution), the respective state variable might have 

a cumulating behaviour over time in response to changes in the environmental condition 

(dynamic contribution). Therefore, to avoid this, four outflow adjustments were 

incorporated in the model (Arb Ins adjust, Arg Gra adjust, Pse Step Ins adjust, Pse Step 

Grani adjust). These outflow adjustments aimed at the emptiness of the functional guild 

state variables in each time step, by a “flushing cistern” mechanism, before a new step with 

new environmental influences would begin (Figure 5.10 and Appendix 5.2, Difference and 

Process equations). 

The initial richness values (Appendix 5.2, Process equations) were obtained from 

logarithmic transformations (X’ = log[X + 1]) where X was the average richness measured 

from the counts in area A during the breeding season of 2001, the starting point of the 

model. For a better and more realistic comprehension of the model simulations, some 

conversions were introduced, called associated variables (Figure 5.10 and Appendix 5.2, 

Associated equations). With regard to functional guilds, these conversions were obtained by 

inverse transformation (anti-logarithmic), which transform logarithms of richness into 

richness expressed in original measurement units (Arb Gran sp, Arb Ins sp, Pseu Step Grani 

sp, Pseu Step Insect sp). Other variables, resulting from simple richness sums (TOTAL sp, 

Graniv sp, Insect sp), were used to complete the output of the model and called composed 

variables (Appendix 5.2, Composed variables). 

Since the olive progression is determined by EU funds, two scenarios can be considered: (1) 

olive cultivation expansion only affects the actual vanishing areas of cereal (CER), fallow 

land (FAL), pastures (PAS) and shrublands (SHR), or (2) olive cultivation expansion 

affects, with the exception of urban areas (URB), all habitats, including legally protected 

areas such as cork-oak woodlands (COR) and riverine woods (RIV). Scenario 1 is more 

likely with regard to the expected future agricultural tendencies and so, only this hypothesis 

was analysed in the present paper (Appendix 5.2). 

The equations for the environmental variables were based on the assumption that the 

expansible area within each plot is mainly dependent on olive orchard progression, while 
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other habitats may retract or stabilise. Since olive orchards were categorised into four age-

classes (see Methods), each one has a difference equation associated with it (Appendix 5.2, 

Difference equations). The new plantations of olive trees (O5) are responsible for the 

expansion of olive orchards per year (Figure 5.10, Appendix 5.2, Difference equations and 

Process equations). The expansion of olive orchards was calculated from the formula: E = 

[(OA99 – OA89) / T] / UAA, where E is Expansion, in proportion to area, OA99 and OA89 

are the regional areas of olive orchards in 1999 and 1989 respectively, T is the difference in 

years between O99 and O89, and UAA is the regional usable area for agricultural activities 

(RGA, 1992; RGA, 1999). This proportion of area expansion (0.013 per year) is limited by 

the area available to the plantation of olive orchards (Affected area), which ultimately 

depends on the sum of cereal (CER), shrublands (SHR), fallow land (FAL) and pastures 

(PAS) available (Appendix 5.2, Composed variables). 

Since the introduction of new olive orchard plantations is not synchronized, a fraction of the 

O5 age-class becomes part of the next age-class (O20) in each year, translated by the rate 

Transfer 20 (Figure 5.10 and Appendix 5.2, Difference equations and Process equations). 

The Transfer 20 rate (T20) can be determined from T20 = 1/N, where 1 represents 100% of 

the area occupied by new olive orchards and N the number of years limiting the age-class 

O5 (5 years). Therefore, Transfer 20 rate was calculated at 0.2, i.e. 20% of area from age-

class O5 becoming, per year, a percentage area of age-class O20 (Appendix 5.2, Process 

equations). Age-class O20 dynamics were based on the inflows from the previous age class 

(O5) (Transf 20 gains), and the outflows representing the transfer of O20 area to O60 area, 

which is rated by Transfer 60 (Figure 5.10 and Appendix 5.2, Difference and Process 

equations). Transfer 60 was based on the same formula used for Transfer 20, where N 

assumes the value of 15 years (Appendix 5.2, Process Equations). The equations used for 

O60 followed the O20 age–class methodology, described above (Figure 5.10 and Table 5.2, 

Difference equations and Process equations). The same procedures were applied to the 

OOL age-class, although no outflow was incorporated in this state variable because no 

upper limit was defined for older plantations (Figure 5.10 and Appendix 5.2, Difference 

equations and Process equations). In fact, olive trees can live healthy lives and produce 

olives for several centuries (Standish, 1960; Guerrero, 1997). The sum of area proportions 
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of all olive age-classes was incorporated in to capture the evolution of the total olive 

orchards area (Total Olive) (Figure 5.10 and Appendix 5.2, Composed variables). 

The rate of substitution of other environmental variables by olive orchards per year was 

expressed as losses from the correspondent state variables (Figure 5.10 and Appendix 5.2, 

Process equations). Since it is very likely that other natural or agricultural areas are being 

substituted by olive orchards (with the increasing area occupied by olive plantations in each 

plot) the respective losses were expressed as a function of the total affected area (Figure 

5.10 and Appendix 5.2, Process equations). 

A logarithmic transformation was applied to the area proportions of the environmental 

variables (Figure 5.10 and Appendix 5.2, Associated variables), because the data required 

to estimate the values of guild state variables should use the same units that were obtained 

for the calculation of significant partial regression coefficients, assumed as holistic 

ecological parameters (see Methods). Therefore, only logarithms of area proportion are 

acceptable in the inflows and outflows of the guild’s state variables (Figure 5.10 and 

Appendix 5.2, Difference equations and Process equations). Thus, the model is prepared to 

accept and transform real data from the environmental variables and to convert logarithmic 

outputs from a specific guild state variable simulation back into the richness provided by 

the original units. 

 

Dynamic model simulations 

 

The estimated response of the guild’s richness to the increasing area of olive orchards and 

to the decrease of other habitats is shown in Figure 5.11. The simulations were performed 

for the next 50 years in a representative average plot. Figure 5.11a shows the olive 

expansion in a representative plot with the initial average values of land use recorded in 

area A. When scenario 1 is applied, the total area of olive orchards (Total Olive) rises 

proportionally from about 0.3 to 0.8 in the 50 years simulated (limited by the available area 

for olive plantations). Nevertheless, the contribution of the different olive orchards age-

classes to the total area of olive orchards is not uniformly proportional during the 

simulation. Initially orchards had similar contributions of the different age classes that 

eventually changed at the end of the simulation. In fact, the proportion of area occupied by 

the old plantations of O60 and OOL orchards dominates the end of the simulations. 
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Figure 5.11. Computer simulations for a representative average plot of area A over a period of 

50 years: (a) Proportion of area occupied by olive orchards as a whole (1-Total Olive) and 

categorized in age-classes (2-O5, 3-O20, 4-O60 and 5-OOL, see Methods); (b) Richness 

estimated responses of the different guilds and for the total number of passerine species (1-Total 

sp., 2-Arb Ins sp, 3-Arb Gra sp, 4-Pse Ste Insect sp, 5-Pse Ste Graniv sp, the specification of the 

respective variable codes is expressed in the text) under the expected gradient of habitat 

changes. 

 

b 
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These alterations in the habitat structure, that imply the progressive disappearance of cereal, 

fallow land, pastures and shrubland areas, have important implications over the guilds’ 

richness and composition (Fig. 5.11b). The tendencies of guild richness simulated will be a 

reduction of about 50% in pseudo-steppe groups (2 to 1 per group) and a rise of 66% (3 to 

5) and 33% (3 to 4) in arboreal insectivorous and arboreal granivorous groups respectively 

(Fig. 5.11b). The total number of passerine species (TOTAL sp) will increase, at the end of 

the simulation, by about 10% (10 to 11) (Fig. 5.11b). 

 

Spatio-temporal simulations 

 
The responses to habitat changes of each passerine guild richness for the entire area A, i.e. 

for all plots assumed as pixels in a GIS format, can be observed in Figure 5.12 for 25 and 

50 years. The same general model, as described in Figure 5.10, runs in each pixel. 

Individual pixel models are initialised according to the environmental variables and guilds’ 

richness recorded in each plot. Taking into consideration passerine richness as a whole, 

Figure 5.12 shows significant spatio-temporal divergences from the initial values. The 

simulated data per pixel stand for the tendencies obtained in the representative average plot 

of area A (Fig. 5.11). There we can observe an increase in arboreal groups and a decrease in 

pseudo-steppe groups as the expected agriculture changes occur. 

 

Discussion 

 

Since the typical Mediterranean agroecosystems are affected by an increase of intensive 

olive plantations, the model developed in this study seems to make a useful contribution to 

the assessment of the ecological integrity of such systems. In fact, the simulation results 

show that the functional guilds selected, as state variables, were not indifferent to the 

structural changes expected to occur in the studied agroecosystems. The guilds’ response is 

variable and sensitive to those structural changes. Other studies that investigated the effects 

of changes in agricultural practices on characteristic faunal groups and bird richness in 

particular, have come to similar conclusions (e.g. Rey et al., 1997; Haegen et al., 2000; 

Siriwardena et al., 2000; Söderström and Pärt, 2000). 
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Figure 5.12. Predicted changes for all plots in area A (each one with 25 ha) produced by model 

simulations, per pixel in a GIS format representation, for periods of 25 and 50 years. Total 

Olive - proportion of area occupied by olive orchards as a whole; Arb Ins sp - arboreal 

insectivorous richness; Arb Gran sp - arboreal granivorous richness; Pse Ste Insect sp - pseudo-

steppe insectivorous richness; Pse Ste Grani sp - pseudo-steppe granivorous richness. 

 

The simulation results reflect well the shift of the agroecosystem towards new expected 

conditions, with possible detrimental effects on the traditional landscape characteristics and 

pseudo-steppe passerine occurrence. If we consider that mixed agroecosystems are among 

the richest habitats of the Mediterranean region (Bignal and McCracken, 2000) and that 

many species with a high conservation value are present in pseudo-steppe farming systems, 

the simulation results must give rise to serious concerns (Fewster et al., 2000). Considering 

that CAP (Common Agriculture Policy) will not change substantially in the next years, and 

that almost all northern Mediterranean countries are, or will be, regulated by this policy, the 

region will probably lose many of its characteristic species and the ecological integrity of 

the traditional farming patchwork will decline. In fact, the growth of intensive olive 

plantations is one of the major causes for changes of land use and environmental problems 

in Mediterranean countries (Beaufoy, 2001). 
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Studies in this field also aim at the possibility of applying their methods to other areas 

(Andreasen et al., 2001). In fact, the methodology proposed in this paper is expeditious and 

easily applicable to several agroecosystems affected by similar changes. The preceding 

multivariate statistical analysis fortifies the dynamic interactions connected during the 

model construction. Another advantage is the compatible integration as an interface with 

GIS, which makes the model more instructive and credible to the decision-makers and 

environmental managers (Costanza, 1992; Ruston et al., 1997). 

Nevertheless, if we consider that validation is a fundamental process when showing the 

relative accuracy of the model response in relation to its applicability (Rykiel, 1996), two 

main questions remain within the present methodology: (1) the results only gain final 

validity after several years of collecting information about the tendencies of the guilds 

richness (Glenz et al., 2001) and (2) as only one year of field work was done, the 

demographic stochasticity of bird communities was not included in our calculations (Beard 

et al., 1999; Chaloupka, 2002). 

Many of the flaws identified in this chapter and in the previous ones will be addressed in 

next application’s chapter. In reality chapter 6 integrates most applications’ progresses and 

aspires to evaluate the response of the terrestrial vertebrate’s community in face of 

mountain wind farms’ implementation. The major originalities of chapter 6 are the 

validation procedure and the temporal scales’ testing in the scope of the evaluation and 

selection of indicators to be used in ecological integrity studies of wind farms located in 

mountains. 
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Appendices 

Appendix 5.1. Passerine functional guilds according to habitat use and foraging habits. The U-

values and their significance levels (* P<0.05; ** P<0.01) for the two habitats, as compared by 

the Mann-Whitney test, are also indicated. 
Species Habitat a Diet Guild a 

 U P References References  

Aegithalos caudatus 296.0 n.s. 1,2 8, 10 AI 

Alauda arvensis 325.0 n.s. 1,2 3, 5, 6, 8, 10 SG 

Anthus campestris 311.0 n.s. 1 6, 8 SI 

Anthus pratensis 304.0 n.s. 1 6, 8, 10 SI 

Calandrella brachydactyla 323.0 n.s. 1 8 SG 

Carduelis cannabina 308.0 n.s. 1,2 3, 5, 6, 8, 10 SG 

Carduelis carduelis 190.0 A*  5, 6, 8, 10 AG 

Carduelis chloris 231.5 n.s. 1,2 5, 6, 8 AG 

Certhia brachydactyla 138.0 A**  8, 10 AI 

Cettia cetti 274.0 n.s. 1 8, 12 AI 

Cisticola juncidis 279.0 n.s. 1,2 8 SI 

Emberiza cia 286.5 n.s. 1,2 8, 10 SG 

Emberiza cirlus 228.5 n.s. 1 7, 8, 10 AG 

Erithacus rubecula 320.0 n.s. 1,2 8 AI 

Fringila coelebs 253.0 n.s. 1,2 5, 8, 10 AG 

Galerida cristata 411.0 S**  8 SG 

Galerida theklae 419.0 S**  8 SG 

Hippolais polyglotta 283.0 n.s. 1,2 8, 10 AI 

Lanius meridionalis 379.5 S**  8, 9, 10 SI 

Lanius senator 230.0 n.s. 1,2 8, 9, 10 AI 

Lulula arborea 269.5 n.s. 1,2 8, 10 AG 

Luscinia megarhynchos 196.0 A*  8, 10 AI 

Melanocorypha calandra 279.0 n.s. 1 8 SG 

Miliaria calandra 353.5 n.s. 1,2 5, 8, 10 SG 

Motacilla alba alba 304.0 n.s. 1 8, 10 SI 

Muscicapa striata 304.0 n.s. 1,2 8, 10 AI 

Oenanthe hispanica 361.5 S*  8, 11 SI 
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Appendix 5.1. (Continued) 

 
Species Habitat a Diet Guild a 

 U P References References  

Oriolus oriolus 257.0 n.s. 1 8 AI 

Parus ater 295.0 n.s. 1,2 8 AI 

Parus caeruleus 175.0 A*  8, 10 AI 

Parus cristaus 279.0 n.s. 1 8 AI 

Parus major 193.0 A*  8, 10 AI 

Passer domesticus 248.5 n.s. 1,2 5, 6, 8 AG 

Passer montanus 181.5 A*  3, 5, 6, 8 AG 

Petronia petronia 286.0 n.s. 1 8, 10 AG 

Phoenicurus ochrurus 274.0 n.s. 1,2 8, 10 AI 

Phylloscopus bonelli 278.0 n.s. 1,2 8, 10 AI 

Phylloscopus brehmii 309.0 n.s. 1 8, 10 AI 

Prunella modularis 277.0 n.s. 1 4, 8 AI 

Regulus ignicapillus 279.0 n.s. 1 8, 10 AI 

Saxicola torquata 305.0 n.s. 1,2 8, 10 SI 

Serinus serinus 205.0 A*  8, 10 AG 

Sitta europaea 279.0 n.s. 1 8, 10 AI 

Sturnus unicolor 365.0 n.s. 1 8 SI 

Sylvia atricapilla 268.0 n.s. 1 8, 10 AI 

Sylvia cantillans 218.0 n.s. 1,2 8, 10 SI 

Sylvia conspicillata 279.0 n.s. 1,2 8, 13 SI 

Sylvia hortensis 283.0 n.s. 1,2 8 AI 

Sylvia melanocephala 305.5 n.s. 1,2 8 SI 

Sylvia undata 354.0 n.s. 1,2 8, 10, 13 SI 

Troglodytes troglodytes 232.5 n.s. 1,2 8 AI 

Turdus merula 216.0 n.s. 1,2 8, 10 AI 

Turdus viscivoros 312.5 n.s. 1,2 8, 10 AI 

a S-Pseudo-Steppe, A-Arboreal , I- Insectivorous, G- Granivorous 

1 Rufino et al, 1989; 2 Rey et al, 1997; 3 Siriwardena et al. 2001; 4 Moreby and Stoate, 2001; 5 Siriwardena et al, 

2000; 6 Söderström and Pärt, 2000; 7 Ponz et al, 1996; 8 Cramp et al, (1977 – 1994); 9 Lefranc, 1999; 10 Calvo and 

Perris, 1993; 11 Hódar, 1998; 12 Molina et al, 1998; 13 Hódar, 1994. 
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Appendix 5.2. Equations used in Stella for the relationships between guilds’ richness and 

agroecosystem changes due to the olive orchards expansion. 

Equations 

DIFFERENCE EQUATIONS 

(a) Functional guilds 

Log Arboreal insectivorous(t) = Log Arboreal insectivorous(t - dt) + (A I gains - Arb Ins adjust) * dt 

Log Arboreal granivorous(t) = Log Arboreal granivorous(t - dt) + (A G gains - Arb Gra adjust) * dt 

Log Pseudo Steppe Insectivorous(t) = Log Pseudo Steppe Insectivorous(t - dt) +  

(P S I gains – Pse Step Ins adjust) * dt 

Log Pseudo Steppe Granivorous(t) = Log Pseudo Steppe Granivorous(t - dt) +  

(P S G gains - Pse Step Grani adjust - P S G Losses) * dt 

(b) Environmental variables 

ALM(t) = ALM(t - dt) + (- ALM losses) * dt 

CER(t) = CER(t - dt) + (- CER losses) * dt 

COR(t) = COR(t - dt) + (- COR losses) * dt 

FAL(t) = FAL(t - dt) + (- FAL losses) * dt 

FRU(t) = FRU(t - dt) + (- FRU losses) * dt 

O5(t) = O5(t - dt) + (Expansion - Transfer 20) * dt 

O20(t) = O20(t - dt) + (Trans 20 gains - Transfer 60) * dt 

O60(t) = O60(t - dt) + (Transf 60 gains - Transfer OOL) * dt 

OOL(t) = OOL(t - dt) + (Transf OOL gains) * dt 

OTH(t) = OTH(t - dt) + (- OTH losses) * dt 

PAS(t) = PAS(t - dt) + (- PAS losses) * dt 

RIV(t) = RIV(t - dt) + (- RIV  losses) * dt 

SHR(t) = SHR(t - dt) + (- SHR losses) * dt 

VEG(t) = VEG(t - dt) + (- VEG losses) * dt 

VIN(t) = VIN(t - dt) + (- VIN losses) * dt 

PROCESS EQUATIONS 

(a) Arboreal insectivorous 

Initial richness of Log Arboreal Insectivorous = 0.583 ª 

A I gains = 0.408 + 0.679 * Log O20 + 1.147 * Log O60 + .114 * Log OOL + 1.149 * Log URB + 

 0.764 * Log SHR + 2.4 * Log RIV + 1.441 * Log VEG 

Arb Ins adjust = Log Arboreal Insectivorous 

(b) Arboreal Granivorous 

Initial Richness of Log Arboreal Granivorous = 0.662ª 

A G gains = 0.590 + 0.659 * Log O20 + 0.489 * Log O60 + 0.386 * Log OOL + 0.862 * Log URB 

Arb Gra adjust = Log Arboreal Granivorous 

(c) Pseudo Steppe Insectivorous 

Initial Richness of Log Pseudo Steppe Insectivorous = 0.467ª 

P S I gains = 0.332 + 0.56 * Log O5 + 0.671 * Log FAL + 0.512 * Log CER + 0.725 * Log SHR 

Pse Step Inse adjust = Log Pseudo Steppe Insectivorous 

d) Pseudo Steppe Granivorous 
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Appendix 5.2 (Continued) 

Initial Richness of Log Pseudo Steppe Granivorous = 0.447ª 

P S G gains = 0.197 + 0.894 * Log O5 + 0.656 * Log O20 + 1.585 * Log ALM + 1.507 *Log FAL + 

 1.402 * Log CER + 0.397 * Log SHR 

P S G Losses = 0.972*Log URB 

Pse Step Grani adjust = Log Pseudo Steppe Granivorous 

(e) Almond orchards 

Initial percentage of area occupied by ALM = 0.064ª 

ALM losses = if Scenario = 2 and Affected area > 0 then (ALM / Affected area) * Olive progress else 0 

(f) Cereals 

Initial percentage of area occupied by CER = 0.144ª 

CER losses = if Affected area = 0 then 0 else (CER / Affected area) * Olive progress 

(g) Cork-oak Woodlands 

Initial percentage of area occupied by COR = 0.044ª 

COR losses = if Scenario = 2 and Affected area > 0 then (COR / Affected area) * Olive progress else 0 

(h) Fallow land 

Initial percentage of area occupied by FAL = 0.089ª 

FAL losses = if Affected area = 0 then 0 else (FAL / Affected area) * Olive progress 

(i) Fruit orchards 

Initial percentage of area occupied by FRU = 0.009ª 

FRU losses = if Scenario = 2 and Affected area > 0 then (FRU / Affected area) * Olive progress else 0 

(j) Olive orchards 5 

Initial percentage of area occupied by O5 = 0.091ª 

Expansion = if Affected area > 0 then 0.013 else 0 

Transfer 20 = 0.2 * O5 

(k) Olive orchards 20 

Initial percentage of area occupied by O20 = 0.063ª 

Transf 20 gains = Transfer 20 

Transfer 60 = 0.07 * O20 

(l) Olive orchards 60 

Initial percentage of area occupied by O60 = 0.112ª 

Transf 60 gains = Transfer 60 

Transfer OOL = 0.025 * O60 

(m) Old Olive orchards 

Initial percentage of area occupied by OOL = 0.083ª 

Transf OOL gains = Transfer OOL 

(n) Other Woods 

Initial percentage of area occupied by OTH = 0.008ª 

OTH losses = if Scenario = 2 and Affected area > 0 then (OTH / Affected area) * Olive progress else 0 

(o) Pastures 

Initial percentage of area occupied by PAS = 0.013ª 

PAS losses = if Affected area = 0 then 0 else (PAS/ Affected area) * Olive progress 
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Appendix 5.2 (Continued) 

(p) Riverine woods 

Initial percentage of area occupied by RIV = 0.012ª 

RIV losses = if Scenario = 2 and Affected area > 0 then (RIV / Affected area) * Olive progress else 0 

(q) Shrublands 

Initial percentage of area occupied by SHR = 0.193ª 

SHR losses = if Affected area = 0 then 0 else (SHR / Affected area) * Olive progress 

(r) Urban area 

Percentage of area occupied by URB = 0.037ª 

(s) Vegetable gardens 

Initial percentage of area occupied by VEG = 0.019ª 

VEG losses = if Scenario = 2 and Affected area > 0 then (VEG / Affected area) * Olive progress else 0 

(t) Vineyards 

Initial percentage of area occupied by VIN = 0.018ª 

VIN losses = if Scenario = 2 and Affected area > 0 then (VIN / Affected area) * Olive progress else 0 

ASSOCIATED VARIABLES  

Arb Gran sp = 10^(Log Arboreal granivorous) - 1 

Arb Ins sp = 10^(Log Arboreal insectivorous) - 1 

Pseu Step Grani sp = 10^(Log Pseudo Steppe Granivorous) - 1 

Pseu Step Insect sp = 10^(Log Pseudo Steppe Insectivorous) - 1 

Log ALM = LOG10(ALM + 1) 

Log CER = LOG10(CER + 1) 

Log FAL = LOG10(FAL + 1) 

Log O5 = LOG10(O5 + 1) 

Log O20 = LOG10(O20 + 1) 

Log O60 = LOG10(O60 + 1) 

Log OOL = LOG10(OOL + 1) 

Log RIV = LOG10(RIV + 1) 

Log SHR = LOG10 (SHR + 1) 

Log URB = LOG10 (URB + 1) 

Log VEG = LOG10 (VEG + 1) 

TOTAL sp = Graniv sp + Insect sp 

Graniv sp = Arb Gran sp + Pse Step Grani sp 

Insect sp = Arb Ins sp + P Ste Insect  sp 

Affected area = if Scenario =1 then CER + SHR + FAL + PAS else ALM + CER + VEG + SHR + FAL + PAS + RIV + 

COR + VIN + OTH + FRU 

Olive progress = Expansion 

Total Olive = O5 + O20 + O60 + OOL 

Scenario = 1 

ª Values for the average plot of area A. 
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Chapter 6 

Predicting the trends of vertebrate species richness as a 

response to wind farms installation in mountain ecosystems of 

northwest Portugal 
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Abstract 

 

The main objectives of this work were to examine the performance of a holistic Stochastic 

Dynamic Methodology (StDM) in predicting the trends of the vertebrate species richness 

(amphibians, reptiles, birds and mammals) in response to changes induced by the ongoing 

wind farm installation in mountain areas of northwest Portugal. The StDM is a sequential 

modelling process developed in order to estimate the ecological status of changed 

ecosystems that have been damaged by anthropogenic disturbances. The performance of 

two complementary temporal approaches was tested, taking into account either annual or 

seasonal influences. The data used in the dynamic model construction included true 

gradients of environmental changes and was sampled from 2004 to 2007. The dynamic 

model developed was preceded by a conventional multivariate statistical procedure 

performed to discriminate the significant relationships between the selected ecological 

components, such as the species richness of each vertebrate group and the structural 

changes in habitat conditions. The results show the capacity of the model in capturing the 

dynamics of the studied system by predicting consistent trends for the global vertebrate 

species richness under complex and variable environmental scenarios. The average annual 

approach is considered sufficient for the aims of the most Environmental Impact 

Assessments while the seasonal approach is recommended for more detailed studies, 

namely regarding specific population, guilds or community dynamics. 
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Introduction 

 

In the last decades, renewable energies, and specially wind energy, have received a huge 

investment. Wind energy is considered as one of the strategies to deal with global warming 

and accomplishing the Kyoto Protocol. Between 1997 and 2006, its capacity grew at 30% 

per year and in 2006 the world total installed capacity reached 74GW (BP, 2007). Recently, 

the Portuguese government adopted a national planning goal of a yearly wind power 

generation of 3.8 MW until 2010, implying a substantial increase from the actual 1.7 MW 

level installed (Portal do Governo, 2007). These policy objectives are well in line with the 

European Union’s current goal to increase the share of renewable electric power to 22% in 

2010 compared to 14% in 1997 (Directive 2001/77/ EC). Although wind energy is usually 

considered as able to generate electricity without many of the environmental impacts (toxic 

air pollution and greenhouse gases, water use and pollution, and habitat destruction) 

associated with other energy sources, many drawbacks have been perceived (Hurtado et al., 

2004; Fielding et al., 2006; Gamboa and Munda, 2007). In fact, the entire balance of cost-

benefits, including the direct and indirect local impacts of wind farms on wildlife and nature 

conservation, has not been made (e.g. Lucas et al., 2005; POWIWD-V, 2005; Rabin et al., 

2006; Everaert and Stienen, 2007; PNWWRPM VI, 2007; Söderholm et al., 2007). 

On the other hand, ecosystems and landscapes of the Mediterranean region (Portugal is, for 

the most part, included in this region) have been shaped by a several thousand-year history 

of human land use and disturbance, namely by wildfires (Bond and Keeley, 2005; De Luis 

et al., 2006). Fire is considered a fundamental process, determining the vegetation dynamics 

and habitat structure of this region (Wittenberg et al., 2007). Since vegetation cover and 

diversity plays one of the key factors affecting the animal community in Mediterranean 

ecosystems (Moreira et al., 2001; Van der Berg et al., 2001; Cuesta et al., 2006; Caruso and 

Migliorini, 2006), it’s important to understand the evolution of the plant succession after 

wildfires (Calvo et al., 2002b; Capitanio and Carcaillet, 2007). In this region, different 

communities have demonstrated their resistance and resilience to fire and communities’ 

restoration has been traditionally described as an autosuccessional process where, after a 

fire, generally it recovers without any great changes in the species composition (Monimeau 

et al., 2002; Fernández-Abascal et al., 2004; Syphard et al., 2007; Ukmar et al., 2007). The 
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major pending question is if these communities can cope with new additional disturbances 

(ex.: wind farms installation, climatic changes) maintaining their recognized resistance and 

resilience. 

The current principles used to guide conservation and management believe that protection 

of species richness is an efficient way to conserve overall biodiversity and sustain key 

ecological processes (e.g. Meyers et al., 2000; Sala et al., 2000; Meir et al., 2004; Pimm and 

Brown, 2004). Although the observed discrepancies in species richness between locations 

could reveal either true differences in the community composition or differences in the 

sampling effort adopted (Wintle et al., 2004; Fleishman et al., 2006; Chapter 3), if the 

sampling effort is standardized then the errors associated may be reduced and species 

richness might be used as an ecological indicator (Pearmam and Weber, 2007; Thompson et 

al., 2008; Chapter 3). The use of ecological indicators presents an important source of 

information to policy makers and help to guide decision-making (Jackson et al., 2000; 

Niemeijer and Groot, 2008). For conservation and management purposes, the use of the 

correct ecological indicators may reveal what effect changes of environmental factors have 

consequences on the integrity of ecosystems (Romstad, 1999; Medellín et al., 2000; Müller 

et al., 2000; Andreasen et al., 2001; Dale and Beyeler, 2001; Welsh and Droege, 2001; 

Zampella et al., 2006; Niemeijer and Groot, 2008). By using these indicators it’s possible to 

predict how anthropogenic and natural environmental changes affect the species and the 

communities of disturbed ecosystems (Kareiva et al., 1993; Andreasen et al., 2001; Howe et 

al., 2007; Dale et al., 2008; Kotwal et al., 2008). 

In many occasions these predictions are simulated by using models, where the indicators 

trajectory can be followed a priori (Chapter 2, Chapter 3, Chapter 4, Chapter 5). Since many 

of the ecosystem phenomenological aspects are holistic, whole-system properties, the main 

vocation of the stochastic dynamic methodology (StDM) recently developed is a 

mechanistic understanding of the holistic ecological processes, based on a statistical 

parameter estimation method.  

In the present study we investigated the potential effects of the installation of wind farms in 

natural ecosystems of west Mediterranean mountain areas (Serra do Marão, Portugal), with 

a focus on the vertebrate species richness and on their habitat structure and diversity. 

Actually, plant richness and vegetation structure have been used as predictors of associated 
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biodiversity and ecological indicators occurrence (e.g. Hanafi and Jauffret, 2008; Yost, 

2008). Terrestrial vertebrates (amphibians, reptiles, mammals and birds) include attractive 

species and species requiring a large amount of habitat, thus they have frequently been used 

as indicators of disturbance (Löfvenhaft et al., 2004; Mazurek and Zielinski, 2004; Pearce 

and Verner, 2005; Tognelli, 2005; Chace and Walsh, 2006; Fielding et al., 2006; Hess et al., 

2006; Roberge and Angelstam, 2007; Scott et al., 2006; Ficetola et al., 2007; Fontaine et al., 

2007; Henry et al., 2007; O´Connel et al., 2007; Araújo et al., 2008). In detail we examined: 

(1) the performance of a developed holistic StDM predictive model that focus on 

conceptually isolated key components, explicitly the vertebrate species richness and the 

main ongoing habitat changes, and (2) the trends of these indicators in face of different 

scenarios in the scope of the wind farms installation problematic. The hypotheses to be 

tested by general applications of a StDM model include: (1) that the indicators selected are 

representative of the local communities, varying predictably due to changes in the 

environmental conditions of the studied mountains, and (2) that the indicators behaviour 

can be represented by the state variables used in the dynamic model construction. 

 

Methodology 

 

Study area 

 

The study was carried out in a mountain of North-western Portugal, “Serra do Marão” (Fig. 

6.1a), with an average altitude of 1000 meters above the sea-level (SW limit, X = 59000, 

Y= 4560000; NE limit, X = 595000, Y = 4567000). The bio-climatologists classify the 

study area as “supramediterranean superior” with precipitation values of 1400-2000 

mm/year and an average annual temperature of 10 ºC (Molina et al., 1992). Heathlands and 

pastures are the dominant habitats, which result from traditional goat herdsman practices, 

such as induced fires and animal grazing. The main heathland community present is 

classified as an association of the Ericion umbellatae with Erica australis subsp. 

aragonensis as the dominant species (Willk) (Rivas Martínez et al., 1987). Pinus pinaster, 

Pinus nigra, Betula celtiberica and Quercus pyrenaica are the major tree species, although 

distributed in small patches. In contrast, shrubs prevail (Fig. 6.2), namely Erica australis,  
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Fig. 6.1. (a) Location of the studied area in a mountain of North-western Portugal, “Serra do 

Marão” (shaded area), and (b) the spatial distribution of the sampling plots (quadrates). The 

triangles indicate the position of each windmill. 
 

Erica umbellata, Pterospartum tridentatum, Halimiun alyssosides, Halimium ocymoides 

and Ulex minor, while the widespread herbaceous are Agrostis sp., Pseudarrhenaterum sp. 

and Pteridium aquilinum (Strix, 2007). The vertebrate community is characterized by 

generalist mountain species, even though some rare species occur such as the Golden eagle 

(Aquila chrysaetus), the Iberian Wolf (Canis lupus signatus), the Pyrenean Desman 

(Galemys pyrenaicus) or the Golden striped Salamander (Chioglossa lusitanica) (Strix, 

2007) (Fig. 6.3). The complete list of species identified during field work for the study area 

is presented in Appendix 6.1. The study was carried out in four wind farms (Penedo Ruivo, 

Mafômodes, Seixinhos and Teixeiró) that were installed in this mountain throughout the 

years 2004-2006 (Fig. 6.1b). The turbines are located on the mountain ridge which ranges 

from 800 to 1300 meters above sea level. The total number of turbines is 27 (power of 

4MW), distributed by two models (Fig. 6.4a) (tubular steel tower of 60m and 80 m and 

rotors of 62 and 91 m, respectively; associated power lines in Fig. 6.4b). 
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Fig. 6.2. Dominant vegetation of the studied area 

 

 

Fig. 6.3. The Golden striped Salamander (Chiglossa lusitanica) 
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Fig. 6.4. (a) Location of the windmills in the “Seixinhos” ridge and (b) associated power lines. 

 

a 

b 
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General methodology 

 

One hundred and ninety eight quadrates (plots of 250x250 meters) were randomly 

surveyed, (Random Number Generator Pro 1.24) from May 2004 to March 2007 with a 

seasonal periodicity. The quadrates considered were chosen with the intention of collecting 

data from disturbed and non-disturbed locations, varying the distance from the nearest 

turbine (or associated structure) between 0 and 2000 metres (Fig. 6.1b). These quadrates 

include some structural heterogeneity, in terms of the dominant local habitat characteristics, 

an important requirement for the unbiased comprehension of the indicators response. Each 

quadrate descriptions and surveys were made in its centre, sited by using a Global Position 

System device (Magellan GPS 320) (Fig. 6.5). Transects between the quadrates centres 

were made for complementary data. 

 

 

 

Fig. 6.5. Collecting data from a quadrate. 
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Vegetation sampling 

 

The list of species by quadrate was compiled in order to cover satisfactorily the flora 

present in different sites at different times of the year (Fig. 6.6). At each quadrate, the slope, 

aspect and topography were recorded. The relative species density was then calculated from 

the abundance data for each quadrate. For each species, the abundance-dominance was 

registered in 2m x 2m plots using a 9 level scale (Van der Maarel, 1979): (1) rare, (2) a few, 

(3) many and <5% of cover, (4) abundant and <5% of cover, (5) 5– 12.5%, (6) 12.5–25%, 

(7) 25–50%, (8) 50–75% and (9) >75% of cover. This scale should prevent an over-

emphasization of very abundant species (Noest et al., 1989). The relative species abundance 

was then calculated from the abundance-dominance data for each quadrate (Elzinga et al., 

2001). 

 

 

 

Fig. 6.6. Flora of the rocky areas: Arenaria montana. 
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Vertebrates’ sampling  

 

A survey of all species of herpetofauna in an area requires more than one technique (Corn 

and Bury, 1990; Ryan et al., 2002; Todd and Rothmeler, 2006; Petranka et al., 2007). Time-

constrained searches were executed for amphibians and reptiles, which were immediately 

collected by hand (and released after identification). Equal effort was expended in each 

quadrate by 10 minute time limited searching. Two pitfall traps (Fig. 6.7) were placed by 

quadrate, spaced by 10 meters (Corn and Bury, 1990). Trap locations were marked using a 

GPS device and were removed after 12 hours. Systematic complementary searches were 

made in predetermined wet locations of the study area. (Petranka et al., 2007). 

For bird surveys, considered the most conspicuous of all vertebrates (Fig. 6.8), one 10 

minute point count (unlimited radio point count) (Ralph et al., 1993; Ralph et al., 1995; 

Smith et al., 1998; Bibby et al., 2000) was completed by quadrate. Although information 

related with bird’s phenologic state was collected, the most important data was the  

 

 

Fig. 6.7. A pitfall trap for amphibians, small reptiles and small mammals. 
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Fig. 6.8. A common species in the studied area: Saxicola torquata. 

 

community composition by quadrate (number of species and number of individuals by 

species). Complementary transects were executed for additional information. The same 

ornithologist achieved the constant performance of the records. 

Mammals have been sampled using techniques based either on direct observations of the 

animal itself or on indirect observations of the animal’s activities, such as scats, tracks and 

breeding dens (Fig. 6.9) (Gitzen et al., 2007). Time-constrained searches for indirect 

evidences of the species presence were carried out during a 10 minutes period. Additionally 

a Sherman trap (Fig. 6.10) and two pitfall traps were located by quadrate, spaced by 10 

meters (Flowerdew et al., 2004). Traps (marked with a GPS) were operating during one 

night and baited with a mixture of meat, peanut butter, flour, seeds, fruit, and were set under 

the cover of herbs or rocks when possible to provide camouflage and thermal insulation 

(Torre et al., 2007). Traps were checked within 12 hours, and animals captured were 

identified to species and released at the point of capture.  
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Fig. 6.9. Rabbit (Oryctolagus cuniculus) droppings indicate the specie’s presence. 

 

 

Fig. 6.10. A wood mouse (Apodemus sylvaticus) captured by a Sherman trap. 
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Camera traps, with a built in flash and a built in infrared motion sensor, (Fig. 6.11) were 

used to identifying species of medium sized mammals and to monitor relative abundance 

and studying activity patterns (Yasuda, 2004). Given that the specificities associated to bat 

monitoring are not easily fitted in our experimental design (Medellín et al., 2000) the results 

obtained for this group were not considered in this work. 

 

Data analysis 

 

Determining the indicators responses 

 

In the StDM, the dynamic model construction was preceded by a conventional multivariate 

statistical procedure for parameters estimation. A stepwise multiple regression analysis 

(Zar, 1996) was used to test for relationships between ecological indicators (vertebrates) 

and environmental variables (vegetation, topography and wind farm structures) (Appendix 

6.2). A step down procedure was used so that the effect of each variable in the presence of 

all other related variables could be examined first with the least significant variable being 

 

 

Fig. 6.11. A Camera trap located in a quadrate of the area. 
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removed at every step. The analysis stopped when all the remaining variables had a 

significant level P < 0.05 (Zar, 1996). Although the lack of normality distribution of the 

dependent variables was not solved by any transformation (Kolmogorov-Smirnov test), the 

linearity and the homoscedasticity of the residuals were achieved by using logarithmic 

transformations (X’ = log[X + 1]) in each side of the equation, i.e., on both the dependent 

and independent variables (Zar, 1996). The lack of substantial intercorrelation among 

independent variables was confirmed by the inspection of the respective tolerance values. In 

order to understand and compare the indicators responses to the environmental variables, 

two temporal scales were considered by the regression, the annual scale (using all the 

available information together: “Base model - B equations”) and the seasonal scale (using 

the information separately by season of the year: “Alternative model - A equations”). All 

the statistical analysis was carried out using the statistical software SYSTAT 8.0. 

 

Conceptualisation of the model 

 

Since the previous statistical procedure was supported on a database which included true 

gradients of disturbance (namely by fire and wind farm installations), over space and time, 

the significant partial regression coefficients were assumed as relevant holistic ecological 

parameters in the dynamic model construction. This is the heart of the philosophy of the 

StDM. In a holistic perspective, the partial regression coefficients represent the global 

influence of the environmental variables selected, which are of significant importance on 

the indicators, namely on several ecological complex processes associated with species 

richness (Santos and Cabral, 2004). These processes were not included explicitly in the 

model, but were implicitly related to the state variables (or indicators) under consideration. 

For the development of the dynamic model the software STELLA 9.0.3. was used. 

 

StDM performance and simulations 

 

For StDM performance assessment, independent environmental data from two areas of 

Marão mountain were used to confront the simulated responses (by inserting the 
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environmental data into the model) with the observed real responses (contemporaneous to 

the environmental data). A regression analysis was performed (Fitted line) to compare the 

observed real values of the indicators with the expected values obtained by the model 

simulations. At the end of each analysis, the 95% confidence limits for the intercept and the 

slope of the regression were determined, which, together with the results of the respective 

analysis of variance (ANOVA), allowed us to assess the proximity of the simulations 

produced with the observed values (Sokal and Rohlf, 1995). When the results of the 

regression analysis were statistically significant the model simulations were considered 

credible (Sokal and Rohlf, 1995; Oberdorf et al., 2001).  

Thereafter, the tendency of total richness (composed by the sum of all vertebrate species) 

was simulated using realistic scenarios of fire cycles and wind farm installation (15 years, 

using the week as unit of time). Although the model is prepared to work in a totally random 

mode we used a possible pathway considering a straightforward comparison of observed 

scenarios (Strix, 2007). The scenarios considered, for the same hypothetical quadrate (based 

on realistic data) and for academic demonstration, were: a) a quadrate with no fire 

occurrence and no wind mills installation; b) a quadrate with fire occurrence but no wind 

mills installation; c) a quadrate with no fire occurrence but with wind mills installation; d) a 

quadrate with fire occurrence and with wind mills installation. All scenarios start off with 

an early series of a secondary post-fire succession, considering a wildfire occurrence in 

time = 0 with the aim of initiating plant succession in time = 1. The same succession path 

was considered in all scenarios for an easier perception of the comparisons. 

 

Results 

 

Effects of environmental variables on the selected indicators 

 

Annual influences (Base model, B equations) 

A total of four dependent variables (log amphibian richness B, log reptile richness B, log 

bird richness B and log mammal richness B) and fourteen independent variables (Appendix 

2) were considered in the multiple-regression analysis to search for significant relationships 

between these components by using a mixed database of all annual conditions. From the 
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independent variables considered, flora diversity (log flora diversity B), stratum cover (log 

shrubland cover, log herbaceous cover), distance to the nearest mill (log dist mill), number 

and average distance of mills in the quadrate (log num mills qua, log ave dis mills qua) and 

the number of mills in the buffer (log num mills buf) were excluded from the annual 

equations (B) (P>0.05). With regard to the independent variables with significant relevance 

for vertebrate’s species richness, the positive influencing factors were related to flora 

richness (log flora richness B), vegetation height (log vegetation height), altitude (log 

altitude) and slope (log slope). The negative influencing factors were related with the 

average distance of the mills in the buffer (log ave dis mills buf) and with the area degraded 

by wind farm installations (log degraded area). The vegetation cover (log total cover) 

influence was either negative or positive depending on the indicator selected. The 

regression equations, and their significance, for all the combinations performed, are 

exposed in Table 6.1 (Appendix 6.2 for the variables specification). 

Seasonal influences (Alternative model, A equations) 

Taking into account a seasonal criteria, a total of four dependent variables (log amphibian 

richness A, log bird richness A, log mammal richness A and log reptile richness A) and 

fourteen independent (Appendix 6.2) variables were considered to test any possible 

correlation between them by using separated databases, each one representing the main 

conditions of winter, spring, summer and autumn. The amphibian richness (log amphibian 

richness A) and reptile richness (log reptile richness A) were removed from the summer and 

winter analysis, respectively, because no occurrences of species from these groups were 

recorded during these periods. 

With regard to the spring season, from the independent variables considered, flora diversity 

(log flora diversity A), vegetation and stratum cover (log total cover, log shrubland cover, 

log herbaceous cover), altitude (log altitude), number of mills and distances in the quadrate 

and buffer (log dist mill, log num mills qua, log ave dis mills qua, log num mills buf, log 

ave dis mills buf) were excluded (P>0.05). Looking upon the independent variables with an 

influence on the spring season indicators, flora richness (log flora richness A), vegetation 

height (log vegetation height) and slope (log slope) were positive while degraded area (log 

degraded area) functioned as positive or negative depending on the selected indicator. 
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In the summer season, only the slope (log slope) and herbaceous cover (log herbaceous 

cover) were excluded (P>0.05) from the equations. From the significant independent 

variables for the summer season indicators, vegetation height (log vegetation height),  

Table 6.1. The regression equations, degrees of freedom (DF), coefficient of determination (R
2
), 

F-value and their significance level (* P< 0.05, ** P< 0.01 and *** P<0.001) for all the 

combinations selected as significant by the stepwise multiple regression. 
Equations DF R2 F 

Annual (B equations)    

log amphibian richness = - 0.1264 + 0.069 log flora richness B + 0.035 

log total cover – 0.0061 log ave dis mills buf 
240 0.061 5.13** 

log bird richness = 0.6151 + 0.160 log vegetation height – 0.258 log 

total cover + 0.069 log slope – 0.171 log degraded area 
240 0.085 5.51*** 

log mammal richness = 0.4016 – 0.138 log degraded area 
240 0.016 3.85* 

log reptile richness = - 2.268 + 0.76 log altitude + 0.200 log flora 

richness B + 0.068 log vegetation height – 0.145 log total cover + 0.038 

log slope 

240 0.139 7.58*** 

Seasonal (A equations)    

Winter    

log amphibian richness = - 0.09328 + 0.39 log flora richness A – 0.68 

log flora diversity A 
40 0.308 8.45** 

log bird richness = 1.0870 – 0.39 log herbaceous cover – 0.095 log ave 

dis mills buf 
40 0.310 8.53** 

log mammal richness = 0.1804 + 0.160 log vegetation height  
40 0.094 4.03* 

Spring    

log amphibian richness = - 0.15907 + 0.147 log flora richness A 
51 0.126 7.23* 

log bird richness = - 0.071 + 0.25 log flora richness A + 0.147 log 

vegetation height+ 0.143 log slope – 0.301 log degraded area 
51 0.330 5.78** 

log mammal richness = - 0.1554 + 0.40 log flora richness A 51 0.089 4.89* 

log reptile richness = 0.170 + 0.36 log degraded area 
51 0.113 6.34* 

Summer     

log bird richness = 0.7388 – 0.62 log flora richness A + 0.20 log 

vegetation height – 0.25 log shrubland cover + 0.99 log flora diversity 

A + 1.20 log num mills qua – 0.22 log ave dis mills qua  

79 0.180 2.67* 

log mammal richness = - 1.2008 + 0.61 log altitude – 0.65 log flora 

diversity A – 1.03 log num mills buf + 0.228 log ave dis mills buf 
79 0.181 4.14** 

log reptile richness = - 2.119 + 0.87 log altitude – 0.120 log dist mill+ 

0.121 log ave dis mills qua – 1.43 log num mills buf+ 0.190 log ave dis 

mills buf – 0.30 log degraded area 

 

79 0.266 4.40** 

Autumn    

log amphibian richness = - 0.3037 + 0.154 log flora richness A + 0.087 

log total cover  
67 0.108 3.93* 

log bird richness = 0.8068 – 0.239 log herbaceous cover – 0.61 log 

degraded area 
67 0.224 9.36*** 

log mammal richness = 0.7529 – 0.111 log dist mill – 0.37 log 

degraded area 
67 0.132 4.94* 

log reptile richness = - 1.161 + 0.53 log altitude – 0.254 log total 

cover+ 0.079 log herbaceous cover  
67 0.247 6.98*** 
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number of mills in the quadrate (log num mills qua), altitude (log altitude) and the average 

distance of the mills in the buffer (log ave dis mills buf) had a positive influence on the 

indicators response. On the other hand the main negative influences for this season were: 

flora richness (log flora richness A), shrubland cover (log shrubland cover), the number of 

mills in the buffer (log num mills buf), the distance to the nearest mill (log dist mill) and the 

degraded area (log degrade area). Depending on the vertebrate group, the significant 

associations with flora diversity (log flora diversity A) and the average distance to the mills 

in the quadrate (log ave dis mills qua) were either positive or negative. 

For the autumn season, nine independent variables were excluded (P>0.05): flora diversity 

(log flora diversity A), altitude (log altitude), slope (log slope), vegetation height (log 

vegetation height), shrubland cover (log shrubland cover), number of mills and average 

distances in the quadrate and buffer (log num mills qua, log ave dis mills qua, log num mills 

buf, log ave dis mills buf). With regard to the independent variables with significant effects 

(P<0.05) for the autumn season, flora richness (log flora richness A) and altitude (log 

altitude) had positive influences while distance to the nearest mill (log dist mill) and 

degraded area (log degraded area) had negative influences. The independent variables total 

cover (log total cover) and herbaceous cover (log herbaceous cover) were either positive or 

negative, depending on the vertebrate group. 

Considering the obtained results for the winter season, nine independent variables were 

removed (P>0.05): altitude (log altitude), slope (log slope), vegetation and shrubland cover 

(log total cover, log shrubland cover), distance to nearest mill (log dist mill) , number and 

distance to the mills in the quadrate (log num mills qua, log ave dis mills qua), number of 

mills in the buffer (log num mills buf) and degraded area (log degrade area). With regard to 

the significant independent variables with an influence on the indicators in the winter 

season, flora richness (log flora richness A) and vegetation height (log vegetation height) 

were positive while flora diversity (log flora diversity A), herbaceous cover (log herbaceous 

cover) and average distance to the mills in the buffer (log ave dis mills buf) were negative. 

The regression equations, and their significance, for all the combinations performed, are 

shown in Table 6.1 (the Appendix 6.2 explains the respective specifications). 

 

Construction of the model and equations 
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The diagrams of the sub-models presented in the Figs. 6.12, 6.13, 6.14, 6.15 and 6.16 are 

based on (a) the relationships detected in the multiple regression analysis (Table 6.1), (b) 

the expected evolution of the vegetation in this type of mountains in north Iberia, highly 

influenced by fire regimes (Calvo et al., 2002a; Calvo et al., 2002b; Calvo et al., 2003; 

Fernadéz-Abascal et al., 2004; Calvo et al., 2005; Nunes et al., 2005; Catry et al., 2006; De 

Luis et al., 2006; Buhk et al., 2007; Capitanio and Carcaillet, 2007; Strix, 2007; Wittenberg 

et al., 2007; Calvo et al., 2008), and (c) the maximum number of mills and average area 

affected by wind farms in this region (Strix, 2007). The model is able to work with 

scenarios imposed by the user, although, if required, it can generate automatic scenarios 

based on realistic situations. Actually, the user can choose between a model where he 

controls all inputs (e.g. number of mills, time of installation, interval between fires) by 

deactivating the Automatic variable (choosing 0) or a model where all inputs are 

stochastically generated, by activating this variable (choosing 1) (Fig. 6.15, Fig. 6.16 and 

Appendix 6.3 - Constants). In Figs. 6.12, 613 and 6.14 the sub-model diagram attempts to 

foresee the response of the indicators to the changes that take place in each quadrate. The 

independent variables were the logarithms of the environmental variables considered: 

altitude (log altitude), flora richness (log flora richness A, log flora richness B), vegetation 

height (log vegetation height), vegetation cover (log total cover), vegetation diversity (log 

flora diversity A, log flora diversity B), land slope (log slope), distance to the nearest wind 

mill (log distance mill), number of wind mills by quadrate (log num mills qua), distance 

between wind mills by quadrate (log ave dis mills qua), number of wind mills by buffer (log 

num mills buf), average distance between wind mills by buffer (log ave dis mills buf), 

affected area by wind mill construction (log degraded area) (Figs. 6.12, 6.13, 6.14, 6.15, 

6.16 and Appendix 6.3 – Associated variables and Composed variables). The selected 

indicators were the logarithms of dependent variables: (a) amphibian richness (log 

amphibian richness A, log amphibian richness B), (b) reptile richness (log reptile richness 

A, log reptile richness B) (c) bird richness (log bird richness A, log bird richness B), (d) 

mammal richness (log mammal richness A, log mammal richness B) (Figs. 6.12, 6.13, 6.14 

and Appendix 6.3 – State variables), considered representative of the studied community 

and (e) the sum of richness contributions from each vertebrate group (total richness A, total 

richness B) (Fig. 6.12 and Appendix 6.3 – Composed variables). The initial values for these  
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Fig. 6.12. Conceptual diagram of the sub-model used to predict vertebrate richness in response 

to environmental conditions (model B and Sum of richness). Rectangles represent state 

variables; other variables, parameters or constants are small circles; sinks and sources are 

cloudlike symbols; flows are thick arrows; all the relations between state variables and other 

variables are fine arrows. The specification of all variable codes is expressed in Appendix 6.2. 

Full model in appendix 6.4. 
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Fig. 6.13. Conceptual diagram of the sub-model used to predict amphibians richness and bird 

richness in response to environmental conditions (model A). Full model in appendix 6.4. 

 

state variables were assumed to be zero (our initial situation in t0) (Appendix 6.3, Process 

equations). Later, for simulations representation, the initial value was discarded, since only 

in t1 (the first point of the simulation) it was possible to take into account the influences of 

the environmental variables on the richness estimates. The processes that affect the state 

variables are described by difference equations (Appendix 6.3, Difference equations). The  
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Fig. 6.14. Conceptual diagram of the sub-model used to predict mammal richness and reptile 

richness in response to environmental conditions (model A). Full model in appendix 6.4. 

 

inflows (ex.: spring amphibian gains) affecting the state variables (ex.: log amphibian 

richness A) were based on positive constants and all positive partial coefficients resulting 

from the previous multiple regression analysis (Table 6.1, Figs. 6.12, 6.13, 6.14 and 

Appendix 6.3 - Difference and Process equations). On the other hand all the state variables 

were affected also by outflows (ex.: spring amphibian losses) related to the negative 

constants and partial regression coefficients influences (Table 6.1, Figs. 6.12, 6.13, 6.14 and 

Appendix 6.3 - Difference and Process equations). Although the output for each vertebrate 

richness measure simulated is composed of a given value per time unit, the respective state 

variable could have a cumulating behaviour over time in response to changes in the 

environmental conditions. Thus, to avoid this, an additional outflow adjustment was 

incorporated in each state variable (ex.: amphibians adjust A). These outflow adjustments 
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aimed to empty the state variables in each time step, by a “flushing cistern” mechanism, 

before beginning the next step with new environmental influences (Figs. 6.12, 6.13, 6.14 

and Appendix 6.3 - Difference and Process equations). For process compatibilities and a 

more realistic comprehension of the model simulations, some conversions were introduced, 

denominated associated variables (Figs. 6.12, 6.13, 6.14 and Appendix 6.3 - Associated 

variables). Regarding the selected indicators, these conversions were obtained through an 

inverse transformation (anti-logarithmic), which transforms logarithms into the original 

measurement units (amphibian richness A, amphibian richness B, reptile richness A, reptile 

richness B, bird richness A, bird richness B, mammal richness A, mammal richness B). 

Other variables, resulting from simple mathematical operations between the associated 

variables, such as the global vertebrate species richness (total richness A, total richness B) 

(Fig. 6.12 and Appendix 6.3 – Composed variables), were used to complete the output of 

the model and named composed variables. The environmental variables were logarithm 

transformed for a compatible integration in the balances of the state variables (Figs. 6.12, 

6.13, 6.14, 6.15, 6.16 and Appendix 6.3 - Associated variables). This transformation (ex.: 

log flora richness A) was incorporated because the data required for the state variables 

balances should have the same units used to obtain the partial regression coefficients, 

assumed as holistic ecological parameters (see Methods). Therefore, only logarithms of the 

environmental variables are acceptable in the inflows and outflows of the richness 

indicators (Figs. 6.12, 6.13, 6.14 and Appendix 6.3 - Difference equations and Process 

equations). Therefore, the model is prepared to accept and transform real data from the 

environmental variables and to convert logarithmic outputs from specific passerine 

estimation back into the original units. The Fig. 6.15 shows the sub-model diagram that 

intends to predict the vegetation recovery following fire in different ecological 

circumstances. In fact, secondary successions are largely controlled by fire regimes, 

previous vegetation, soil characteristics, nutrient supplies, climatic patterns and slope 

exposition (Buhk et al., 2007). Considering that the forecast of vegetation post-fire 

succession highly depends on local characteristics (Capitanio and Carcaillet, 2007), three 

secondary succession pathways were included, based on previous studies in similar 

ecosystems (Calvo et al., 2002a; Calvo et al., 2002b; Calvo et al., 2003; Fernadéz-Abascal 

et al., 2004; Calvo et al., 2005). 
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Fig. 15. Conceptual diagram of the sub-model used to simulate vegetation dynamics. The 

specification of all variable codes is expressed in Appendix 2 and in the sections 3.1 and 3.2. 

Full model in appendix 6.4. 

 

The dynamics of herbaceous vegetation cover, shrubland cover and vegetation height were 

introduced in the model as table functions (Fig. 6.15, Appendix 6.3 –Table functions) and 

the respective trend was determined depending on the selected Succession variable (Fig. 

6.15, Appendix 6.3 – Constants). This option may be introduced by the user (imp success) 

(Fig. 6.15 and Appendix 6.3 – Constants) either when the model is set as deterministic or 

when the succession is generated automatically by the model in a stochastic mode (rand 

succes gen and success) (Fig. 6.15 and Appendix 6.3 – State variables and Constants). In 

the deterministic mode the time of the fire occurrence is established by the user (imp fire 

event, Fig. 6.15 and Appendix 6.3 – Other variables). In contrast, when the model runs 

stochastically, the fire occurrence (fire event, Fig. 6.15 and Appendix 6.3 – Other variables) 

is only determined by the vegetation characteristics (fire probability, Fig. 6.15 and 
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Appendix 6.3 – Other variables), a consequence of goat herdsmen vegetation management, 

namely by induced fires in order to achieve suitable pastures for grazing (Vázquez and 

Moreno, 1998; Galego Fernandez et al., 2004; Calvo et al., 2005; Nunes et al., 2005). The 

other pertinent factors are randomly generated (probability of fire set up by goat herdsmen; 

Vázquez and Moreno, 1998) (random fire, Fig. 6.15 and Appendix 6.3 – Other variables). 

The fire occurrence (fire event) induces automatically a new secondary succession and the 

pathway of the vegetation characteristics starts from the beginning (periodic succession, 

Fig. 6.15 and Appendix 6.3 – Complementary state variables). The same behaviour happens 

to the type of climatic conditions (and other effects such as grazing pressure and/or pest’s 

occurrence) that will influence the dynamics of post-fire vegetation dynamics (clima 

conditions, Fig. 6.15 and Appendix 6.3 – Complementary state variables). This variable 

controls the speed of regeneration, although without influence in the path of succession 

(Bell, 2001; Gracia and Retama, 2004; Buhk et al., 2007). The flora richness and flora 

diversity (flora richness A, flora richness B, flora diversity A, flora diversity B, Fig. 6.15 

and Appendix 6.3 – Associated variables) were considered dependent of the vegetation 

characteristics and dynamics (Shannon, 1948; Grytnes, 2000; Guo, 2001; Saïd, 2001; 

Casado et al., 2004; Capitanio and Carcaillet, 2007). A multiple regression analysis was 

used to substantiate this relationship, based on the data collected during the field works (for 

both sub-models considered, Table 6.2).  

In Fig. 6.16 the sub-model diagram shows the components related to the wind farm 

installation, such as the number of wind mills installed by quadrate, the area affected by soil 

mobilizations and local characteristics such as altitude and inclination. The range of values 

was chosen taking into account the gradients of the Marão landscape where the changes 

were occurring (Strix, 2007). In this perspective, the maximum number of wind mills by 

quadrate is two (num mills qua, Fig. 6.16 and Appendix 6.3, composed variables) (four by 

buffer; num mills buf, Fig. 6.16 and Appendix 6.3, Composed variables) and the area 

affected by soil mobilizations never rises above 6 percent (Coutet, 2007; Bastos, 2007; 

Strix, 2007). The number of wind mills, the distance of the wind mill from the centre of the 

quadrate and the time of installation may be automatically generated (Stochastic run; 

Automatic = 1, Fig. 6.16 and Appendix 6.3 - Constants) or determined by the user 

(Deterministic run; Automatic = 0, Fig. 6.16 and Appendix 6.3 – Constants). 
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Table 6.2. The regression equations, degrees of freedom (DF), coefficient of determination (R
2
), 

F-value and their significance level (* P< 0.05, ** P< 0.01 and *** P<0.001) for all 

combinations reported, as selected by stepwise multiple regression analysis. 
Equations DF R2 F 

Annual (B equations)    

log flora richness B = 0.703 + 0.117 log vegetation height - 0.0008 log 

shrubland cover + 0.078 log herbaceous cover 240 0.082 6.58*** 

log flora diversity B = 0.096 + 0.317 log flora richness B 
240 0.37 141.5*** 

Seasonal (A equations)    

Winter    

log flora richness A = 0.254 + 0.147 log vegetation height + 0.285 log 

herbaceous cover 40 0.37 11.18*** 

log flora diversity A = 0.004 + 0.345 log flora richness A + 0.0384 log 

vegetation height 40 0.57 24.88*** 

Spring    

log flora richness A = 0.900 + 0.156 log herbaceous cover 
51 0.09 4.85* 

log flora diversity A = 0.103 + 0.297 log flora richness A 
51 0.29 20.06*** 

Summer     

log flora richness A = 0.953 
79  *** 

log flora diversity A = 0.189 + 0.357 log flora richness A – 0.121 log total cover 

+ 0.0621 log shrubland cover 79 0.46 21.55*** 

Autumn    

log flora richness A = 1.11 + 0.117 log vegetation height - 0.178 log total cover 
67 0.194 7.82** 

log flora diversity A = 0.181 + 0.452 log flora richness A – 0.085 log vegetation 

height + 0.3 log total cover – 0.0721 log shrubland cover – 0.108 log herbaceous 

cover 

67 0.41 8.51*** 

 

When the model is set as automatic (stochastic run), in the first moment when the model 

starts running, it dictates if there is a wind mill installation (e.g., inst t time gener 1 and inst 

time mill 1, Fig. 6.16 and Appendix 6.3, complementary state variables process equations 

and Complementary state variables) and when it will occur (e.g. mill 1 gen 1 and auto mill 

1, Fig. 6.16 and Appendix 6.3, Complementary state variables process equations and 

Complementary state variables). After this course of action the next step is to install 

effectively the mill (e.g. mill 1 and mil qua 1, Fig. 6.16 and Appendix 6.3, complementary 

state variables process equations and Complementary state variables) at a random distance 

(until 150 meters for the quadrate and 150 to 300 meters for the buffer) (e.g. dist 1 and dist 

mill qua 1, Fig. 6.16 and Appendix 6.3, complementary state variables process equations 

and complementary state variables). On the other hand, if the model is running in the 

deterministic mode the option to install wind mills is decided by the user (e.g. instal 1, Fig. 

6.16 and Appendix 6.3, constants) as well as the respective time of installation (e.g. time of 

inst 1, Fig. 6.16 and Appendix 6.3, constants) and the distance from the centre of the 
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quadrate (e.g. imp dis mill 1, Fig. 6.16 and Appendix 6.3, constants). Other variables that 

are composed by the previous ones are the distance to nearest mill, number of mills by 

quadrate, the number of mills by buffer, the average distance of the mills of the quadrate 

and average distance of the mills of the buffer (dis mill, num mills qua, num mills buf, ave 

dis mills qua, ave dis mills buf, Fig. 6.16 and Appendix 6.3, Composed variables). The area 

transformed by the installation of the wind mills and associated structures was designated as 

degraded area (degraded area, Fig. 6.16 and Appendix 6.3, Complementary state variables) 

and was considered as dependent on the number of mills by quadrate (num mills qua, Fig. 

6.16 and Appendix 6.3, Composed variables). The deterministic and the stochastic pathway 

options for the degraded area, altitude and slope (degraded area, altitude and slope, Fig. 

6.16 and Appendix 6.3, Complementary state variables) are selected by the previous toggle 

(Deterministic run, Automatic = 0; Stochastic run, Automatic = 1, Fig. 6.16 and Appendix 

6.3 – Constants). 

 

StDM performance and simulations 

 

The temporal unit chosen was the week, because it was assumed acceptable to monitor the 

changes that occur in this type of systems (Bastos, 2007). The confrontation between 

simulated values (based on average environmental conditions) and real ones are illustrated 

in the Figs. 6.17, 6.18 (model B) and 6.19 (model A). The independent data allowed us to 

compare values for vertebrate richness (amphibians’ richness, reptile richness, bird 

richness, mammal richness, and total richness), flora richness and flora diversity (Table 

6.3). The models predict with success the values of those indicators, although the Base 

model (model B), as a rule, operates in more accurate manner (Figs. 6.17, 6.18, 6.19 and 

Table 6.3). 

For illustrative purposes, and taking into account that: (1) both sub-models can reasonably 

simulate de indicators response (Figs. 6.17, 6.18, 6.19 and Table 6.3) and (2) the model’s 

simulations should be showed and discussed in a integrative manner, only the global 

vertebrate species richness (total richness A, total richness B – Fig. 6.12 and Appendix 6.3) 

was selected to simulate holistic trends facing new dynamic scenarios.  
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Fig. 6.16. Conceptual diagram of the sub-model used to generate the dynamics associated to 

windmill installations and geomorphologic characteristics. The specification of all variable 

codes is expressed in Appendix 2. Full model in appendix 6.4. 
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Fig. 6.17. Graphical comparisons, using a fitted line plot, between simulated values produced by 

model B (simulation results, y-axis) and observed values (averaged real values, x-axis) for the 

vertebrate indicators by season: (1) summer, (2) autumn, (3) winter and (4) spring. Symbols 

explanation: (a) solid quadrate, flora richness; (b) solid circle, total richness; (c) open triangle, 

bird richness; (d) solid triangle, flora diversity; (e) open circle, mammal richness; (f) cross, 

reptiles richness; (g) open quadrate, amphibians richness. 

 

 
 

Fig. 6.18. Graphical comparisons, using a fitted line plot, between simulated values produced by 

model B (simulation results, y-axis) and observed values (averaged real values, x-axis) for the 

vertebrate indicators throughout the year as a whole. Symbols explanation in Fig. 6.17.  

 

 

3 

1 2 

4 



 185 

 

Fig. 6.19. Graphical comparisons, using a fitted line plot, between simulated values produced by 

model A (simulation results, y-axis) and observed values (averaged real values, x-axis) for the 

vertebrate indicators by season: (1) summer, (2) autumn, (3) winter and (4) spring. Symbols 

explanation in Fig. 6.17. 

 

In fact species richness is considered a level-headed indicator (ex.: Gaston and Blackburn, 

2000; Fleishman et al., 2006; Pearmam and Weber, 2007; Araújo et al., 2008) with the 

advantages demonstrated by other modelling applications (Chapter 5). 

The selection of the option 0 in the “Automatic” toggle (Fig. 6.15, Fig. 6.16 and Appendix 

6.3 - Constants) determined the variation in the environmental conditions taking into 

account a possible path of landscape succession (a fire in time = 0 activates the initial plant 

succession) (Strix, 2007). The scenarios considered (Figs. 6.20 and 6.21) were based on 

possible temporal drifts that could occur in a quadrate of the studied area. The Fig. 6.20a 

(the reference condition) shows a scenario with no fire occurrence and no wind mills 

installation: (1) the vegetation cover is expected to increase until the shrubs became 

dominant and then its likely to stabilize (around 130%), although some variance occurs 

each year, manly related to annual herbs that are only present during spring/summer 

seasons; (2) vegetation height has the same pattern of the vegetation cover, although when  

 

1 2 

3 4 
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Table 6.3. The regression equations, degrees of freedom (DF), coefficient of determination (R
2
), 

F-value and their significance level (* P< 0.05 and *** P<0.001) for all the observed versus 

simulated values on the variables considered (using the annual model and the seasonal model, 

model B and model A respectively). 
Equations DF R2 F 

Year    

Simulation results = -0,0998048 + 0,978879 Real values (B model) 
6 0.993 734.99*** 

Autumn    

Simulation results = -0,338615 + 1,10242 Real values (B model) 
6 0.962 125.04*** 

Simulation results = -0,417062 + 1,06838 Real values (A model) 
6 0.940 78.17*** 

Winter 
   

Simulation results = -0,290106 + 1,61174 Real values (B model) 
6 0.977 216.84*** 

Simulation results = -0,519858 + 1,74493 (A model) 
6 0.963 131.73*** 

Spring    

Simulation results = 0,168026 + 0,74030 Real values (B model) 
6 0.995 1097.90*** 

Simulation results = -0,0445303 + 1,11485 Real values (A model) 
6 0.993 730.38*** 

Summer 
   

Simulation results = -0,116271 + 0,990382 Real values (B model) 
6 0.976 199.37*** 

Simulation results = 0,886441 + 0,739346 Real values (A model) 
6 0.748 14.87* 

 

the shrubs are above the 80 cm the influence of the annual herbs in vegetation height is 

considered negligible (maximum height 130 cm). In response to this scenario the 

simulations of vertebrate richness based on the Base model (total richness B) and on the 

Alternative model (total richness A) are showed in Fig. 6.20b. According to these 

simulations in the early phases of the succession there seems to be a higher richness (5 to 7 

species and 7 to 11 species for models B and A respectively), sequenced by a step reduction 

and an evident stabilization (4 species and 5 to 7 species for models B and A respectively). 

The Fig. 6.20c illustrates a scenario with the incidence of periodic fires in cycles of 5 years. 

Each fire sets the succession in the early phase observed in the beginning of all simulations 

(equivalent to t=1) and the same pattern of vegetation evolution is considered (reference 

conditions). The response of the total vertebrate richness (Fig. 6.20d) to this scenario shows 

similar trends to those observed in the early phases of Fig. 6.20b, reflecting vertebrate 

resilience to fire, largely compelled by the vegetation dynamics. The scenario showed in 

Fig. 6.21a reflects the installation of two wind mills per quadrate (line 3) at time = 400 

which  
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Fig. 6.20. Computer simulations for the total richness response (Figs. 6.20b and 6.20d) to 

different scenarios of land use in a representative quadrate of Marão Mountain: with no fire 

occurrence and no windmills installation (Fig. 6.20a) and with fire occurrence and no windmills 

installation (Fig. 6.20c). Figs. 6.20a and 6.20c lines explanation: (1) percentage cover of all 

stratum (total cover in percentage) and (2) vegetation height (vegetation height in cm). Figs. 

6.20b and 6.20d lines explanation: (1) response of the total vertebrate richness produced by 

model B; (2) response of the total vertebrate richness produced by model A. The arrows 

represent the occurrence of fire. A simulated period of 780 weeks (15 years) was considered. 

 

degrades an average of 1% of the quadrate original vegetation (line 4). The response of the 

total vertebrate richness (Fig. 6.21b) to these alterations (time = 400) is a decrease in 

approximately 20 % when compared with reference response (Fig. 6.21b).The last scenario 

considered (Fig. 6.21c) aims at simulating a quadrate where wind mills are installed and fire 

occurs (the timing of these events is the same of the previous Figs. 6.21c and 6.21a). The 

response of the total vertebrate richness to this scenario (Fig. 6.21d) reveals two different 

influences. In fact, while the total vertebrate richness response to fire is resilient (as 

observed in Fig. 6.20d), the construction of wind mills reduces the total vertebrate richness 

in a more permanent way by decreasing the reference values (as observed in Fig. 6.21b). 

Comparatively, the Base model (model B) responds with a stylised pattern and lower  
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Fig. 6.21. Computer simulations for the vertebrate total richness response (Figs. 6.21b and 

6.21d) to different scenarios of land use in a representative quadrate of Marão Mountain: with 

no fire occurrence and with windmills installation (Fig. 6.21a) and with fire occurrence and 

windmills installation (Fig. 6.21c). Figs. 6.21a and 6.21c lines explanation: (1) percentage cover 

of all stratum (total cover in percentage); (2) vegetation height (vegetation height in cm); (3) 

number of mills installed in the buffer (num mills buf); (4) percentage of area degraded by the 

installation of the wind farm (degraded area). Figs. 6.21b and 6.21d lines explanation: (1) 

response of the total vertebrate richness produced by model B; (2) response of the total 

vertebrate richness produced by model A. The arrows represent the occurrence of fire. A 

simulated period of 780 weeks (15 years) was considered. 

 

average values of total species richness. On the other hand, only the simulations of the 

Alternative model (model A) capture the seasonal variations in species richness. 

 

Discussion 

 

Most studies concerning the ecological impacts of wind farms (and associated structures) 

on wildlife have been focused on mortality of birds and bats, although some reported also 

behavioural changes in this scope (Alonso et al., 1994; Brown and Drewien, 1995; Janss 

and Ferrer, 1997; Osborn et al., 1998; Osborn et al., 2000; Johnson et al, 2002; Johnson et 

al., 2004; Barrios and Rodriguez, 2004; Hoover and Morrison, 2005; Lucas et al., 2005; 

PNWWRPM-VI, 2007; Huppop and Diershekle, 2006; Fielding et al., 2006; Rabin et al., 
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2006; Everaert and Stienen, 2007). The effects of the modifications in the habitat structure 

(directly and indirectly related to the installation of wind farms) on biodiversity in general 

and on terrestrial animal groups in particular received almost no attention (ex: Leddy and 

Higgings 1999; Larsen and Madsen, 2000; Rabin et al., 2006; Kikuchi, 2008). In this study, 

the aim was to assess other ecological attributes usually not included in reports about wind 

farms environmental impacts, such as the holistic changes at the level of the communities 

and ecosystems. As fire plays an important factor in the dynamics of Mediterranean 

ecosystems (Lavorel, 1999; McCarthy et al., 1999; Calvo et al., 2002a; Calvo et al., 2002b; 

Monimeau et al., 2002; Calvo et al., 2003; Fernadez-Abascal et al., 2004; Montenegro et 

al., 2004; Moretti et al., 2004; Calvo et al., 2005; Herrando et al., 2005; Crosti et al., 2006; 

Cuesta et al., 2006; De Luis et al., 2006; Martín-Pinto et al., 2006; Monroe and Converse, 

2006; Pausas, 2006; Buhk et al., 2007; La Mantia et al., 2007; Wittenberg et al., 2007; 

Syphard et al., 2007; Calvo et al., 2008; Capitanio and Carcaillet, 2008), it was considered a 

fundamental implicit factor to the comprehension of the wind farm effects in animal and 

plant communities. 

Our results suggest that wind farm disturbance and fire disturbance are significant issues 

influencing the species richness of vertebrates. The obtained results are in conformity with 

several studies that tried to identify the disturbance effects on the local communities by 

using indicator taxa approaches (Lindenmayer et al., 1999; Anand et al., 2005; Saetersdal et 

al., 2005; Ficetola et al., 2007). In fact, the response of vertebrates to fire is considered 

inconsistent, depending on the type of fire, ecosystem and group studied (Smith, 2000). 

Anyway, the apparent resilience of the flora and fauna to fire events, a recurrent 

phenomenon in the study region, is in agreement to results obtained in other studies in 

similar conditions (for revisions see Smith, 2000; Buhk et al., 2007). 

In contrast and independently of the model approach used, our results show that vertebrate 

species responds with a decline in richness when the wind farm installation was simulated. 

Since the rates of vertebrate mortality caused by wind farm activities are usually low in the 

study region (Strix, 2007), similar to other studies in wind farms located on mountain areas 

(ex: Alonso et al., 1994; Brown and Drewien, 1995; Osborn et al., 2000; Barrios and 

Rodrigues, 2004), the identified decrease in richness may therefore be produced by other 

factors associated to the wind mills installation, such as direct disturbance, structural habitat 
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changes and induced behavioural segregation (Rabin et al., 2006; Zampella et al., 2006; 

Fergunson et al., 2008; Kikuchi, 2008). 

One of the central requirements of StDM is that the data set recorded includes true gradients 

of changes (Cabral et al., 2008). In this way, the factors of time and space were implicit in 

the respective treatment. Such a procedure allows more realism, as the respective 

parameters are being considered with regard to their embedding in time and space. This is 

of particular importance when it comes to the comprehension of the indicator’s response. 

Most of the published papers with StDM applications were based on average annual 

databases for predicting the generic trends of pertinent ecological indicators (Santos and 

Cabral, 2004 (Chapter 5); Cabecinha et al., 2004; Silva-Santos et al., 2006; Cabecinha et al., 

2007; Cabral et al., 2007 (Chapter 3); Santos et al., 2007 (Chapter 2). However, if the main 

objective of the modelling effort is, for instance, the demonstration of the applicability of 

StDM in the scope of the ecological monitoring and management carried out in more 

realistic scenarios (Cabecinha et al., 2008; Silva-Santos et al., 2008), this annual approach 

becomes insufficient. Since most of the components of an ecosystem depend on weather 

conditions or phenological aspects, different complementary equations should be 

introduced into the state variable balance. Consequently, the simulation performance of a 

given state variable results from the calculations of alternative equations automatically 

selected in response to the seasonal influence. Thus, with reference to the modelling goals, 

the two StDM model approaches described in the present paper, the Base model (model B) 

and the Alternative model (model A), represent a trade-off between realism, complexity and 

accuracy. The model A introduces the seasonal variation in the simulations of the vertebrate 

richness trends, a pattern that is much more likely to represent what is happening in the 

field (Fergunson et al., 2008). Therefore, when the studies are based on inventories 

collected in different times of the year and/or regarding specific population, guilds or 

community dynamics, the seasonal structured models should be the better option (Ferguson 

et al., 2008). On the other hand, the model B captures, in a one-dimensional but intuitive 

way, the generic trend for the 15 years simulated, highlighting the effects of wind farms on 

the structure of the study community. This performance seemed to be satisfactory when 

dealing with the aims of the most Environmental Impact Assessments, usually supported by 

incomplete data (ex: one season data, data from poor inventories).  
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The StDM models developed in this study seem to represent a useful contribution for 

detecting key changes in mountain communities affected by wind farm installations, 

namely by quantifying species richness in different ecological circumstances. In this scope, 

since the richness of a community is holistically determined by the habitat structure and 

wind farm characteristics (Rabin et al., 2006; Zampella et al., 2006; Fergunson et al., 2008; 

Kikuchi, 2008), our StDM simulations allowed a better perception of the ecological 

consequences when wind farms are installed. Therefore, our proposed methodology should 

be considered as a complementary tool for assessing the integrity of the communities, by 

using the global vertebrate species richness as an indicator within the “data space” of the 

environmental gradients monitored in particular ecosystems, such as our case-study in 

mountains dominated by heathlands of NW Portugal. 

 

Conclusion 

 

Complex spatio-temporal environmental data sets are becoming common in ecology 

because of the increasing use of simulation models and automated data collection devices. 

The spatial and temporal dimensions represent real challenges for the interpretation of these 

data. A particularly complex problem is the simulation of the relationships among variables 

that can diverge dramatically in response to the same environmental changes (Steele et al., 

2005). The main objective of the StDM approach proposed is a mechanistic understanding 

of the holistic ecological functioning in the scope of the need for rapid, standardized and 

cost-saving assessment methodologies (Duelli, 1997; Santos and Cabral, 2004; Zalidis et 

al., 2004). The obtained simulation results are encouraging since they seem to demonstrate 

the StDM reliability in capturing the dynamics of the studied ecosystems by predicting the 

behavioural pattern for the key components selected under very complex and variable 

environmental scenarios. These simulations showed that the ecological indicators selected, 

as state variables, were not indifferent to changes in the ecological conditions, namely when 

conditions relatively unaffected by human activities were changed by man-induced 

disturbances. The relevant ecological drifts simulated are in agreement with real 

observations and other studies that investigated the biological consequences of ecosystem 

changes by particular anthropogenic impacts, such as the wind farm installation on 
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threatened ecosystems. Overall, the main results showed that, as with any complex process 

in science, it is valid, interesting, and instructive to construct StDM models by focusing on 

the interactions between key-components of changing natural ecosystems. 

The species richness is considered the most discriminating indicator among the commonly 

used diversity indicators and indices (Magurran, 1988). Nevertheless the species richness 

should be considered with caution, and other indicators must be used for a deeper analysis 

of the trends detected (Fleishman et al., 2006). However, since the integrity of these 

systems can be only partly assessed by species richness, this approach should be further 

complemented with the introduction of other indicators, interactions and interferences with 

precise applicability conditions (Magurran, 1998; Fleishman et al., 2006; Gontier, 2007). 
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Appendices 

Appendix 6.1. List of species inventoried by Family in the “Serra do Marão” mountain during 

field work. 
 Galactites tomentosa Cistaceae 

Aceraceae Hypochoeris sp. Cistus psilosepalus 

Acer pseudoplatanus Lactuca viminea Cistus salvifolius 

Adiantaceae Leontodon taraxacoides Halimium lasianthum  

Adiantum sp. Logfia mínima Halimium ocymoides 

Alliaceae Senecio lividus Halimium umbellatum viscosum 

Allium sphaerocephalon Solidago virgaurea Xolantha globulariifolia 

Narcissus bulbocodium Tolpis barbata Xolantha guttata 

Narcissus triandus Betulaceae Colchicaceae 

Narcisus pseudonarcisus Betula alba Merendera pyrenaica 

Anthemideae Betula celtiberica Crassulaceae 

Leucanthemopsis sp. Blechnaceae Sedum arenarium 

Apiaceae Blechnum spicant Sedum brevifolium 

Conopodium majus Boraginaceae Sedum daclilum 

Aquifoliaceae Ancusa italica Sedum hirsutum 

Ilex aquifolium Lithodora prostrata Sedum rupestre 

Araliaceae Omphalodes nítida Umbilicus rupestris 

Hedera helix Brassicaceae Cruciferae 

Asphodelaceae Capsella bursa-pastoris Teesdalia nudicaulis 

Asphodelus albus Cardamine hirsuta Cyperaceae 

Asphodelus ramosus Murbeckiella boryi Carex asturica 

Simethis planifolia Raphanus raphanistrum Carex binervis 

Aspidiadeae Teesdalia nudicaulis Carex distans 

Dryopteris affinis Campanulaceae Carex echinata 

Asteraceae  Campanula lusitanica Carex muricata 

Achillea millefolium Jasione montana Cyperus sp. 

Arnoseris mínima Caryophyllaceae Droseraceae 

Bellis perennis Arenaria montana Drosera rotundifolia 

Bellis sylvestris Arenaria querioides Ericaceae 

Centaurea ribularis nigra Dianthus langeanus Calluna vulgaris 

Cirsium filipendulum Silene acutifolia Erica arborea 

Conyza canadensis Silene gallica Erica australis 

Crepis lampsanoides Silene latifolia Erica cinerea 

Evax carpetance Silene nutans Erica tetralix 

Filago gallica Stellaria holostia Erica umbellata 
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Appendix 6.1 (continued) 

 
Euphorbiaceae Hypericum linarifolium Osmunda regalis 

Euphorbia dulcis Hypericum perforatum Pinaceae 

Fabaceae Hypericum pulchrum Picea sp. 

Cytisus grandiflorus Hypolepidaceae Pinus nigra 

Cytisus multiflorus Pteridium aquilinum Pinus pinaster 

Cytisus scoparius Iridaceae Pinus sylvestris 

Cytisus striatus Crocus montana Pseudotsuga menziessi 

Genista anglica Crocus seratinus Plantaginaceae 

Genista falcata Gladiolus illyricus Plantago coronopus 

Genista florida Juncaceae Plantago holosteum 

Lotus corniculatus Juncus squarosus Plantago lanceolata 

Lotus subflrus Juncus conglomeratus Plumbaginaceae 

Lotus ulgsinosus Juncus effusus Armeria humilis 

Ornithopus compressus Luzula forsteri Armeria transmontana 

Ornithopus perpusillus Luzula henriquessi Poaceae 

Ornithopus sp. Luzula lactea Agrostis castellana 

Pterospartum tridentatum Lamiaceae  Agrostis curtisii 

Retana sphaerocarpa Lamium maculatum Agrostis delicatum 

Ulex europeus Lavandula sp. Agrostis truncatula. commista 

Ulex minor Mentha suaveolens Agrostis x fouilladei 

Fagaceae Sideritis sp. Anthoxanthum aristatum  

Castanea sativa Stachys arvensis Arrhenatherum elatius  

Quercus pyrenaica Teucrium salviastrum Avenula marginata 

Quercus robur Teucrium scorodonia Avenula sulcata subsp. reuteri 

Geraniaceae Thymus caespititius Avenula sulcata sulcata 

Geranium rotundifolia Thymus mestickina Brachypodium pinnatum 

Geranium lucidum Liliaceae Brachypodium sylvaticum 

Geranium tubertiaricum Gagea nevadensis Briza maxima 

Hyacinthaceae Ornithogalum concinnum Briza minor 

Muscari commosum Tulipa sylvestris australis Bromus hordeaceus 

Ornithogalum concinnum Oleaceae Cynosurus echinatus 

Scilla monophyllos Fraxinus angustifolia Dactylis glomerata 

Scilla ramburei Orchidaceae Danthonia decumbens 

Hypericaceae Dactylorhiza caramulensis Deschampsia flexuosa 

Hypericum humifusum Osmundacea Festuca ampla 
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Appendix 6.1 (continued) 

 
Poaceae Sanguisorba minor Lacerta lepida 

Festuca arundinacea Sorbus aucuparia Podarcis sp. 

Festuca elegans Rubiaceae Podarcis bocagei 

Festuca ovina Galium album Podarcis hispanica 

Festuca rubra Gallium helodes Psammodromus algirus 

Festuca summilusitana Galium saxatile Scincidae 

Holcus lanatus Asperula sp. Chalcides striatus 

Holcus mollis Salicaceae Anguidae 

Lolium rigidum Salix atrocinera Anguis fragilis 

Micropyrum tenellum Saxifragaceae Colubridae 

Molineriella laevis Saxifraga spathularis Coronella girondica 

Nardus stricta Scrophulariaceae Elaphe scalaris 

Poa sp. Anarrhinum bellidifolium Malpolon monspessulanus 

Pseudarrhenatherum longifolium Digitalis purpurea Birds 

Stipa gigantea Melampyrum pratense Accipitridae 

Polygolaceae Veronica officinalis Accipiter nisus 

Polygala vulgaris Urticaceae Buteo buteo 

Polygala serpylifolia Urtica dioica Circaetus gallicus 

Rumex acetosa Urtica urens Milvus migrans 

Rumex angiocarpus Violadeae Circus cyaneus 

Ranunculaceae Viola canina Circus pygardus 

Anemone trifolia Viola riviniana Falconidae 

Helleborus foetidus Amphibians Falco peregrinus 

Ranunculus gregarius Bufonidae Falco subbuteo   

Resedaceae Bufo bufo Falco tinnunculus 

Reseda phyteuma Ranidae Tetraonidae 

Sesamoides purpurascens Rana perezi Alectoris rufa  

Rosaceae Rana iberica Coturnix coturnix  

Crataegus monogyna Salamandridae Columbidae 

Potentilla erecta Salamandra salamandra Columba palumbus  

Prunus spinosa Triturus boscai Cuculidae 

Pyrus communis Chioglossa lusitanica Cuculus canorus  

Pyrus cordata Reptiles Apodidae 

Rosa sp. Lacertidae Apus apus 

Rubus ulmifolius Lacerta schreiberi Picidae 
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Appendix 6.1 (continued) 

 
Picidae Sylvia communis Apodemus sylvaticus 

Dendrocopus major Sylvia undata   Microtus lusitanicus 

Picus viridis  Locustella Suidae 

Passerines Cisticola juncidis Sus scrofa 

Alaudidae Phylloscopus bonelli Leporidae 

Lullula arborea  Phylloscopus brehmii  Oryctolagus cuniculus 

Alauda arvensis Phylloscopus collybita    Talpidae 

Hirundinidae Regulus ignicapillus  Talpa occidentalis 

Delichon urbica  Muscicapidae Canidae 

Hirundo daurica  Muscicapa striata Vulpes vulpes 

Hirundo rustica Ficedula hypoleuca  Canis lupus 

Ptyonoprogne rupestris Paridae Aplodontidae 

Motacillidae Parus ater  Sciurus vulgaris 

Anthus campestris  Parus cristatus  Mustelidae 

Anthus spinoletta Parus major  Mustela nivalis 

Anthus pratensis Certhiidae Meles meles 

Anthus trivialis  Certhia brachydactyla Mates foina 

Troglodytidae Laniidae Cervidae 

Troglodytes troglodytes Lanius meridionalis  Capreolus capreolus 

Prunellidae Corvidae Gliridae 

Prunella modularis Garrulus glandarius Eliomys quercinus 

Turdidae Corvus corax Viverridae 

Erithacus rubecula Corvus corone  Genetta genetta 

Phoenicurus ochruros   Sturnidae Soricidae 

Oenanthe oenanthe  Sturnus unicolor  Crocidura russula 

Saxicola rubetra  Fringillidae Sorex granarius 

Saxicola torquata Fringilla coelebs Bovidae 

Monticola saxatilis Carduelis cannabina Capra hircus 

Turdus merula Carduelis chloris  Ovis aires 

Turdus philomelos Serinus serinus   

Turdus viscivorus Emberizidae  

Sylviidae Emberiza cirlus  

Sylvia atricapilla  Emberiza cia  

Sylvia cantillans Mammals  

Sylvia melanocephala Muridae  
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Appendix 6.2 

Specification of the key variables considered in this study.  
 

Variables 

 

Specification 

 

Model Codes 

Environmental variables   

Flora richness  Number of species flora richness A; flora richness B 

Flora diversity  Shannon Index flora diversity A; flora diversity B 

Altitude Meters above sea level altitude 

Slope Inclination in degrees slope 

Vegetation height 

 

Maximum vegetation height in 

centimetres 

vegetation height 

 
Vegetation cover Total cover  in percentage total cover 

Shrubland cover Percentage  shrubland cover 

Herbaceous cover Percentage  herbaceous cover 

Distance mill Distance to the nearest mill in meters   dist mill 

Num mills by quadrate Number of mills inside a quadrate of  

6,25 ha 

num mills qua 

Average distance of mills in the quadrate Average distance mills inside a quadrate 

of 6,25 ha 

ave dis mills qua 

Num mills by buffer Number of mills inside a circle of  28,27 
ha 

num mills buf 

Average distance mills in the buffer Average distance mills inside a circle of 

28,27 ha 

ave dis mills buf 

Degraded area by wind farm 

installations 

Percentage degraded area 

Indicators   

Amphibian richness   Number of species amphibian richness A; amphibian 

richness B 
Bird richness  Number of species bird richness A; bird richness B 

Mammal richness  Number of species mammal richness A; mammal richness B 

Reptile richness  Number of species reptile richness A; reptile richness B 

Total richness Number of species of vertebrates total richness A; total richness B 
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Appendix 6.3. Mathematical equations used in Stella for the relationships between indicator 

estimates, vegetation characteristics and wind farms. The specification of variable codes is 

expressed in appendix 6.1. 

 
Equations 

State variable equations 

log_amphibian_richness_A(t) = log_amphibian_richness_A(t - dt) + (spring_amphibian_gains + autumn_amphibian_gains 

+ winter_amphibian_gains - winter_amphibian_losses - amphibians_adjust - spring_amphibian__losses - 

Autumn_amphibian_losses) * dt 

log__amphibian_richness_B(t) = log__amphibian_richness_B(t - dt) + (amphibian_gains - amphibian__losses - 

amphibian_adjust_B) * dt 

log__bird_richness_A(t) = log__bird_richness_A(t - dt) + (summer_bird__gains + spring_bird__gains + autumn_bird_gains 

+ winter_bird_gains - autumn_bird_losses - spring_bird_losses - bird__adjust_A - summer_bird_losses - 

winter_bird__losses) * dt 

log_bird_richness_B(t) = log_bird_richness_B(t - dt) + (bird__gains - bird___losses - bird_adjust_B) * dt 

log_mammal_richness_A(t) = log_mammal_richness_A(t - dt) + (summer_mammal_gains + spring_mammal_gains + 

autumn_mammal_gains + winter_mammal_gains - autumn__mammal_losses - spring_mammal_losses - 

summer_mammal_losses - mammal_adjust_A) * dt 

log_mammal_richness_B(t) = log_mammal_richness_B(t - dt) + (mammal_gains_B - mammal__losses_B - 

mammal_adjust_B) * dt 

log__reptile_richness_A(t) = log__reptile_richness_A(t - dt) + (summer_reptile__gains + spring_reptile_gains + 

autumn_reptile__gains - autumn_reptile_losses - summer_reptile_losses - reptile_adjust_A) * dt 

log_reptile_richness_B(t) = log_reptile_richness_B(t - dt) + (reptile__gains - reptile_losses - reptile_adjust_B) * dt 

State variable process equations  

(a) log_amphibian_richness_A 

initial log_amphibian_richness_A = 0 

spring_amphibian_gains =  IF periodicity>=14 AND periodicity<27 then 0.147*log_flora_richness_A else 0 

autumn_amphibian_gains = IF periodicity>=40 OR periodicity<=0 then 

0.154*log_flora_richness_A+0.087*log_total_cover else 0 

winter_amphibian_gains = IF periodicity>=1 AND periodicity<14 then 0.39*log_flora_richness_A else 0 

winter_amphibian_losses = IF periodicity>=1 AND periodicity< 14 then 0.09328+0.68*log_flora__diversity_A else 0 

amphibians_adjust = log_amphibian_richness_A 

spring_amphibian__losses = IF periodicity>=14 AND periodicity<27 then 0.15907 else 0 

Autumn_amphibian_losses = IF periodicity>=40 OR periodicity<=0 then 0.3037 else 0 

(b) log__amphibian_richness_B 

initial log__amphibian_richness_B = 0 

amphibian_gains = 0.069*log_flora__richness_B+0.035*log_total_cover 

amphibian__losses = 0.1264+0.0061*log_ave_dis__mills_buf 

amphibian_adjust_B = log__amphibian_richness_B 

(c) log__bird_richness_A 

initial log__bird_richness_A = 0 

summer_bird__gains = IF periodicity>=27 AND periodicity<40 then 

0.7388+0.20*log_vegetation_height+0.99*log_flora__diversity_A+1.20*log_num_mills__qua else 0 

spring_bird__gains = IF periodicity>=14 AND periodicity<27 then 

0.25*log_flora_richness_A+0.147*log_vegetation_height+0.143*log_slope else 0 

autumn_bird_gains = IF periodicity>=40 OR periodicity<=0 then 0.8068 else 0 

winter_bird_gains = IF periodicity>=1 AND periodicity<14 then 1.0870 else 0 

autumn_bird_losses = IF periodicity>=40 OR periodicity<=0 then 0.239*log_herbaceous_cover+0.61*log_degraded_area 

else 0 

spring_bird_losses = IF periodicity>=14 AND periodicity<27 then 0.07115+0.301*log_degraded_area else 0 

bird__adjust_A = log__bird_richness_A 

summer_bird_losses = IF periodicity>=27 AND periodicity<40 then 

0.62*log_flora_richness_A+0.25*log_shrubland_cover+0.22*log_ave_dis_mills__qua else 0 

winter_bird__losses = IF periodicity>=1 and periodicity<14 then 

0.39*log_herbaceous_cover+0.095*log_ave_dis__mills_buf else 0 
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Appendix 6.3 (continued) 
(d) log_bird_richness_B 

Initial log_bird_richness_B = 0 

bird__gains = 0.6151+0.160*log_vegetation_height+0.069*log_slope 

bird___losses = 0.258*log_total_cover+0.171*log_degraded_area 

bird_adjust_B = log_bird_richness_B 

(e) log_mammal_richness_A 

initial log_mammal_richness_A = 0 

summer_mammal_gains = IF periodicity>=27 AND periodicity<40 then 0.61*log_altitude+0.228*log_ave_dis__mills_buf 

else 0 

spring_mammal_gains = IF periodicity>=14 AND periodicity<27 then 0.40*log_flora_richness_A else 0 

autumn_mammal_gains = IF periodicity>=40 OR periodicity<=0 then 0.7529 else 0 

winter_mammal_gains = IF periodicity>=1 AND periodicity<14 then 0.1804+0.160*log_vegetation_height else 0 

autumn__mammal_losses = IF periodicity>=40 OR periodicity<=0 then 0.111*log_dist_mill+0.37*log_degraded_area else 

0 

spring_mammal_losses = IF periodicity>=14 AND periodicity<27 then 0.1554 else 0 

summer_mammal_losses = IF periodicity>=27 AND periodicity<40 then 

1.2008+0.65*log_flora__diversity_A+1.03*log_num__mills_buf else 0 

mammal_adjust_A = log_mammal_richness_A 

(f) log_mammal_richness_B 

initial log_mammal_richness_B = 0 

mammal_gains_B = 0.4016 

mammal__losses_B = 0.138*log_degraded_area 

mammal_adjust_B = log_mammal_richness_B 

(g) log__reptile_richness_A 

initial log__reptile_richness_A = 0 

summer_reptile__gains = IF periodicity>=27 AND periodicity<40 then 

0.87*log_altitude+0.121*log_ave_dis_mills__qua+0.190*log_ave_dis__mills_buf else 0 

spring_reptile_gains = IF periodicity>=14 AND periodicity<27 then 0.1700+0.36*log_degraded_area else 0 

autumn_reptile__gains = IF periodicity>=40 OR periodicity<=0 then 0.53*log_altitude+0.079*log_herbaceous_cover else 0 

autumn_reptile_losses = IF periodicity>=40 OR periodicity<=0 then 1.161+0.254*log_total_cover else 0 

summer_reptile_losses = IF periodicity>=27 AND periodicity<40 then 

2.119+0.120*log_dist_mill+1.43*log_num__mills_buf+0.30*log_degraded_area else 0 

reptile_adjust_A = log__reptile_richness_A 

(h) log_reptile_richness_B 

initial log_reptile_richness_B = 0 

reptile__gains = 0.76*log_altitude+0.200*log_flora__richness_B+0.068*log_vegetation_height+0.038*log_slope 

reptile_losses = 2.268+0.145*log_total_cover 

reptile_adjust_B = log_reptile_richness_B 

Complementary state variable 

altitude(t) = altitude(t - dt) + (altitude_generator) * dt 

auto_mill_1(t) = auto_mill_1(t - dt) + (mill_1_gen) * dt 

auto_mill_2(t) = auto_mill_2(t - dt) + (mill_1_gen_2) * dt 

auto_mill_3(t) = auto_mill_3(t - dt) + (mill_1_gen_3) * dt 

auto_mill_4(t) = auto_mill_4(t - dt) + (mill_1_gen_4) * dt 

ccgi(t) = ccgi(t - dt) + (ccg1 - ccg2) * dt 

clima_conditions(t) = clima_conditions(t - dt) + (ccg2 - ccg3) * dt 

degraded_area(t) = degraded_area(t - dt) + (calc_degr) * dt 

dist_mill_buf_1(t) = dist_mill_buf_1(t - dt) + (dist_3) * dt 

dist_mill_buf_2(t) = dist_mill_buf_2(t - dt) + (dist_4) * dt 

dist_mill_qua1(t) = dist_mill_qua1(t - dt) + (dist_1) * dt 

dist_mill_qua_2(t) = dist_mill_qua_2(t - dt) + (dist_2) * dt 

ins_time_mill_1(t) = ins_time_mill_1(t - dt) + (ins_t_time_gener) * dt 

ins_time_mill_2(t) = ins_time_mill_2(t - dt) + (ins_t_time_gener_2) * dt 

ins_time_mill_3(t) = ins_time_mill_3(t - dt) + (ins_t_time_gener_3) * dt 

ins_time_mill_4(t) = ins_time_mill_4(t - dt) + (ins_t_time_gener_4) * dt 
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Appendix 6.3 (continued) 
mil_buf_1(t) = mil_buf_1(t - dt) + (mill_3) * dt 

mil_buf_2(t) = mil_buf_2(t - dt) + (mill_4) * dt 

mil_qua_1(t) = mil_qua_1(t - dt) + (mill_1) * dt 

mil_qua_2(t) = mil_qua_2(t - dt) + (mill_2) * dt 

periodic_succession(t) = periodic_succession(t - dt) + (ps4 - ps5) * dt 

psstep1(t) = psstep1(t - dt) + (ps1 - ps2) * dt 

psstep2(t) = psstep2(t - dt) + (ps2 - ps3) * dt 

slope(t) = slope(t - dt) + (slope_generator) * dt 

succes(t) = succes(t - dt) + (rand_succes_gen) * dt 

Complementary state variable process equations  

(a) altitude 

initial altitude = 0 

altitude_generator = if time=1 and Automatic = 1 then normal(993, 134.9) else (If time=1 and Automatic = 0 then imp_alti 

else 0) 

(b) auto_mill_1 

initial auto_mill_1 = 0 

mill_1_gen = If time = 1 then round(random(0,1)) else 0 

(c) auto_mill_2 

initialIAL auto_mill_2 = 0 

mill_1_gen_2 = If time = 1 then round(random(0,1)) else 0 

(d) auto_mill_3 

initial auto_mill_3 = 0 

mill_1_gen_3 = If time = 1 then round(random(0,1)) else 0 

(e) auto_mill_4 

initial auto_mill_4 = 0 

mill_1_gen_4 = If time = 1 then round(random(0,1)) else 0 

(f) ccgi 

initial ccgi = 0 

ccg1 = clima_cond_generator 

ccg2 = ccgi 

(g) clima_conditions 

initial clima_conditions = 0 

ccg2 = ccgi 

ccg3 = If fire_event = 1 then clima_conditions else 0 

(h) degraded_area 

initial degraded_area = 0 

calc_degr = degr_area_aut+degr_area_man 

(i) dist_mill_buf_1 

initial dist_mill_buf_1 = 0 

dist_3 = If Automatic = 1 and aut_mill_3 = 1 then random(150,300) else (if mills_selector_3 = 1then  imp_dis_mill_3 else 

0) 

(j) dist_mill_buf_2 

initial dist_mill_buf_2 = 0 

dist_4 = If Automatic = 1 and aut_mill_4 = 1 then random(150,300) else (if mills_selector_4 = 1then  imp_dis_mill_4 else 

0) 

(k) dist_mill_qua1 

initial dist_mill_qua1 = 0 

dist_1 = If Automatic = 1 and aut_mill_1 = 1 then random(0, 150) else (If mills_selector_1 = 1then  imp_dis_mill_1 else 0) 

(l) dist_mill_qua_2 

initial dist_mill_qua_2 = 0 

dist_2 = If Automatic = 1 and aut_mill_2 = 1 then random(0, 150) else (If mills_selector_2 = 1then  imp_dis_mill_2 else 0) 

(m) ins_time_mill_1 

initial ins_time_mill_1 = 0 

ins_t_time_gener_1 = If time = 1 then round(random(1,780) )else 0 

(n) ins_time_mill_2 
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Appendix 6.3 (continued) 
initial ins_time_mill_2 = 0 

ins_t_time_gener_2 = If time = 1 then round(random(1,780) )else 0 

(o) ins_time_mill_3 

initial ins_time_mill_3 = 0 

ins_t_time_gener_3 = If time = 1 then round(random(1,780) )else 0 

(p) ins_time_mill_4 

initial ins_time_mill_4 = 0 

ins_t_time_gener_4 = If time = 1 then round(random(1,780) )else 0 

(q)mil_buf_1 

initial mil_buf_1 = 0 

mill_3 = If Automatic = 1 then aut_mill_3 else  mills_selector_3 

(r) mil_buf_2 

initial mil_buf_2 = 0 

mill_4 = If Automatic = 1 then aut_mill_4 else  mills_selector_4 

(s) mil_qua_1 

initial mil_qua_1 = 0 

mill_1 = If Automatic = 1 then aut_mill_1 else mills_selector_1 

(t) mil_qua_2 

initial mil_qua_2 = 0 

mill_2 = If Automatic = 1 then aut_mill_2 else mills_selector_2 

(u) periodic_succession 

initial periodic_succession = 0 

ps4 = psstep2 

ps5 = If fire_event = 1 then periodic_succession else 0 

(v) psstep1 

initial psstep1 = 0 

ps1 = If fire_event = 1 then 1 else 0 

ps2 = psstep1 

(w) psstep2 

initial psstep2 = 1 

ps2 = psstep1 

ps3 = If fire_event = 1 then psstep2 else 0 

(x) slope 

initial slope = 0 

slope_generator = if time=1and Automatic = 1 then normal(24,19.7) else (If time = 1 and Automatic = 0 then imp_slope else 

0) 

(y) succes 

initial succes = 0 

rand_succes_gen = If time = 1 then ROUND (random(1,3) )else 0 

Associated variables 

amphibian_richness_A = (10^log_amphibian_richness_A)-1 

amphibian_richness_B = 10^(log__amphibian_richness_B)-1 

birds_richness_A = (10^log__bird_richness_A)-1 

bird_richness_B = 10^(log_bird_richness_B)-1 

flora_richness_A = 10^(log_flora_richness_A)-1 

flora_richness_B = 10^(log_flora__richness_B)-1 

flora__diversity_A = 10^(log_flora__diversity_A)-1 

flora__diversity_B = 10^(log_flora__diversity_B)-1 

log_altitude = log10(altitude+1) 

log_ave_dis_mills__qua = LOG10(ave_dis_mills_qua+1) 

log_ave_dis__mills_buf = LOG10(ave_dis_mill_buf+1) 

log_degraded_area = log10(degraded_area+1) 

log_dist_mill = LOG10(dist_mill+1) 

log_herbaceous_cover = LOG10(herbaceous_cover+1) 

log_num_mills__qua = LOG10(num_mills_qua+1) 

log_num__mills_buf = LOG10(num_mils_buf+1) 
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Appendix 6.3 (continued) 
log_shrubland_cover = LOG10(shrubland_cover+1) 

log_slope = LOG10(slope+1) 

log_total_cover = log10(total_cover+1) 

log_vegetation_height = log10(vegetation_height+1) 

mammal_richness_A = (10^log_mammal_richness_A)-1 

mammal_richness_B = 10^(log_mammal_richness_B)-1 

reptile_richness_A = (10^log__reptile_richness_A)-1 

reptile_richness_B = 10^(log_reptile_richness_B)-1 

Stochastic variables 

aut_degr_0 = ABS(normal(0.27,0.75)) 

aut_degr_1 = ABS(normal(0.92,0.65)) 

weekly_random_evolution = normal(1,0.0) 

Other variables 

aut_mill_1 = If auto_mill_1 = 1 and time = ins_time_mill_1 then 1 else 0 

aut_mill_2 = If auto_mill_2 = 1 and time = ins_time_mill_2 then 1 else 0 

aut_mill_3 = If auto_mill_3 = 1 and time = ins_time_mill_3 then 1 else 0 

aut_mill_4 = If auto_mill_4 = 1 and time = ins_time_mill_4 then 1 else 0 

ave_dis_mills_qua = if mil_qua_1+mil_qua_2>0 then (dist_mill_qua1+dist_mill_qua_2)/(mil_qua_1+mil_qua_2) else 0 

ave_dis_mills_buf = if (mil_qua_1+mil_qua_2+mil_buf_1+mil_buf_2>0) then 

(dist_mill_qua1+dist_mill_buf_1+dist_mill_buf_2+dist_mill_qua_2)/(mil_qua_1+mil_qua_2+mil_buf_1+mil_buf_2) else 0 

clima_cond_generator = If (time = 1 or fire_event = 1) and Automatic = 1 then normal (1,0.25) else (If (time = 1 or 

fire_event = 1) and Automatic = 0 then imp_clima_cond_gen else 0) 

degra_0 = If time = 1 and num_mills_qua = 0 then aut_degr_0 else 0 

degra_1_2 = If num_mills_qua = 0 and (mill_1 = 1 or mill_2 = 1) then aut_degr_1 else (If num_mills_qua = 1 and (mill_1 = 

1 or mill_2 = 1)then 2*aut_degr_1 else 0) 

degr_0 = If num_mills_qua = 0 and time = 1 then imp_degr_0 else 0 

degr_1 = If num_mills_qua = 0 and (mill_1 = 1 or mill_2 = 1) then imp_degr_1 else 0 

degr_2 = If num_mills_qua = 1 and (mill_1= 1 or mill_2 = 1) then imp_degr_2 else 0 

degr_area_aut = If Automatic = 1 then degra_0+degra_1_2 else 0 

degr_area_man = If Automatic =  0 then degr_0+degr_1+degr_2 else 0 

dist_mill_1 = if mil_qua_1>0 and mil_qua_2>0 then MIN(dist_mill_qua1,dist_mill_qua_2) else 0 

dist_mill_2 = if (mil_qua_2>0 and mil_qua_1=0) or (mil_qua_2=0 and mil_qua_1>0) then 

(dist_mill_qua1+dist_mill_qua_2) else 0 

dist_mill_3 = if (mil_qua_1+mil_qua_2=0) and (mil_buf_1>0 and mil_buf_2>0) then 

MIN(dist_mill_buf_1,dist_mill_buf_2) else 0 

dist_mill_4 = if (mil_qua_1=0 and mil_qua_2=0) and ((mil_buf_1>0 and mil_buf_2 =0) or (mil_buf_1=0 and mil_buf_2 

>0)) then dist_mill_buf_1+dist_mill_buf_2  else 0 

fire_event = If Automatic = 1 then (IF random_fire = 1 AND fire_probability = 1 THEN 1 ELSE 0) else (If Automatic = 0 

then Imp_fire_event else 0) 

fire_probability = If vh> 50 AND shrub> 40 THEN 1 ELSE 0 

hb = season_struc_changes*(If Succession = 1 then hb_1 else (If Succession = 2 then hb2 else hb3)) 

Imp_fire_event = If time = 0 or time = 0 then 1 else 0 

mills_selector_1 = If Automatic = 0 then (if time= time_of_inst_1 and instal_1 = 1 then 1 else 0) else 0 

mills_selector_2 = If Automatic = 0 then (if time= time_of_inst_2 and instal_2 = 1 then 1 else 0) else 0 

mills_selector_3 = If Automatic = 0 then (if time= time_of_inst_3 and instal_3 = 1 then 1 else 0) else 0 

mills_selector_4 = If Automatic = 0 then (if time= time_of_inst_4 and instal_4 = 1 then 1 else 0) else 0 

periodicity = Counter(0,52) 

random_fire = If Automatic = 1 THEN (IF RANDOM(0,1) > 0.99 THEN 1 ELSE 0) ELSE 0 

shrub = (If Succession = 1 then shrub1 else (If Succession = 2 then shrub2 else shrub3)) 

Succession = If Automatic = 1then succes else imp_success 

vh = If shrub< 60 then (season_struc_changes*(If Succession =1 or Succession = 2 then vh1 else vh2)) else (If Succession 

=1 or Succession = 2 then vh1 else vh2) 
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Appendix 6.3 (continued) 
Composed variables 

log_flora_richness_A = (if periodicity >=1 and periodicity <14 then 

0.2537+0.147*log_vegetation_height+0.285*log_herbaceous_cover else (if periodicity >=14 and periodicity <27 then 

0.8995+0.156*log_herbaceous_cover else (if periodicity >=27 and periodicity <40 then 0.9529 else (if periodicity >=40 or 

periodicity <=0 then 1.105+0.117*log_vegetation_height-0.178*log_total_cover else 0)))) 

Log_flora__diversity_A = (if periodicity>=1 and periodicity<14 then 

0.004106+0.345*log_flora_richness_A+0.038*log_vegetation_height else (if periodicity>=14 and periodicity<27 then 

0.1027+0.297*log_flora_richness_A else (if periodicity>=27 and periodicity<40 then 0.1886+0.357*log_flora_richness_A-

0.121*log_total_cover+0.062*log_shrubland_cover  else (if periodicity>=40 or periodicity<=0 then -

0.1815+0.452*log_flora_richness_A-0.085*log_vegetation_height+0.300*log_total_cover-0.072*log_shrubland_cover-

0.108*log_herbaceous_cover else 0)))) 

log_flora__diversity_B = 0.09065+0.317*log_flora__richness_B 

log_flora__richness_B = 0.7468+0.108*log_vegetation_height-0.052*log_shrubland_cover+0.086*log_herbaceous_cover 

dist_mill = dist_mill_1+dist_mill_2+dist_mill_3+dist_mill_4 

num_mills_buf = mil_qua_1+mil_qua_2+mil_buf_1+mil_buf_2 

num_mills_qua = mil_qua_1+mil_qua_2 

total_cover = herbaceous_cover+shrubland_cover 

total_richness_A = amphibian_richness_A+birds_richness_A+mammal_richness_A+reptile_richness_A 

total_richness_B = amphibian_richness_B+bird_richness_B+mammal_richness_B+reptile_richness_B 

herbaceous_cover = clima_conditions*hb 

shrubland_cover = clima_conditions*shrub 

vegetation_height = clima_conditions*vh 

Constants 

Automatic = 1 

imp_alti = 1000 

imp_clima_cond_gen = 1 

imp_degr_0 = 0.27 

imp_degr_1 = 0.65 

imp_degr_2 = 1.59 

imp_dis_mill_1 = 100 

imp_dis_mill_2 = 50 

imp_dis_mill_3 = 250 

imp_dis_mill_4 = 180 

imp_slope = 10 

imp_success = 3 

instal_1 = 1 

instal_2 = 1 

instal_3 = 1 

instal_4 = 1 

time_of_inst_1 = 200 

time_of_inst_2 = 150 

time_of_inst_3 = 0 

time_of_inst_4 = 150 

Table functions 

hb_1 = GRAPH(periodic_sucession) 

(0.00, 0.00), (78.0, 30.0), (156, 40.0), (234, 50.0), (312, 50.0), (390, 30.0), (468, 20.0), (546, 17.5), (624, 17.5), (702, 17.5), 

(780, 16.5) 
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Appendix 6.3 (continued) 
hb2 = GRAPH(periodic_sucession) 

(0.00, 0.00), (78.0, 10.0), (156, 50.0), (234, 35.0), (312, 30.0), (390, 30.0), (468, 30.0), (546, 35.0), (624, 40.0), (702, 30.0), 

(780, 15.0) 

hb3 = GRAPH(periodic_sucession) 

(0.00, 0.00), (78.0, 10.0), (156, 40.0), (234, 20.0), (312, 10.0), (390, 5.00), (468, 5.00), (546, 0.00), (624, 5.00), (702, 0.00), 

(780, 5.00) 

season_struc_changes = GRAPH(periodicity) 

(0.00, 0.6), (5.20, 0.5), (10.4, 0.5), (15.6, 0.6), (20.8, 0.8), (26.0, 1.00), (31.2, 1.00), (36.4, 1.00), (41.6, 0.9), (46.8, 0.8), 

(52.0, 0.7) 

shrub1 = GRAPH(periodic_sucession) 

(0.00, 0.00), (78.0, 10.0), (156, 35.0), (234, 80.0), (312, 120), (390, 120), (468, 120), (546, 120), (624, 120), (702, 120), 

(780, 120) 

shrub2 = GRAPH(periodic_sucession) 

(0.00, 0.00), (78.0, 7.50), (156, 20.0), (234, 45.0), (312, 40.0), (390, 45.0), (468, 45.0), (546, 45.0), (624, 45.0), (702, 45.0), 

(780, 45.0) 

shrub3 = GRAPH(periodic_sucession) 

(0.00, 0.00), (78.0, 10.0), (156, 60.0), (234, 80.0), (312, 100), (390, 140), (468, 140), (546, 130), (624, 140), (702, 140), 

(780, 140) 

vh1 = GRAPH(periodic_sucession) 

(0.00, 5.00), (78.0, 36.0), (156, 57.0), (234, 90.0), (312, 105), (390, 110), (468, 115), (546, 120), (624, 122), (702, 124), 

(780, 125) 

vh2 = GRAPH(periodic_sucession) 

(0.00, 0.00), (78.0, 35.0), (156, 70.0), (234, 80.0), (312, 95.0), (390, 100), (468, 100), (546, 100), (624, 100), (702, 100), 

(780, 100) 
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Chapter 7 

General discussion 
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The primary aim of this study was to demonstrate the applicability of the StDM in 

ecological studies. How significant can this methodology be in improving the 

comprehension and the management of several types of ecological systems? This thesis has 

focused essentially on answering this question with specific applications in terrestrial 

ecosystems. In chapter 2, a straightforward application tried to assess the ecological 

integrity of the typical hedgerows in “Campeã” region (N Portugal) by the observation of 

the occurrence of passerine indicators. The idea was to propose an alternative to the 

specialist’s compulsory indicator studies (e.g. Kleijn and Sutherland, 2003; Matzdorf et al., 

2008) by using simple, suitable and intuitive indicators capable of responding with 

comparable rigour to key changes in such agro-ecosystems. In fact the ability of plain 

indicators (to be used by non-specialists) in responding to changes in the structure of 

“bocage” fields was tested with a simple application of StDM, in the scope for an improved 

distribution of agro-environmental funds (European Community) (Matzdorf et al., 2008). 

The point counts location was chosen taking in consideration a probable scenario of 

landscape changes that would occur in the area (RGA, 1992; RGA, 1999). The logic was to 

transform the gradient of situations encountered (space-gradient) in future predictions 

(time-gradient) (Cabral et al., 2008). The results of this application were encouraging 

considering that the indicators selected were not indifferent to the changes and the data-

based gradient was collected during a four month period of spring and summer (May–

August). The final model provided some basis to analyse the responses of simple passerine 

indicators to the agricultural scenarios that may characterize the region in the future. In this 

chapter the basic unit assumes the primary format (Fig. 1.1), using a simple model that runs 

in a deterministic mode. In this model, since the state variable values were obtained from 

logarithmic transformations, some conversions were introduced for a better comprehension 

of the model simulations. These conversions were obtained by an inverse transformation 

(anti-logarithmic), which transform logarithms into values expressed in original 

measurement units. In contrast, a logarithmic transformation was applied to the 

environmental variables, because the data required to estimating the values of state 

variables should use the same units that were obtained for the calculation of significant 

partial regression coefficients. Therefore, only logarithms of the environmental variables 
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are acceptable in the inflows and outflows of the state variables. Thus, the model is 

prepared to accept and transform real data from the environmental variables and to convert 

logarithmic outputs from a specific state variable simulation back into the original units 

(these conversions are repeated in all chapters). The promptness of this StDM model is high 

and the model holds no artifices. The indicators chosen, which are undoubtedly very simple 

should be considered (in our humble opinion) as one of the variables to be evaluated in 

agro-environmental schemes (Niemeijer and de Groot, 2008). 

Chapter 3 tested the applicability of a stochastic dynamic methodology (StDM) for 

predicting the richness and diversity of passerine surveys in mountain habitats (“Serra do 

Marão”, N Portugal) characterized by variable and, predominantly, non-standard weather 

conditions (Verner, 1985; Portuguese Institute of Meteorology, 2006). The attempt was to 

increase the accuracy of point counts in the scope for better-quality results obtained from 

Environmental Impact Assessments and General Ecological Monitoring (Treweek, 1996; 

Treweek, 1999; Söderman, 2006). The systems application changed from the indicators 

response in agroecosystems (chapter 2) to the accuracy of indicators collected in mountain 

heathlands (chapter 3). Yet the most significant difference from chapter 2 is additionally to 

the deterministic scenario (most probable hypothesis) the inclusion in the StDM of 

stochastic scenarios (possible hypothesis) (Bolliger et al., 2005). In this work the 

deterministic procedure was used to calculate “the most probable scenario” and to compare 

the indicators performance in standard versus non-standard weather conditions. 

Nevertheless, the trends of each selected state variable should be simulated also facing 

more realistic new scenarios. These simulations were based on stochastic principles, which 

take into consideration the random behaviour of some environmental variables (in this 

chapter the climatic conditions) with influence on the ecological indicators selected. The 

limit values for the stochastic environmental variables were determined in accordance with 

their realistic ranges. These limits imposed maximum and minimum values for each 

stochastic environmental variable, included in the model as Random functions. Both types 

of objectives may be complementary in the same StDM model because the selection of the 

model running mode can be done by switching a toggle option between deterministic or 

stochastic calculations. Thus, this model is prepared to work with table functions for 

deterministic purposes (Deterministic Mode) and to produce stochastic simulations based 



 213 

on the monthly stochastic variability of each environmental variable (Random Mode), such 

as the hourly temperature. Again the StDM model was produced using feasible data (one 

year and half of bird records in different climatic situations). With this StDM application it 

was even possible to estimate the decrease in accuracy in the indicators perception (bird 

richness) which occurs related to hour of the day and to the weather conditions (operating 

isolated or as a whole). 

The StDM model developed in chapter 4 is an application whose main novelties are: (1) 

species conservation and management (e.g. Akçakaya, 2004), (2) the use of indirect 

indicators (e.g. Guter et al., 2008) and (3) the “cascade effect” (Cabral et al., 2008). Road 

developments are changing the Iberian wolf (Canis lupus signatus) habitat in Trás-os-

Montes e Alto Douro region (north-eastern Portugal).This StDM approach was developed 

for predicting changes in Iberian wolf population due to the new highways construction, 

increasing road traffic density and urbanization. The ecological indicators for wolf presence 

and abundance were estimated indirectly from the density of attacks on livestock, 

considering that the low density of wild ungulates in the area makes livestock the main 

source of food for wolves (Álvares, 2004). The complexity of this StDM model increases as 

the dependent variables are selected as representative in a “cascade effect”. In fact, the first 

component is composed by the variables related with several economic, social and 

environmental data, such as the percentage of area occupied by the principal land uses 

considered, the human population density, the road net characteristics and the traffic 

density. The second component was considered as a “hinge group” of variables related to 

the livestock abundance/density and the third component is composed by dependent 

variables, also expressed in densities and roughly associated with wolf occurrence, such as 

the livestock fatalities caused by wolves. From a bottom up perspective, the first component 

(the environmental scenario) interacts with the other two components, and the second 

component (the availability of preys) interacts with the third component (the wolf indirect 

indicators). The use of indirect indicators it’s an interesting deviation from all chapters and 

the obtained results are promissory. Another major divergences of this application from the 

previous is the data-base whose assemblage was not from our team field works (as the 

previous ones) but from consulted data-bases and, the finality of the work centred in the 

issue of specie’s conservation. These three differences (indirect indicators, consulted data-
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bases, conservation of species) enables a new type of StDM applications that can be swiftly 

produced with compatible data gathered from diverse sources. The response of the 

indicators demonstrated that if a conservation plan is not implemented (e.g. increase in the 

wild prey, faunal passages in the major roads) then the wolf population of this region 

(important in a European perspective) will probably face extinction in the next decades. 

Chapter 5 tests the application of StDM by focusing on the interactions between 

conceptually isolated key-components, such as local passerine guilds (functional groups) 

and changes in habitat conditions, in Mediterranean agroecosystems of the “Terra Quente 

Transmontana region” (North-eastern Portugal). This chapter tests a similar hypothesis to 

chapter 2 even though at a higher scale (landscape versus field structure) and with the field 

works to be accomplished by specialists (Dale et al., 2008). In fact the bird specie’s 

identification is necessary for the inclusion in the guild category. Anyway, ornithology is 

probably one of the most widespread of all biological sciences, so the viability of this 

application in agro-environmental schemes should be considered. The ecological integrity 

of the typical patchwork of this region, with respect to land use, can be partly assessed by 

the observation of the occurrence of passerine guilds. This StDM aimed at the prediction of 

the ecological changes which can be expected when olive orchards are being intensified. In 

this chapter the spatial dynamics were simulated by variables of land use whose expansions 

and retractions are highly interconnected. The main originality of this work is the 

coexistence with conventional dynamic modelling procedures (such as the olive orchards 

vs. other land uses dynamics) and the incorporation of each pixel simulation into a 

Geographical Information System (GIS) approach (Santos & Cabral, 2004). The GIS-StDM 

makes the methodology more informative and realistic to decision-makers and 

environmental managers (Costanza & Voinov, 2004; Cabecinha et al., submitted). 

In the last application’s chapter the most challenging question was attempting to predict the 

response of the terrestrial vertebrates’ community to the installation of wind farms in 

mountain ecosystems. This last chapter uses a data-based assembled from a monitoring plan 

that held place during a three year period (2004-2007) (Strix, 2007). The chapter 6 

application is more complex (most features used in the other chapters are combined in the 

chapter 6) than the previous and attempts to consider some important issues of the 

methodology. In fact issues such as data-base gradients, results validation and the 
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applicability of the obtained simulations are superficially discussed in the previous 

chapters. In this last work, the StDM was used for predicting the trends of the vertebrate 

species richness (amphibians, reptiles, birds and mammals) in response to changes induced 

by the ongoing wind farm installation in mountain areas of northwest Portugal. 

Additionally, the StDM takes into consideration the weight contribution of the vegetation 

dynamics within the faunal communities. The performance of two complementary temporal 

approaches was tested (Ferguson et al., 2008), taking into account either annual or seasonal 

influences. The annual influences follow the basic unit of (Fig. 1.1). Nevertheless, since the 

terrestrial communities’ composition is highly bonded to the time of year (seasonality), the 

primary format of the basic unit (Fig. 1.1) becomes insufficient. Therefore four different 

complementary equations were introduced into the basic unit balance, each one 

corresponding to season of the year. Consequently, the simulation performance of a given 

state variable results from the calculations of four alternative equations automatically 

selected in response to the season influence. Thus, with reference to the modelling goals, 

several alternative basic units can be derived from the primary format. For validation 

purposes (Rykiel, 1996; Steppe et al., 2008), a regression analysis (Fitted line) was 

performed to compare the observed real values of the selected ecological indicators with the 

expected values obtained by the StDM model simulations for the same periods. At the end 

of each analysis, the 95% confidence limits for the intercept and the slope of the regression 

line were determined, which, together with the results of the respective analysis of variance 

(ANOVA), allowed us to assess the proximity of the simulations produced with the 

observed values (Sokal and Rohlf, 1995). The combination of the other chapters’ 

specificities with the validation procedure granted quality to the achieved results. Both 

temporal scales were considered pertinent and to be used for different purposes in 

ecological studies. 

 

StDM – final remarks 

 

Stella software 
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Dynamic model developments for unfolding complex ecological systems are becoming 

more intuitive and powerful (Williams and Poff, 2006). System-based modelling is a 

method of thinking about problems using reproductions organized around real world 

concepts. It is a method to organize software as a collection of discrete objects that 

incorporate both data structure and system behaviour (Elshorbagy and Ormsbee, 2006). 

Data are organized into discrete, recognizable entities called objects that may be concrete 

(number of individuals of a species) or conceptual (policy decisions). For academic 

research and project management, understanding the benefits and limitations of systems-

based software could improve the accuracy of results and broaden the user audience (Rizzo 

et al., 2006). Numerous tools can be used for the execution of a systems-based modelling 

approach, and the STELLA® software was used for the StDM applications presented in this 

work. The StDM modelling approach is easily implemented within the STELLA® 

simulation environment, which actually packages the modelling capabilities of traditional 

models with decision-analysis tools. It’s simple for analysts or decision-makers to change 

the values of the variables and see the effects on the model outputs promptly in forms of 

graphs, tables, and final values (Leaver and Unsworth, 2007). Furthermore, it is possible to 

combine the advantages of both empirical and mechanistic models in one approach has is 

shown in the case studies presented in this thesis. On the other hand and for many scientists, 

highly complex non-linear systems do not have an analytical solution (e.g. Bolliger et al., 

2005). Some authors showed that systems dynamic based software has some weakness. 

Actually, Seppelt and Ritcher (2005) concluded that the numerical methods (algorithms) 

used in the systems dynamic based modelling software (such as STELLA®) were nor 

sufficient explained and the same model may result, due to integration restrictions, in 

different numerical solutions - when applied in different software packages. 

 

Statistical significance versus ecological significance 

 

One of the basic rules of ecological methodologies is according to Krebs (1999) to “never 

confuse statistical significance with biological significance”. In this study we confronted 

this idea by using a mechanistic understanding of the holistic ecological processes, based on 

a statistical parameter estimation method. In fact the linear “functional relationship” (Hillier 
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and Lieberman, 1995) between the dependent and the independent variables in the multiple 

regression analysis is a universal standard of the forecasting techniques. The backward 

elimination method of stepwise regression starts with the model that contains all the 

predictors. Predictors are removed one at a time according to a specified Alpha-to-Remove. 

For the backward elimination method, once a predictor is removed from the model, it is 

never entered again. This procedure removes the surplus correlated variables so that only 

one is included in the regression model. This warrants security in the achieved results and a 

minor intrusion from the modeller. The normality and the linearity were usually achieved 

by the data transformations. Since the assumptions of the linear regression (Waite, 2000) 

are not easily met in ecological data, a basic rule in using the StDM technique is the 

inspection of the residuals of the regression routinely generated in the majority of the 

computer packages (Fry, 1993). Other criteria, such as Akaike selection criteria (AIC) 

(Akaike, 1974) and Mallows Cp (Mallows, 1973) could be used for choosing the most 

parsimony model to be incorporated in a StDM approach. Our experience (in trials executed 

with the same data) has showed that although using different criteria (Stepwise multiple 

regression analysis, AIC, Cp) the obtained models were very similar or even identical 

(Hocking, 1976). 

 

Parameter estimation 

 

Developing a model is analogous in some ways to the creation of computer program. When 

the first version is completed, it inevitably contains many flaws. The model should be tested 

to find and correct as many flaws as possible (Hiller and Lierberman, 1995). Determining 

the appropriate values to assign to the parameter of the model is critical and a challenging 

part of model building. Because of the uncertainty about the true value of a parameter it is 

important to analyse how the solution would change if the value assigned changes to 

plausible values. In many models the data obtained to develop the estimates is often rather 

crude or nonexistent and the models may represent only quick rules of the thumb. For these 

reasons it is important to perform a sensitivity analysis. The main purpose of the sensitivity 

analysis is to identify the parameters whose values cannot be changed without changing the 

optimal solution (Moolenaar et al., 2007). Soon after the initial works, we comprehend that 
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some rules were noteworthy for the success in using the StDM. Actually, the StDM 

incorporated a number of differences to usual modelling approaches. The first and probably 

the most important of all differences is the determination of the parameters whose values 

result from statistical estimation. Additionally the state variables (“stocks”) calculation 

coupled to the “flushing cistern” mechanism supplies in each time step a value that is 

independent from the previous one. Therefore the sensitivity analysis routine, considered 

crucial in standard modelling (Moolenaar et al., 2007), is not essential because of the StDM 

parameter estimation and model functioning. The unnecessary use of the sensitivity analysis 

contributes the swiftness of the StDM solutions. 

 

Data-base and gradient 

 

One of the most important problems identified in the StDM is linked to the genesis of this 

method. The importance of the quality of the data-base is crucial in the model outputs and 

this may impose significant limitations to the performance of StDM. The data-base quality 

for a StDM application may be defined in terms of two different proprieties: (1) the amount 

of data - in regression analysis the slope is chosen so that the sum-of-squares distance 

between each data point and the fitted line is minimised (Sokal and Rolf, 1995) and (2) the 

gradient of situations capture in the field in face of the scenarios necessary to perform - in 

regression analysis the limits of the y prediction are imposed by the extreme points of the 

fitted line (Waite, 2000; Steele et al., 2005). Consequently working with a data-base that 

includes quality data (richer data-base and data from a wider gradient) in opposition to a 

inferior one would probably reproduce different results for the same reality (influential data 

cases in variable selection and in the differences in the coefficients’ values) (Steel and Uys, 

2006). Consequently the inclusion of a data-base whose variables are broad enough to 

capture the scenarios to perform is an imperative. (Cabral et al., 2008). 

 

Algorithm 

 

As the model runs, the Stella software uses standard numerical methods to solve the 

system’s equations. Although the Stella pre-made algorithms have been critiqued by some 



 219 

(Seppelt and Ritcher, 2005), in general they are considered a reasonable choice because 

they provide a good conceptual understanding of the models without sacrificing much 

accuracy (Rizzo et al., 2006). The simulation algorithm applied in all StDM was according 

to the Euler’s method (Stella® Technical Documentation, 2005). This method works in a 

process of initialization and iteration series, and although considered simpler to calculate is 

the less accurate one (Rizzo et al., 2006). Since Euler’s method uses the value calculated for 

the flow as its estimate for the change in the stock over the time step (dt), and the interval is 

a large one (relative to the continuous case) an integration error is introduced (Rizzo et al., 

2006). Nevertheless the Euler’s method was preferred to other algorithms (namely to the 

Runge-Kutta algortithms) because it’s the only one that enables the utilization of discrete 

objects and built in functions (Stella® Technical Documentation, 2005), indispensables in 

our StDM applications. In fact, the Range-Kutta methods were designed to deal with 

continuous varying systems, being unsuited to work with integer values. 

 

“Artifactual delays” 

 

The interval of time between calculations is expressed as dt. In our models the error was 

reduced by adjusting the dt. The problem of this strategy is an increase in the time (and the 

number of calculations) required to conduct each simulation. Consequently the dt choice is 

an equilibrium between speed against smoothness and numerical precision (Rizzo et al., 

2006). A good revision of this problem is the Stella Software Reference Guide (Stella® 

Technical Documentation, 2005). An “artifactual delay” results from the conceptual 

distinction between stocks and flows. If the dt defined is below the unit of time that we 

want to simulations output then the “artifactual delays” are usually unimportant. One of the 

situations in StDM models that may contribute to the creation of “artifactual delays” is in 

the so called “Cascade effect” (“Trophic casacade”) that was applied in chapters 4, 5, 6 and 

in many other works (Silva-Santos et al., 2006; Cabecinha et al., 2008; Cabral et al., 2008; 

Silva-Santos et al., 2008; Cabecinha et al., submitted). Actually as more levels are added to 

a “cascade effect” the StDM models increase the delay and contribute to the distortion of 

the model’s dynamics (Stella® Technical Documentation, 2005). In our chapters this 

potential problem was integrated as a quality because the ecological responses to 
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environmental stresses are usually not instantaneous and the “artifactual delay” may in fact 

add realism to our simulations. 

 

Integration of StDM with GIS 

 

Simulation models can be envisaged as a heuristic device useful to test hypothesis about 

ecological systems under several scenarios. As a result, several researchers have dedicated 

themselves to the development of landscape dynamics simulation models, thus contributing 

to a diversity of approaches, which can be found in software such as the Spatial Modeling 

Environment (SME) (Costanza and Voinov, 2004; Maxwell et al., 2004) and the 

DinamicaEgo (Soares Filho et al., 2002; Soares-Filho et al., 2006). Although with different 

characteristics both programs incorporate the single cell dynamics using system-based 

software (such as Stella® or Vensim®) parallel to dynamic relationships between the 

neighbouring cells. One of the aims of most published works with StDM models has been 

the integration with Geographic Information Systems. Although, as the name indicates, 

StDM is efficient in handling the dynamic behaviour of a system, it is not perceived to be 

representative of spatial variability within the system. A way to overcome such a negative 

aspect may be achieved by creating an interface to establish a relationship between the state 

variable and space (e.g., density vs. distance). A more efficient way could be through 

developing a link between StDM and GIS (e.g. Muzy et al., 2005). In chapter 5, within each 

cell the StDM works independently using the environmental variables (land-uses, actualized 

by time-step) and generates the indicators response. This “naïve” approach is a preliminary 

point to the current developments of the StDM. In fact some recent advances show that the 

StDM can be incorporated to a GIS in a format similar to the SME and Dinamica EGO 

(Cabecinha et al., submitted). Considering the feasibility, the hardware and programming 

requirements, the integration of StDM with GIS will probably occur using as interface the 

DinamicaEgo software (Soares-Filho et al., 2006). 

 

Results validation 
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The expansion of predictive models is consistent with Peters’s (1991, cited in Guisan and 

Zimmermann, 2000) view of a ‘‘more rigorously scientific, more informative and more 

useful ecology’’. Some aspects of model development have been covered in specific papers, 

with very special attention given to evaluation and its usefulness for testing ecological 

models (Rykiel, 1996; Guisan and Zimmermann, 2000; Scott et al., 2002). Validation is a 

testing process to calculate model performance so that a user can decide whether the model 

is acceptable for its intended purpose (Rykiel, 1996). Validation, whenever possible, is 

regarded has a significant part of the task of model evaluation (Rykiel, 1996). A model may 

be pre-validated (by an improvement in the calibration) using techniques such as Jack-knife 

(Tuckey 1958) or Bootstrap (Efron 1982). Anyway Manel et al. (1999, 2001) showed that 

it’s essential to have independent data to validate models. Guisan and Zimmermann (2000) 

defend that this approach is unsuitable for small data sets because there are not enough 

observations for calibrating and evaluating the model. In general the StDM models whose 

data-base was considered large enough were validated using the data-split validation 

method (also know as split-sample approach) (VanHouwelingen and Le Cessie, 1990; 

Power, 1993) coupled to standard statistical techniques(Sokal and Rolhf, 1995), such as 

fitted line regression in chapter 6 and Model II regression in other StDM applications 

(Cabecinha et al., 2004; Cabecinha et al., 2006; Silva-Santos et al., 2006; Siva-Santos et al., 

2008). Even this validation method may be considered deficient. Bearing in mind that 

models are approximations of a much more complex reality, the fundamental step in 

validation is pre-defining the context of application (Rykiel, 1996; Giusan and 

Zimmermann, 2000). Only then the validation criteria may be defined (Rykiel, 1996). 

 

General conclusions 

 

The use of ecological indicators is particularly helpful for conservation and management 

purposes as they reveal what effect changes of land use have on species dynamics and/or on 

ecological integrity of ecosystems (Romstad, 1999; Medellín et al., 2000; Müller et al., 

2000; Andreasen et al., 2001; Dale and Beyeler, 2001; Welsh Jr. and Droege, 2001; Duelli 

and Obrist, 2003; Jorgensen et al., 2005; Niemeijer and de Groot, 2008; Zurlini and 

Girardin, 2008). One of the great challenges when using ecological indicators is to predict 
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how anthropogenic environmental changes will affect the abundance of species, guilds or 

communities in disturbed ecosystems (Kareiva et al., 1993; Andreasen et al., 2001; Niemi 

and MacDonald, 2004; Niemeijer and de Groot, 2008; Sebastião and Grelle, 2009). 

Ecological integrity studies have been improved by creating dynamic models that 

simultaneously attempt to capture the structure and the composition in systems affected by 

long-term environmental disturbances (Jørgensen, 1994b; Gao et al., 2001; Chaloupka, 

2002; Bolliger et al., 2005; Syphard et al., 2007). We learnt that development of ecological 

models requires a consistent knowledge to the functioning of ecosystems and focal 

environmental problems (Jørgensen, 1989; Bolliger et al., 2005). When properly developed 

and tested, they must be applied with insight and with regard to their underlying 

assumptions. These requirements could result in models capable of simulating conditions 

that are difficult or impossible to understand otherwise (Jørgensen, 1999; Almaraz, 2005; 

Bolliger et al., 2005; Aumann, 2007). 

The StDM is a sequential modelling process developed in order to predict the ecological 

status of ecosystems, from which management strategies can be designed. This recent 

research is based on the premise that the general statistical patterns of ecological 

phenomena are emergent indicia of complex ecological processes that do indeed reflect the 

operation of universal law-like mechanisms (Schizas and Stamou, 2007). The main 

objective of the StDM is a mechanistic understanding of the holistic ecological functioning 

in the scope of the need for rapid, standardized and cost-saving assessment methodologies. 

We learnt that models produced in the form of rules, based on machine learning 

approaches, are transparent and can be easily understood by experts (Parsons and Norris, 

1996; Dzeroski et al., 1997; Scholl, 2001; Mendonza and Prabhu, 2005). The structure of 

such models should be straightforwardly interpretable in order to allow a decision maker to 

incorporate pertinent qualitative data before the model simulations. The StDM exhibits 

these structural qualities but provides also simple, suitable and intuitive outputs, easily 

interpreted by non-experts (ranging from resource users to senior policy makers) (Dale and 

Beyler, 2001; Lancelot et al., 2008). Although conceptually simple, the StDM models 

capture the stochastic complexity of some holistic ecological trends, including true 

temporal and spatial gradients of stochastic environmental characteristics, which allowed 

the simulation of structural changes when habitat and environmental conditions are 
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substantially changing. The chapter’s results are encouraging since they seem to 

demonstrate the StDM reliability in capturing the dynamics of the studied ecosystems by 

predicting the behavioural pattern for the key components selected under very complex and 

variable environmental scenarios. These simulations showed that the ecological indicators 

selected, as state variables, were not indifferent to changes in the ecological conditions, 

namely when conditions relatively unaffected by human activities were changed by man-

induced disturbances. Another goal when developing methodologies for assessing changes 

in the ecological integrity of ecosystems is the feasibility of application and extent to which 

the results can be applied in other areas (Andreasen et al. 2001; Duelli and Obrist, 2003; 

Graymore et al., 2008). In fact, the StDM is easily applicable to data from natural, semi-

natural, and artificial ecosystems affected by gradients of changes.  

The ultimate goal is to produce simulation models that permit the creation of landscape 

patterns from changes in ecosystems, whose patterns are the basis of spatially explicit 

ecological models (Carrol and Pearson, 2000; Costanza and Voinov, 2004; Muzy et al., 

2005). Therefore, we believe that our approach will provide the development of more 

global techniques in the scope of this research area by creating expeditious interfaces with 

Geographic Information Systems, which will make the methodology more instructive and 

credible to decision-makers and environmental managers (Costanza, 1992; Santos and 

Cabral, 2004; Cabecinha et al., submitted). Since ecological integrity of the studied 

ecosystems can be only partly assessed by the key-components selected, this approach also 

provides a useful starting point, allowing the precise development of more complicated 

models, with introduction of other indicators, interactions and interferences with precise 

applicability conditions. Nevertheless, given a certain amount of data, the addition of new 

state variables or parameters beyond a certain model complexity does not contribute 

necessarily to improve simulations. The choice of the model complexity involves always a 

conceptualization of the system under study so that the right information can be obtained 

from the model (Jørgensen, 2001; Batty and Torrens, 2005; Bolliger et al., 2005; Cabral et 

al., 2008; Crout et al., 2009). In concrete, a StDM model is a tool with the objective of 

projecting ecosystems’ dynamics based on structural simple parsimonious approaches 

(Bolliger et al., 2005; Cushman et al., 2008). In fact the holistic systems behaviour is a 
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result emerging from the intricate interactions and processes at lower hierarchical levels, 

contributing for “simplifying complexity”. 
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The comprehensive use of ecological models has shown a constant and remarkable growth 

in the last three decades. At the same time, hardware and software advances have 

progressively entered in our quotidian, making computer-modelling frameworks easier to 

use. We learnt that development of ecological models requires a consistent knowledge to 

the functioning of ecosystems and focal environmental problems. When properly developed 

and tested, they must be applied with insight and with regard to their underlying 

assumptions. These requirements could result in models capable of simulating conditions 

that are difficult or impossible to understand otherwise. Nevertheless, we are still facing 

serious problems in ecological modelling, namely because basic deficiencies exist in 

ecosystem science as we really do not know how ecosystems work. In a reductionistic 

analytical perspective, the parameter estimation is often the weakest point in modelling. 

This results from the evidence that the characterization of an ecosystem cannot be complete 

(at most it can only be very partial). Since many of the ecosystem phenomenological 

aspects are holistic, whole-system properties, the main proposal of this methodology is a 

mechanistic understanding of the holistic ecological processes, based on a statistical 

parameter estimation method. The stochastic-dynamic methodology (StDM) is a sequential 

modelling process developed in order to predict the ecological status of changed 

ecosystems. These procedures are focusing on the interactions between conceptually 

isolated key-components. Our approach includes any kind of interactions between 

biological components and environmental variables, with holistic and ecological relevance, 

and reduces the number of pre-conceptions added to the modelling procedures. The 

methodology proposed is expeditious and easily applicable to several types of ecosystems 

affected by gradients of change. 

The context of StDM refers to the application or final use of management models in the 

scope of programs to monitor status of the ecosystems. In this context, the StDM is 

compatible with most activities undertaken by conventional ecological science, i.e., pattern 

seeking, the ability to explain past and present states, and the ability to predict future 

ecosystem states. When applied to contexts relating to environmental management, the 

applications of StDM are valued in terms of cost and speed of reliable ecological 

assessment results. In contexts relating to education and communication, the results of 
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StDM applied to monitoring, science, or management activities are intuitive and can be 

easily communicated to non-experts (ranging from students to resource users to senior 

policy makers). 

The first part of this thesis describes the theory and procedures of the StDM. The second 

part was written to provide with a detailed description and a consistent discussion of several 

StDM ecological applications organized with increasing realism without sacrificing 

parsimony: StDM applications in the scope of the agri-environmental measures 

problematic; StDM applications for improving the quality of point count censuses; StDM 

applications for the prediction of the infrastructural effects on the dynamics of animal 

communities; StDM applications in changing traditional agricultural patterns and 

landscape; StDM applications for predicting the impacts of wind energy facilities in faunal 

communities. In the last part the chapters’ results are integrated and several aspects of the 

methodology are discussed. In summary the ultimate objective of this work is to encourage 

the discussion about holistic methodologies from which management strategies can be 

designed to restore ecosystems functions and biological communities that have been 

damaged by anthropogenic disturbances. We hope that the present work constitutes a step 

forward in this direction.  
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A utilização de modelos ecológicos tem, nas últimas três décadas, conhecido um 

crescimento exponencial. Ao mesmo tempo, os avanços no hardware e no software têm 

vindo progressivamente a entrar no nosso quotidiano, tornando os programas informáticos 

cada vez mais fáceis de utilizar. Sabemos também que o desenvolvimento de modelos 

ecológicos necessita de conhecimentos essenciais, nomeadamente acerca do funcionamento 

dos ecossistemas e principais problemas ambientais. Quando os modelos são desenvolvidos 

e testados, estes deverão ser aplicados considerando o seu âmbito e princípios 

fundamentais. Os modelos poderão então simular condições que são difíceis ou impossíveis 

de compreender de outro modo. No entanto, a modelação ecológica apresenta ainda muitas 

dificuldades, nomeadamente devido ao facto do conhecimento acerca do funcionamento dos 

ecossistemas ser ainda deficiente. Numa perspectiva reducionista, a estimativa dos valores 

dos parâmetros é considerada o elemento mais problemático da modelação. Isto resulta da 

evidência que a caracterização completa de um ecossistema é provavelmente irrealizável. 

Considerando que muitos dos aspectos fenomenológicos dos ecossistemas são holísticos, a 

metodologia apresentada pretende de uma maneira mecanicista captar as propriedades 

globais dos sistemas, tendo como base métodos estatísticos de estimativa dos parâmetros. A 

metodologia estocástico-dinâmica (StDM) é um processo sequencial de modelação que foi 

desenvolvido com o intuito de prever o estado ecológico de ecossistemas em alteração. Este 

procedimento tem com enfoque interacções entre componentes chave conceptualmente 

isolados, nomeadamente interacções entre componentes biológicos e variáveis ambientais, 

que apresentem relevância ecológica e holística, reduzindo assim os preconceitos 

adicionados à estrutura e funcionamento dos modelos. A metodologia proposta é expedita e 

facialmente aplicável a diversos tipos de ecossistemas afectados por gradientes de mudança. 

O contexto de dos modelos StDM é a aplicação ou uso de modelos de gestão com o intuito 

de monitorizar o estado dos ecossistemas. Assim o StDM é compatível com a maioria de 

actividades da ecologia, como sejam a procura de padrões, a capacidade de explicar nos 

ecossistemas estados passados, presentes e futuros. Quando aplicado em contextos de 

gestão ambiental, as aplicações de StDM poderão ser valorizadas em termos de custos, 

rapidez e precisão. Em contextos relacionados com educação e comunicação, os resultados 

dos StDM aplicados à monitorização, ciência e actividades de gestão são intuitivos e por 
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isso facilmente comunicáveis a não especialistas. (desde estudantes a gestores de recursos, 

políticos e legisladores). 

A primeira parte desta tese descreve a teoria e procedimentos base do StDM. A segunda 

parte foi escrita para mostrar com detalhe várias aplicações da metodologia organizadas de 

acordo com um maior realismo (sem no entanto sacrificar a simplicidade): aplicações de 

StDM na problemática das políticas agro-ambientais; aplicações de StDM com o intuito de 

melhorar a qualidade de censos com o método da contagens pontuais; aplicações de StDM 

para prever os efeitos de infra-estruturas humanas sobre a dinâmica de populações animais; 

aplicações de StDM em paisagens agrícolas em mudança; aplicações da StDM para prever 

os impactos dos parques eólicos na fauna terrestre. O último capítulo integra os resultados 

obtidos, discutindo alguns dos aspectos metodológicos. Em síntese o maior objectivo deste 

trabalho é aprofundar a discussão em torno de metodologias holísticas a partir das quais se 

poderão delinear estratégias para recuperar o funcionamento dos ecossistemas e 

comunidades biológicas afectadas por perturbações de origem antropogénica.  
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