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resumo 

Ungulados, Portugal, monitorização, amostragem de distâncias, modelação espacial, 

modelos aditivos generalizados, métodos indiretos 

 

A monitorização de ungulados constitui um passo essencial no desenvolvimento de 

estratégias de gestão. Desde os anos 70, quando os esforços para a conservação e 

gestão destas espécies permitiram a sua expansão, até aos dias de hoje, a gestão de 

habitats e espécies tem tido um papel central na ecologia. A ampla distribuição atual 

dos ungulados selvagens e as suas elevadas abundâncias na Europa provocam danos 

nos ecossistemas, que têm que ser geridos com base em conhecimento científico. Em 

Portugal a monitorização das populações de ungulados, bem como o estudo da sua 

ecologia encontra-se ainda numa fase inicial, no entanto têm sido desenvolvidos 

avanços significativos no conhecimento das populações de ungulados no nordeste 

transmontano. Neste trabalho foram estimadas densidades de veado e corço através 

do distance sampling aplicado a transectos lineares com contagem de excrementos. 

A densidade de veado no Parque Natural de Montesinho (PNM) foi de 3.05 ind./100 

ha (IC a 95%: 2.05 – 4.54) dividido em duas sub-áreas: Serra de Montesinho (SM) 

com 1.23 ind./100 ha e Lombada National Hunting Area (LNHA) com 5.23 ind./100 

ha. As densidades de corço foram estimadas com recurso a uma metodologia espa-

cial desenvolvida recentemente, os Density Surface Models (DSMs – baseados no 

distance sampling) que permitem relacionar as densidades populacionais com as va-

riáveis espaciais escolhidas de acordo com a ecologia da espécie. As densidades de 

corço foram estimadas para o PNM e para a Serra da Nogueira (SN) apresentando 

uma densidade global de 3.01 ind./100 ha (IC a 95%: 2.34 – 3.87): SM com 3.74 

ind./100 ha, LNHA com 1.59 ind./100 ha e SN com 3.62 ind./100 ha. Adicional-

mente este método permite construir um mapa de distribuição de abundâncias ao 

longo da área de estudo, o que é particularmente útil ao comunicar os resultados aos 

responsáveis pela gestão das áreas protegidas. Do ponto de vista ecológico, as den-

sidades de corço aumentaram à medida que a distância às estradas aumentou, mos-

trando, surpreendentemente, uma redução na densidade à medida que a distância às 

populações humanas aumentou. Tratando-se de uma espécie-presa do lobo-ibérico, 

as áreas de abrigo revelaram-se importantes para o corço. A análise espacial confir-

mou que os DSMs são um método robusto para estimar densidades de ungulados e 

analisar a sua ecologia. Estudos futuros são essenciais para identificar as necessida-

des ecológicas do veado e do corço, bem como para avaliar oscilações nas densida-

des ao longo dos anos, para que seja possível estabelecer planos de gestão que per-

mitam mitigar os danos causados por estas espécies. 
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    abstract 

Ungulates, Portugal, monitoring, distance sampling, spatial modelling, generalized 

additive models, indirect methods, deer management 

 

Monitoring ungulates is a major challenge to perform management strategies, either 

back in the 70’s to enable their conservation that lead to their great recovery, as to 

manage their actual expansion. Their current wide range distribution and high den-

sities across Europe promotes damages in ecosystems that need to be handled based 

on scientific knowledge. In Portugal ungulate monitoring and ecology is still in an 

early stage, however efforts have been made to gather valid information on north-

eastern ungulate populations. In this work density of red and roe deer were estimated 

coupling line transects to perform pellet group counts with a distance sampling ap-

proach. The density of red deer estimated for Montesinho Natural Park (MNP) was 

3.05 ind./100 ha (95% CI: 2.05 – 4.54), splitted in two sub-areas: Serra de Mon-

tesinho (SM) with 1.23 ind./100 ha and Lombada National Hunting Area (LNHA) 

with 5.23 ind./100 ha. Roe deer densities were estimated with recourse to a spatial 

methodology recently developed, the Density Surface Models (DSMs – with a dis-

tance sampling framework), which enables the assessment of the relationships be-

tween animal’s density and spatial variables selected according to species ecological 

requirements. As well roe deer densities were estimated for MNP and Serra da 

Nogueira (SN) with a global density of 3.01 ind./100 ha (95% CI: 2.34 – 3.87): SM 

with 3.74 ind./100 ha, LNHA with 1.59 ind./100 ha and SN with 3.62 ind./100ha. 

Furthermore this approach enables the drawing of an abundance distribution map 

across the study area, especially useful when communicating results to wildlife man-

agers. Roe deer densities showed to increase as distance to roads increased, while 

surprisingly shown an increase as distance to human populations decreased. As ex-

pected, cover areas shown its importance for roe deer, a prey species for Iberian wolf. 

The spatial analysis confirmed that DSMs represent a good approach to estimate 

ungulate densities, and should be encouraged in future works. Future studies are 

mandatory to assess red and roe deer ecological requirements and evaluate trends 

over the years, in order to stablish management plans to handle the damages caused 

by these species. 
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1. Introduction 

In the last decades ungulate populations have experienced an increase in density and 

distribution area throughout Europe and North America (Rooney 2001; Apollonio et al. 

2010). One of the most abundant and widespread ungulate species in Europe is roe deer, 

Capreolus capreolus (Apollonio et al. 2010). Likewise, the Iberian red deer Cervus elaphus 

hispanicus has registered a significant expansion in Iberian Peninsula (Vingada et al. 2010). 

It was just a century ago that these species were almost facing extinction in Portugal. A 

sequence of reintroduction programs during the 90’s, and natural dispersion from Spanish 

populations, led to stable roe and red deer populations, which are now common and wide-

spread throughout Portugal (Vingada et al. 2010). Such increase has triggered the need for 

urgent conservation and management measures (Apollonio et al. 2010). But the implemen-

tation of such management practices require effective and robust monitoring schemes. When 

compared to the European overabundance scenario, Portugal has a far less concerning situ-

ation (Santos 2009; Carvalho 2011; Valente et al. 2014). Nevertheless, it is timely to monitor 

current population and trends in order to anticipate and prevent high deer densities (for a 

review see Putman et al. 2011).  Furthermore, monitoring programs can potentiate the ex-

ploitation of ungulates as a boost for eco-tourism, which could be a significant contribute to 

a weakened economy in northeastern Portugal, driven mainly by the rural exodus in the last 

decades. 

So far the initial steps regarding ungulate populations in northeastern Portugal have 

been taken, from an ecological point of view (Torres et al. 2011 – roe deer Capreolus cap-

reolus and Torres et al. 2014 red deer Cervus elaphus) to monitoring populations abundance 

and densities (Santos 2007; Santos 2009; Carvalho 2011 - red deer and Valente et al. 2014 - 

roe deer). Deer monitoring can be achieved through direct methodologies, where the animals 

are directly observed, or indirect methods, where density estimation is based on signs left by 

animals, namely pellet groups. The selection of the method to implement should take into 

account the main aim of the study, the logistical and financial resources available, the eco-

logy of the study species and the management questions to be answered (Mayle et al. 1999). 

Furthermore, long-term monitoring programs should have a standardized method to reduce 

method bias and improve estimates accuracy. 



7 
 

Unlike previous studies (Santos 2007; 2009 and Carvalho 2011) in this area, our work 

is based on an indirect methodology, through pellet group counts. However, both authors 

based their data analysis in a distance sampling framework, as occurred in this study. 

Despite getting density and abundance estimates wildlife managers increasingly need 

to obtain more than numbers from their surveys (Katsanevakis 2007). Taking this into ac-

count, the ecological relations between environmental conditions and roe and red deer pres-

ence were assessed by Torres et al. (2011; 2014), respectively. Still, with the development 

of spatial modelling it became reasonable to attempt to relate animal density, rather than 

presence/absence, with spatial variables thought to influence species. This is currently 

achievable with the distance data collected in the field and the environmental variables avail-

able through Geographic Information Systems (GIS), namely through ArcMAP (version 

10.1) software. Hence, in the third chapter of this work, rather than only applying a design-

based approach to account for detectability, a model-based inference was achieved through 

Density Surface Modelling (DSM) for roe deer. The spatial modelling was applied not only 

to obtain more sensitive estimates per area as also to provide important observations regard-

ing roe deer abundance distribution revealing valuable ecological patterns. This approach 

enables also the construction of an abundance distribution map throughout our study area. 

Spatial modelling of distance data will be based on an indirect methodology (pellet group 

counts), achieved in a two-stage approach: in the first-stage there will be a fit of a detection 

function; in the second-stage will take place the spatial modelling of the distance data with 

the chosen variables thought to influence roe deer density. In fact, to our knowledge, this is 

the first time that such an approach is applied for an ungulate species in Europe. 

In the fourth and last chapter we provide a global discussion of the results, as well as 

the main conclusions both ecological and methodological. Simultaneously, future work rec-

ommendations will be made according to the new scientific data brought along the previous 

chapters. Our specific objectives are described in the next subsection, laying the structure 

for the thesis. 

 

1.1. Objectives 

1) Density and abundance estimation of red deer through standard distance sam-

pling implemented in DISTANCE 6.0 software (Thomas et al. 2010); 
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2) Evaluation of the role of covariates in the detectability function for the two spe-

cies (red and roe deer) through Multiple Covariate Distance Sampling (Marques 

et al. 2007); 

3) Density and abundance estimation of roe deer through standard distance sam-

pling methods in R v.3.0.0 (R Development Core Team 2013) with Distance 

package (Miller 2014); 

4) Evaluation of the influence of the chosen variables (proximity to roads, proximity 

to human settlements, percentage of cover areas – coniferous and deciduous for-

ests - and geographical coordinates) in roe deer density and abundance in R 

v.3.0.0 (R Development Core Team 2013) through dsm package (Miller et al. 

2013); 

5) Construction of an abundance map for the survey area and abundance estimations 

through density surface modelling in R v.3.0.0 (R Development Core Team 2013) 

with dsm package (Miller et al. 2013); 
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2.1 Abstract  

Ungulate populations have experienced an increase in number and distribution 

throughout Europe in the last decades. One of the ungulates that have registered a significant 

expansion in Iberian Peninsula was the Iberian red deer Cervus elaphus. As red deer popu-

lation increases, the negative impacts that they can cause in the ecosystem tend inevitably to 

increase. Here, we sought a method to estimate density and abundance of red deer that is 

reliable, flexible to local environmental conditions, useful at multiple temporal and spatial 

scales and that can be easily used in different management scenarios. We estimated red deer 

population density in a Mediterranean environment located at northeastern Portugal (Lom-

bada National Hunting Area - LNHA and Serra de Montesinho - SM), using pellet group 

counts coupled with distance sampling to account for detectability. The estimated red deer 

density using a stratified detection function was 5.81 ind./100 ha for LNHA and 1.34 

ind./100 ha for SM (95% CI: 3.65 – 9.25 and 0.74 – 2.42, respectively). For the entire area, 

the estimated density was 3.38 ind./100 ha (95% CI: 2.18 – 5.24). By using pellet group 

counting, coupled with distance sampling, all the distance sampling assumptions were met, 

therefore this is an effective method for monitoring increasing red deer populations in Por-

tugal. We encourage other agencies to develop a standardized protocol to implement across 

red deer range in Portugal to maintain consistent data collection and analysis for comparisons 

over time, thereby helping to assess population trends and determine appropriate harvest 

levels for this desirable game species range-wide. 

 

 

 

 

 

 

 

 

 

 

Keywords: Cervidae, Distance Sampling, deer density, pellet group counting, Iberian Pen-

insula. 
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2.2 Introduction 

 Ungulate populations have been steadily increasing in range and numbers throughout 

Europe in the last decades (Apollonio et al., 2010). The paradigm regarding ungulates has 

changed: from a decrease in numbers and distribution in the 19th century (Côte et al., 2004) 

to the actual scenario of expanding populations over Europe (Apollonio et al., 2010). As 

ungulate populations increase, the impacts that they can cause in the ecosystem tend inevi-

tably to increase (see Putman et al., 2011a for a review). Ungulates are particularly difficult 

to monitor (Putman et al., 2011a) but effective monitoring programs are pivotal to cope with 

their current expansion. Morellet et al. (2007) proposed to monitor a set of indicators of 

ecological change that over time will capture the interactions between the population and its 

habitat as a basis for adaptive management in order to achieve specific predefined goals. The 

idea behind the indicators of ecological change is very well rooted on the density-depend-

ence concept and that the temporal trends of these indicators reflect the demographic course 

of the population (Morellet et al., 2007). These authors described and validated a series of 

parameters that change according to roe deer population size, which include population 

abundance, animal performance (e.g. female reproductive success) and the interaction be-

tween the population and its habitat (e.g. browsing index), among others.  

 Regarding the estimation of the abundance of ungulate populations, a wide variety 

of techniques have been used (Apollonio et al., 2010). Among the indirect methods, pellet 

group counting has been widely used to estimate deer densities throughout the world 

(Marques et al., 2001; Smart et al., 2004) and while many authors have argued against it 

(Morellet et al., 2007), others have recommended it, claiming that it can determine popula-

tion size and trends (Acevedo et al., 2008). Indirect methods are usually preferred in wood-

land habitats since direct ones are often not feasible or they are potentially biased by the 

animal's detectability. Advantages in using pellet group counts include being easy to imple-

ment over large areas, requiring low financial and logistical resources and being especially 

useful in areas with low visibility (Marques et al., 2001; Smart et al., 2004). Pellet group 

counting coupled with Distance sampling has allowed to obtain pellet group densities and, 

eventually estimate population densities when defecation and production rates are known 

(Smart et al., 2004; Valente et al., 2014). Distance sampling (Buckland et al., 2001) has been 

widely used to estimate density and abundance of a variety of ungulate species e.g. sika deer 
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Cervus nippon (Marques et al., 2001), sambar Cervus unicolor and muntjac Muntiacus munt-

jak (Jathanna et al., 2003); roe deer Capreolus capreolus (Focardi et al., 2001; Acevedo et 

al., 2010; Herrero et al., 2013), Iberian wild goat Capra pyrenaica and mouflon Ovis aries 

(Torres et al., 2014a). 

One of the ungulates that have registered a significant expansion in Iberian Peninsula 

is the Iberian red deer Cervus elaphus hispanicus (Vingada et al., 2010). It was just a century 

ago that this species was almost facing extinction in Portugal. A sequence of reintroduction 

programs during the 90’s, and natural dispersion from Spanish populations, led to stable red 

deer populations, which are now common and widespread throughout Portugal (Vingada et 

al., 2010) with the most representative populations located near the border areas with Spain. 

Accordingly, it is therefore timely to evaluate red deer population size, since it is fundamen-

tal to determine population trends as well to identify management and conservation needs. 

However, in Portugal, conservation and management of red deer populations are still on their 

initial steps (Torres et al., 2012; Torres et al., 2014b).  

Here, we sought a method to assess population trends considering temporal variation 

to detect fluctuations on population density, useful at multiple spatial scales that can be easily 

used by park rangers across the entire red deer range in Portugal. We propose this approach 

as a way to monitor the population density section of the above-mentioned indicators of 

ecological change. We estimated population density of red deer using pellet group counts 

coupled with distance sampling to account for detectability. Simultaneously, while ensuring 

geographic stratification to obtain more sensitive estimates per area, covariates were col-

lected to assess their impact on the detectability of pellet groups. This study will serve as an 

initial reference point, which is intended to be used to assess red deer population trends, 

serving as a tool for long-term monitoring projects. This scientific basis will help to guide 

management plans in an attempt to recognize and mitigate deer impacts and promote an 

adequate management.   

 

2.3. Methods 

2.3.1. Study area 

The study was carried out in Montesinho Natural Park (6º30’-7º12’W, 41º43’-41º59’N) part 

of the European Union’s Natura 2000 Network, covering an area of 75,000 ha (Figure 1). 

The terrain consists of rolling hills with elevation ranges from 438 to 1,481m. The climate 
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is Mediterranean with the mean annual temperature varying between 3ºC in the coldest 

month and 21ºC in the warmest month and mean precipitation between 600 and 1,500 mm. 

The vegetation is diverse, characterized mainly by oak (Quercus pyrenaica, Quercus rotun-

difolia, Quercus suber), sweet chestnut (Castanea sativa) and maritime pine (Pinus pinas-

ter). The shrub vegetation is dominated by heather (Erica spp.), gum rockrose (Cistus 

ladanifer) and furze (Ulex europaeus and Ulex minor). Other mammals present are the Ibe-

rian wolf (Canis lupus signatus), wildcat (Felis silvestris), wild boar (Sus scrofa) and the 

sympatric roe deer (Capreolus capreolus), among others. The study area is crossed by some 

rivers and includes small villages with a low human presence (9.5 people per km2).  

 

2.3.2. Field methods and sampling design 

The survey area was divided in 2 geographic strata: Serra de Montesinho (SM: 24,800 ha) 

and Lombada National Hunting Area (LNHA: 20,830 ha). This was done to provide straight-

forward separate estimates by relevant management areas (red deer is hunted in LNHA dur-

ing September - hunting bag is 5-7 animals although in some years it is not filled - but not 

in SM). Transect location followed a systematic random design, which is considered more 

reliable and provides a better coverage of the area, ensuring that transects were representa-

tive of the whole area. In total, there were 49 transects: 27 in LNHA and 22 in SM (Figure 

1). Each transect was 1,000m long; in order to maximize spatial coverage and to mitigate 

sampling dependence, sampling plots were 100m (of effective sampling) spaced 200m 

(without prospection) along the line. Fieldwork was performed from January 2012 to Octo-

ber 2013 (2012: January and November; 2013: January, February and October). From the 

beginning of the transect, and using a handheld Global Positioning System (GPS) unit and a 

compass, it was possible to follow a straight line. A rope was used to facilitate the progress 

in a straight line in a woodland habitat, ensuring the prospection of 1m from each side of the 

line and to guarantee accurate measurements of perpendicular distance of the pellet groups 

to the center of the transect. Whenever a pellet group was detected, the perpendicular dis-

tance from the center of each pellet group to the transect line was recorded with a measuring 

tape. To minimize the risk of counting one spread group as two pellet groups we considered 

only pellet groups with six or more individual pellets (produced at the same defecation event, 

identified for similar size, shape, texture and color) (Mayle et al., 1999). Four observation 

level covariates were collected: i) the size of the pellet group (medium: between 6 to 40 
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individual pellets vs. large: more than 40 individual pellets); ii) dispersion of the group (ag-

gregated vs. scattered); iii) the type of habitat around the pellet group (open vs. close); and 

iv) detectability, i.e. if the pellet group was clearly visible or not. Two persons always per-

formed fieldwork and one of the observers was constant throughout all fieldwork.  

 

2.3.3. Density estimation 

Taking into account habitat conditions and the available resources, an indirect density esti-

mation method was implemented. Animal density was estimated within a distance sampling 

framework. The distance sampling approach relies on the assumption that detection of ani-

mals/objects is not certain (Buckland et al., 2001). By modelling the decrease in detectability 

with increasing distance from the transect line there is a fit of a detection function (Buckland 

et al., 2001; Miller et al., 2013). The detection function, g(x), gives the probability ( ) of 

detecting an object in a distance y from the center of the transect line. This function can then 

be used to estimate the detection probability P within the covered area, as  

 

where w is a truncation distance and π(x) represents the distribution of available distances. 

This distribution is assumed to be uniform by design, given the random placement of the 

transect lines. The estimate of P leads to a density estimator as follows. Given the ni detected 

pellet groups in stratum i, an animal density estimate is given by  

 

where Li represents the total on-effort line length in stratum i (i=1,2), Pi represents the de-

tection probability of a group within the covered area in stratum i, α  represents the produc-

tion rate: how many pellet groups produces a deer per day; and β the decay of pellet groups: 

how many days takes a pellet group not to be recognized as a group (> of 6 individuals). 

Note that the animal density estimator is just the pellet group density (Dp) estimator, divided 

by the required production and decay rates. This notation implicitly conveys the assumption 

that both of these are constant across strata. The global density (D) estimate is obtained as a 

weighted average of stratum specific estimates, with stratum’s areas as weights (Buckland 

et al., 2001), i.e. 
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The variance of the stratum specific estimates is obtained via the delta method, by 

combining the variances of the random components in the estimator defined above (see 

Buckland et al., 2001 for details).  

In this study the values of α and β were obtained from two different sources. The 

mean number of days that a pellet group takes to disappear, β, was assumed to be 227±24 

days, a value provided by Torres et al. (2013) for red deer in MNP. The production rate, α, 

was considered to be 25, value estimated in the UK (Mayle et al., 1999). We address the 

plausibility of these values and consequences of bias in these parameters in the final density 

estimates in the discussion. 

 

2.3.4. Data analysis 

Distance 6.0 software (Thomas et al., 2010) was used to analyze the data. In order to evaluate 

the role that covariates can have in the detection function (Marques et al., 2007) and to assess 

if a more parsimonious model could be obtained including habitat type, amount of dispersion 

of pellet group and pellet group size as covariates, Multiple Covariate Distance Sampling 

(MCDS) analyses were used. Data were right-truncated by 5%, which is a standard proce-

dure (Marques, 2004; Ward et al., 2004), to avoid fitting spurious bumps in the tails of the 

detection function (Marques et al. 2001), therefore observation beyond 90 cm were dis-

carded. Three models, half-normal, uniform and hazard-rate, were fitted against the data, 

with the available adjustment terms (cosine, simple polynomial and hermite polynomial) to 

assess which resulted in a more parsimonious detection function (Buckland et al., 2001). The 

evaluation of the model is based mainly on the lowest AIC value (Burnham and Anderson, 

1984), although ΔAIC, goodness-of-fit test and histogram appearance were also inspected. 

Chi-squared and Cramer von-Mises goodness-of-fit tests were used as absolute measures of 

fit to evaluate the adequacy of the final model chosen for inference. 

 

2.4. Results 

 In a total of 19,600 m of effort (SM – 8,800 m; LNHA – 10,800 m) 527 pellet groups 

were recorded. The number of records monotonically decreased with distance, as expected, 

and no problems were apparent from visual inspection of the data. Nevertheless a broad 
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shoulder was present, revealing a wide number of observations near the center of the tran-

sect. The model that better fitted distance data was a half-normal model for LNHA (a), and 

a uniform model for SM (b), both with cosine adjustment term (Figure 2). The separate anal-

ysis corresponded to the most parsimonious model, although a pooled analysis was carried 

out, with the uniform model with cosine adjustment term corresponding to a better fit (Figure 

3). Contrariwise to the expected, none of the covariates contributed to a better fit of the 

model, and thus the model with the distance alone was selected for further inference. The 

goodness-of-fit p-values for such model were 0.008 (LNHA) and 0.035 (SM) for the Cramer 

von-Mises test and 0.01 (LNHA) and 0.4 (SM) for the chi-squared test (Table 1). The density 

estimates per stratum were 5.81 ind./100 ha (95% CI of 3.65 to 9.25) for LNHA and 1.34 

ind./100 ha (95% CI of 0.74 to 2.42) for SM and the global density estimate was 3.38 

ind./100 ha (95% CI of 2.18 to 5.24) and a coefficient of variation of 22.18% (Table 2).  

 

2.5. Discussion 

 An important step forward concerning wildlife monitoring has been the link between 

research and management. This has allowed the application of rigorous scientific methods 

to wild populations estimations therefore increasing the quality of the results and conse-

quently, potentially, the sustainable management of wild populations.  

 Red deer densities are higher in LNHA when compared with SM. This was expected 

as this population results from natural dispersion from the Spanish border populations and 

the first nucleus of red deer populations in MNP were originally established in LNHA and 

from there it continued expanding (Santos 2009). In our study area, red deer densities were 

3.38 ind./100 ha (LNHA: 5.81 ind./100 ha and SM: 1.34 ind./100). Santos (2007; 2009) and 

Carvalho (2011), using direct animal counts with distance sampling, estimated that red deer 

densities in LNHA were 3.26 ind./100 ha and 1.75 ind./100 ha, respectively. Even if our 

density estimates are slightly higher than the ones estimated previously, it is difficult to com-

pare our estimates with these two other studies because they are focused on direct counts of 

the animals either from transect lines or spotlighting surveys while we have used pellet group 

counts (indirect counts). Plus, the previous authors only surveyed the north part of the LNHA 

whereas we surveyed the whole area. Consequently, caution should be taken when compar-

ing with previous studies, which used different methods, as comparison of estimates with 

different methods is often of limited validity.  
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 Here we used an indirect method based on pellet groups coupled with distance sam-

pling to estimate red deer density and therefore is based on the distance sampling assump-

tions. Distance sampling is based on four key assumptions: i) objects (pellet groups in this 

case) on the transect line are always detected. It is unlikely that the pellet groups lying on 

the line are missed, but even if they were, as we are looking for static objects in a very narrow 

transect, the g(0)=1 assumption would suffer at worst minor violations; ii) sampling is in-

stantaneous and animals do not move in response to observer before being detected; because 

pellets are immobile this assumption holds with certainty; iii) perpendicular distances to the 

centre of the transect line are accurate and iv) obtaining estimates for the parameters of the 

detection function by maximum likelihood requires that detection events are assumed inde-

pendent, but methods are very robust to the failure of this assumption (Burnham and 

Anderson, 1984). The base line is that if these assumptions are met, estimates tend to be 

unbiased, even in the presence of heterogeneity in detection probability. This way, by using 

pellet group counting, coupled with distance sampling, all the distance sampling assump-

tions are met, which is obviously a big advantaged when compared with the use of direct 

methods and distance sampling. Nevertheless we are aware that bias can arise from the use 

of an indirect methodology such as pellet group counting. The need of conversion factors 

(e.g. decay rate and production rate of red deer) can actually interfere in the estimated value 

and cause an increase in the CV (Plumptre, 2000). Here we expect minimal bias from the 

decay rate as it was previously calculated for red deer and in the region of interest (Torres et 

al., 2013). Since disappearance days can vary among habitats, the use of a site-specific value 

for each dominant habitat, over the mean value, should be assessed in future works. Laing 

et al (2003) has estimated a decay rate of 295±31 days for red deer in Scotland, which, if 

used, would result in lower density estimates. However, since we have a site-specific value 

of disappearance days we chose to use Torres et al. (2013) over Laing et al. (2003). Still, the 

main problem with our estimate concerns the use of a production rate obtained elsewhere, 

specifically in the UK in the 2000’s (Mayle et al., 1999). Furthermore, the value used does 

not have a variance or standard error associated, which means that the reported variance of 

density estimates ignores a potential source of variation. However, a clear advantage of the 

modular form of the estimator used is that, as soon as a production rate and corresponding 

standard error are obtained for our region, the density estimates and corresponding variances 

reported here could be easily updated. Obtaining such production rate should therefore be a 
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major goal for the effective management of these populations.  

 Surprisingly, none of the covariates collected had an impact on the detectability of 

pellet groups. The detection function comprising only the perpendicular distance led to a 

more parsimonious model that better explained detectability. This reflects the fact that dis-

tance sampling pooling strength property is strong and that sometimes MCDS provides no 

additional practical gain beyond conventional distance sampling. Nonetheless, under certain 

circumstances MCDS can be used to reduce variance estimates, by explaining some of the 

variance in detectability. MCDS might also allow less biased estimates of density. In fact, 

covariate influence on detectability might be interesting in itself. However, we encourage 

researchers to collect data regarding covariates that are believed to have an impact in the 

detectability of the study objects, since they can have an important role in the construction 

of the detection function of the distance data (Marques et al., 2007).  

 From a practical point of view, our method has several advantages: it is cheap, easy 

to implement over large areas, is useful in concealing habitats, can be easily applied by park 

rangers, which is particularly helpful in gathering data for a long-term. This approach, ap-

plied over the years, will allow tailoring management strategies in order to adjust them to 

demographic data, and to assess the results of management measures applied throughout the 

monitoring plan. Urbanek et al. (2012) showed that pellet group counting coupled with dis-

tance sampling provides less biased estimates (when accurate decay and production rates are 

used) and was 88% cheaper than aerial surveys. When comparing with direct methods, pellet 

group counting can be performed any time during the year and does not need elaborate 

equipment neither professional biologist to perform field work (Marques et al., 2001). While 

we are aware that distance sampling data analysis is rather complex, it is balanced by gains 

in logistical, financial, and analytical efficiency, with the added benefit of precise and com-

parable abundance estimates. In future, there is a need to evaluate our methodology against 

a reference method as capture-mark-recapture. However, at the present due to logistical re-

strains (e.g. no enclosures with available populations) it was not possible.  

  Even though reasonable results were obtained, the relation between animal density 

and spatial variables is a step forward particularly in wildlife management (Miller et al., 

2013). The Density Surface Models (DSM) will allow the identification of ecological rele-

vant variables that can constrain or promote animal populations (Miller et al., 2013). Hence, 

being aware of which factors contribute to the presence and density values of a species or 
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population in a specific area will allow spatial and temporal predictions extremely useful for 

accurate management strategies. This should be a major goal in future studies regarding red 

deer in our study area. Nevertheless, estimation of population size should not be considered 

the only requirement to monitor red deer populations and for sure managers need other in-

formation to be considered and monitored (e.g. habitat composition, vegetation and agricul-

ture impacts, vehicle collisions, among others). However, here we propose an approach as a 

way to monitor the population abundance compartment of ecological indicators to change as 

suggested by Morellet et al. (2007).   

 Although future steps are mandatory, particularly in collecting additional data to in-

form the relationship between ungulates and habitat, this study enhances the need of a con-

tinued strategy of monitoring taking into account the negative impacts arising from an ex-

panding population. Gathering knowledge on the population size coupled with the under-

standing of ecological processes underlying fluctuations in densities, and long-term moni-

toring projects, should be a priority for developing management programs.  

We encourage other agencies to set up across their study areas the protocol used in 

this study so we could have standard methods throughout red deer range in Portugal, easing 

the task to estimate densities across temporal and spatial scales. We expect that their imple-

mentation would enable managers to survey a much larger proportion of the red deer range, 

thereby helping to assess population trends. 
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Figure 1. Location of the study area in the Iberian Peninsula. On the right there is the two 

study sites: LNHA – Lombada National Hunting Area and SM – Serra de Montesinho. 
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Figure 2. Stratified detection function of the distance data for LNHA and SM using a half-

normal and a uniform model key function respectively and a cosine adjustment term in 

both analyses. Observed distances were right-truncated to eliminate the largest 5% of the 

distances. The model was fitted to continuous data, not binned data, and hence the histo-

gram bars cannot be interpreted as probabilities. 
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Figure 3. Pooled detection function of the distance data for survey area using a uniform 

model key function and a cosine adjustment term. Observed distances were right-truncated 

to eliminate the largest 5% of the distances. The model was fitted to continuous data, not 

binned data, and hence the histogram bars cannot be interpreted as probabilities. 
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Table 1. Summary statistics for the detection function models considered: AIC, ΔAIC and P-values associated with the χ2 and Cramer von-

Mises goodness-of-fit (CvM) tests. 

 Detection function AIC ΔAIC Chi-squared goodness-of-fit CvM  

Individual – LNHA 3762.19  0.008 0.010 

Individual – SM 721.25  0.035 0.400 

Stratified 4483.44* 0.00   

Pooled 4484.36 0.92 0.0007 0.010 

Covariate Size 4488.37 4.93 0.00 0.010 

Covariate Shape 4488.46 5.02 0.00 0.010 

Covariate Detectability 4488.18 4.74 0.00 0.010 

Covariate Habitat 4487.70 4.26 0.00 0.010 

The “Stratified” summarize the two individual analyses: LNHA – Lombada National Hunting Area; SM – Serra de Montesinho. Note the χ2 

outputs of software Distance are based on a smaller number of bins for the CDS analysis than for the MCDS analysis.   

*This value represents the sum of the two previous individual analyses. 
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Table 2. Red deer density, abundance and 95% IC in total area, LNHA and SM. 

 

Area (ha) 

Total effort 

(m) 

Density (per 

100 ha) 

Density  

(95% IC) 

Density 

CV (%) 

Abundance 

Abundance (95% 

CI) 

Total area 45,600 19,600 3.38 2.18 5.24 22.18 1544 997 2391 

LNHA 20,800 10,800 5.81 3.65 9.25 23.49 1211 761 1927 

SM 24,800 8,800 1.34 0.74 2.42 29.61 333 185 599 

 

 

 

 



31 
 

 

 

 

 

 

Chapter III 

A new insight for monitoring ungulates: 

Density Surface Modelling of roe deer in a 

Mediterranean habitat 

 

 

 

 

 

 

 

 

 

 



32 
 

 

 

 

A new insight for monitoring ungulates: Density Surface Modelling of roe deer in a 

Mediterranean habitat 

Ana M. Valente1, Tiago A. Marques2, Carlos Fonseca1, Rita Tinoco Torres1 

 

 

 

1CESAM, Departamento de Biologia, Universidade de Aveiro, Campus de Santiago, 

3810-193 Aveiro, Portugal 

2Centre for Research into Ecological and Environmental Modelling, The Observatory, 

University of St Andrews, St Andrews KY16 9LZ, Scotland 

 

 

 

 

 

 

 

 

 

In preparation 

 



33 
 

3.1. Abstract 

Ungulates are especially difficult to monitor and population estimates are difficult to obtain, 

however such information is fundamental for any effective management plan. This is partic-

ularly important for an expanding species as roe deer (Capreolus capreolus), whose popula-

tions have grown in number and distribution throughout the last decades. In an attempt to 

follow population fluctuations and assess species ecology, important methodological ad-

vances were recently achieved by combining line or point sampling with Geographic Infor-

mation Systems (GIS). In this study a density surface modelling (DSM) approach was taken, 

combining line transect survey with spatial analysis to predict density of roe deer in north-

eastern Portugal. This was based on the relationship of pellet group counts to environmental 

factors, as well as taking into account the probability of detecting pellets. It is the first time 

that such an approach is applied for an ungulate species in Europe. Our results showed a 

global density of 3.01 animals/100 ha (95% CI: 2.34 - 3.87) and a CV of 12.95%. Roe deer 

densities increased as distance to roads increased and decreased as distance to human popu-

lations increased. Densities also increased as the percentage of cover areas increased. This 

recently developed spatial method can be very advantageous to predict density over space 

through the identification of the factors influencing species abundance. Furthermore the 

drawing of surface maps for subset areas will enable to visually depict abundance distribu-

tion of wild populations. This will enable the assessment of areas where ungulate impacts 

should be minimized, allowing an adaptive management throughout time. 

 

 

 

 

 

Keywords: Capreolus capreolus, density surface modelling, generalized additive models, 

Iberian Peninsula, spatial models. 
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3.2. Introduction 

Large herbivores are particularly difficult to monitor (Schroeder et al. 2014) and ecologists 

have continuously sought more precise methodologies to do so. Successful strategies for the 

management of wide-ranging species require reliable information on abundance and popu-

lation trends (Segura et al. 2007). Effective monitoring programs are pivotal to cope with 

the expansion of ungulate populations in Europe and North America over the last decades 

(Rooney 2001; Apollonio et al. 2010). Over the years significant efforts have been made to 

improve the methods used for monitoring wild populations (Buckland et al. 2001; Hedley & 

Buckland 2004; Thomas et al. 2010). Distance sampling (Buckland et al. 2001) has been 

widely used for estimating abundance and density of a variety of taxa such as birds (Marques 

et al. 2007), cetacean (Barlow & Forney 2007), small mammals (Newey et al. 2003) and 

ungulates (Marques et al. 2001; Focardi et al. 2005; Acevedo et al. 2010; Valente et al. 

2014), and it has been shown to be a reliable and robust method (Marques et al. 2001; 

Acevedo et al. 2008). Sampling design consists in line or point transects where the animals 

or animal signs are searched: for each observation/detection, the perpendicular distance from 

the transect is recorded and a detection function is built enabling the abundance and density 

estimation of the population of interest. Nevertheless, with the fast advance of the spatial 

analysis techniques, the combination of spatial modelling with Geographic Information Sys-

tems (GIS) on population density estimation has been recently developed. This was firstly 

reviewed by Buckland et al. (2000), Hedley et al. (2004) and Hedley & Buckland (2004) 

who developed methods for improving abundance estimation of wildlife taking into account 

population’s spatial distribution. This has allowed to account for heterogeneity in the popu-

lation spatial distribution while accounting the probability of detecting the animal or its sign. 

Undoubtedly the relation between animal density and spatial variables is a step forward in 

ungulate management as mapping the spatial abundance distribution of a population can be 

extremely useful to wildlife managers, particularly when communicating results to non-ex-

perts stakeholders (Katsanevakis 2007; Miller et al. 2013a). Recently, density surface mod-

els (DSM) were developed enabling the identification of meaningful ecological (spatial) var-

iables that can affect (constrain or uphold) animal populations densities (Katsanevakis 2007; 

Miller et al. 2013a). DSM offer a robust estimation of abundance (Katsanevakis 2007; Katsa-

nevakis & Thessalou-Legaki 2009) and are simple to integrate with line transect framework 

of distance sampling. Furthermore such models do not require a restrictive survey design 
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nor a uniform habitat coverage. Likewise this method has the advantage of allowing the 

estimation of abundance in sub-areas of interest, through numeric integration under the sec-

tion of the fitted density surface (Katsanevakis 2007). This spatial methodology can also 

improve management plans, since it makes possible to identify subtle impacts on species, by 

estimating spatial redistribution of animals as a result of a particular hazard (Petersen et al. 

2011). DSM are a model-based approach corrected for uncertain detection via a distance 

sampling framework (Hedley & Buckland 2004; Miller et al. 2013a), being typically imple-

mented via generalized additive models (GAMs) (Hastie & Tibshirani 1990). DSM have 

been successfully implemented in a few species, e.g. aquatic molluscs (Katsanevakis 2007; 

Katsanevakis & Thessalou-Legaki 2009), marine mammals (Henrys 2005; Burt & Paxton 

2006) and only recently to ungulate species (Schroeder et al. 2014). 

The European roe deer (Capreolus capreolus) is the most abundant and widespread 

cervid species in Europe, with an estimated population of 10 million individuals (Apollonio 

et al. 2010). In the Iberian Peninsula, namely in Portugal, the southwestern limit of its dis-

tribution, roe deer shows low densities (Valente et al. 2014) particularly when compared 

with central and northern Europe (Apollonio et al. 2010). In Portugal, roe deer presence is 

more likely in areas with high shrub density and where red deer density and human presence 

is low (Torres et al. 2012a; Torres et al. 2012b). However both spatial heterogeneity and 

proximity to roads negatively influence its presence (Torres et al. 2011; Torres et al. 2012a). 

Following the current European trend, roe deer density is expected to dramatically increase 

in Portugal and it is timely to implement management strategies that can prevent the potential 

negative impacts that this species can have in ecosystems (for a review see Putman et al. 

2011). 

 In the present study we combined line transect sampling with spatial analysis to pre-

dict the abundance of roe deer in northeastern Portugal. The abundance predictions were 

based on the relationship of pellet group counts to environmental factors, taking into account 

the probability of detecting pellets. This was done through the collection of distance data 

regarding pellet groups along line transects covering the whole survey area. Additionally, 

design-based and model-based approaches were compared to assess the potential advantages 

of spatial modelling in estimating this ungulate’s abundance. DSMs used in our work should 

improve the accuracy of density and abundance estimates when compared with traditional 

distance sampling, since they model part of the spatial variability (Hedley et al. 2004). As 
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far as we know, this model-based approach has never been used before for an European 

ungulate species, neither with an indirect approach (e.g. pellet group counting) and could be 

proved a very advantageous way of estimating abundance of wide-ranging species. This 

study has two main aims: i) estimate roe deer densities and abundance with the production 

of a roe deer abundance distribution map across the study area; ii) reveal the relationships 

between roe deer abundance and spatial covariates, identifying the factors involved in this 

species abundance and density. This work is part of a continued monitoring program of 

northeastern ungulate population. 

 

3.3. Methods 

3.3.1. Study area 

The study was carried out in northeast Portugal (Montesinho Natural Park – MNP – and 

Serra da Nogueira – SN) (6o30’-7o12’W, 41 o43’-41 o59’N and 6º50’-6º56’W, 41º38’-

41º48’N respectively), part of the European Union’s Natura 2000 Network, covering an area 

of 63,500 ha (Figure 1). The terrain consists of rolling hills with elevation ranging from 438 

to 1,481m. The climate is mainly Mediterranean with the mean annual temperature varying 

between 3ºC in the coldest month and 21ºC in the warmest month and precipitation varying 

between 600 mm and 1,500 mm (Castro et al. 2010). The vegetation is diverse, characterized 

mainly by oak (Quercus pyrenaica, Q. rotundifolia, Q. suber), sweet chestnut (Castanea 

sativa) and maritime pine (Pinus pinaster). The shrub vegetation is dominated by heather 

(Erica spp.), gum rockrose (Cistus ladanifer) and furze (Ulex europaeus and Ulex minor). 

Other mammals present are the Iberian wolf (Canis lupus signatus), red fox (Vulpes vulpes), 

wild cat (Felis silvestris), wild boar (Sus scrofa) and the sympatric red deer (Cervus ela-

phus), among others. The study area is crossed by some rivers and includes small villages 

with a low human presence (9.5 people per km2). 

 

3.3.2. Line transects and field work 

The survey area was divided in 3 geographic strata: Serra de Montesinho (SM: 24,400 ha), 

Serra da Nogueira (SN: 18,300 ha) and Lombada National Hunting Area (LNHA: 20,800 

ha) (Figure 1). This was done to improve the precision of a final density estimate since we 

expected a priori different densities across areas (Valente et al. 2014). Transect location and 
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orientation was randomly chosen, ensuring that they were representative of all habitat types 

in the study area. In total, 65 transects were placed: 22 transects in SM, 16 in SN and 27 in 

LNHA. Each transect was 1,000m long: in order to maximize spatial coverage and to miti-

gate sampling dependence, sampling plots were 100m long of effective sampling, spaced 

200m (without prospection) along the line (with a total of 400m on effort per transect). Field 

work was performed from January 2012 to October 2013 (2012: January and November; 

2013: January, February and October). Using a handheld Global Positioning System (GPS) 

unit and a compass it was possible to follow a straight line. A rope was used to facilitate the 

progress in a straight line, ensuring the prospection of 1 meter from each side of the line, and 

guaranteeing accurate measurements of the perpendicular distances. Whenever a pellet 

group was detected, the perpendicular distance from the centre of each pellet group to the 

transect line was recorded as well as covariates thought to influence detectability of pellets 

(Marques et al. 2007). Three observation level covariates were collected: i) the size of the 

pellet group (medium, between 10 to 40 individual pellets vs. large, more than 40 individual 

pellets); ii) dispersion of the group (aggregated vs. scattered); and iii) the type of habitat 

around the pellet group (open vs. close). To minimize the bias in the estimates we considered 

only pellet groups with ten or more individual pellets (produced at the same defecation event, 

identified for similar size, shape, texture and colour). This practice reduces the risk of count-

ing one spread group as two pellet groups (Marques et al. 2001). 

 

3.3.3. A two-stage approach: 

3.3.3.1. Modelling the detection function 

The distance sampling approach relies on the assumption that the detection of animals/ob-

jects is not certain (Buckland et al. 2001; 2004). A detection function is used to model the 

decrease in detectability with increasing distance from the transect line (Buckland et al. 

2001; Miller et al. 2013a). The detection function, g(y), gives the probability of detecting an 

object in a distance y from the centre of the transect line. The probability of detection for the 

survey area can be estimated according to:  
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where w is a truncation distance and π(x) represents the distribution of available distances, 

being assumed known to be uniform by design. In the first stage we used the Distance pack-

age (Miller 2014) in R (R Development Core Team 2013) to estimate roe deer density and 

abundance. Three key models were tested: uniform, half-normal and hazard-rate with the 

three adjustment terms available (cosine, simple polynomial and hermite polynomial). The 

role of the collected covariates in the detectability of pellet groups was assessed through 

Multiple Covariate Distance Sampling (MCDS) analysis (Marques et al. 2007). Model 

choice was based on the Akaike information criterion (AIC) choosing the one with the small-

est value (Akaike 1974; Andersen et al. 1998). Additionally there was a visual inspection of 

the histogram of distance data and an analysis of goodness-of-fit tests (Burnham et al. 2004). 

Distance data were right-truncated to remove 5% of the perpendicular distances as recom-

mended by Marques et al. (2001), resulting in a maximum width of 95 cm of effective pro-

spection. Only the most parsimonious model was used for the density surface modelling.  

 

3.3.3.2. Density surface modelling (DSM) 

The second stage was also performed in R (R Development Core Team 2013) using the 

package dsm (Miller et al. 2013b). In this stage, it was necessary to split the 1,000 transect 

lines into segments of 100m, resulting in a total of 260 segments for the total surveyed area. 

Environmental covariates used were chosen based on roe deer ecological requirements and 

on their potential predictive capability, therefore variables were divided into: i) human dis-

turbance (Hewison et al. 2001; Torres et al. 2011); ii) availability of cover areas (Virgós & 

Telléria 1998; Borkowski & Ukalska 2008). This is particularly important since roe deer 

represents one of the main prey for Iberian wolf, thus cover areas (coniferous and deciduous 

forests) are expected to have an important role acting as potential anti-predatory refuges 

(Borkowski & Ulkaska 2008; Torres et al. 2011). Accordingly, four transect level spatial 

covariates were collected through ArcMAP (version 10.1) and used to model the density 

surface of roe deer in our study area: i) geographic coordinates (latitude and longitude); ii) 

human disturbance variables (distance to the nearest road – dist_road – and distance to the 

near human settlement – dist_hum); iii) percentage of cover areas (ca_perc: coniferous and 

deciduous forests). The percentage of cover areas was extracted in a 1.26 km radius, which 

represents a home range scale, and was calculated based on home range values found in 

Portugal (Carvalho et al. 2008). We used GIS to build the buffers, which were built from the 
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center of the 100m segments. The land cover information was obtained through CORINE 

Land Cover 2006 (CLC2006). 

The models were built through stepwise backward elimination to sequentially sim-

plify the full model, until only relevant terms and interactions remained (Crawley 2007). The 

count method of Hedley & Buckland (2004) was applied, using the number of pellet groups 

in each segment as the response variable in the density surface modelling, according to: 

(Miller et al. 2013a), 

where  is a sum of smooth functions of spatial covariates with k indexing the spatial co-

variates, represents the smooth functions of the spatial covariates and  is an intercept 

term.  is the segment area and  the detection probability (however, if this parameter is 

constant throughout the segments,  will be replaced by ). The number of pellets (re-

sponse variable) for each segment was related to the predictor variables through Generalized 

Additive Models (GAMs) (Hastie & Tibshirani 1990): a quasipoisson distribution and a log-

arithmic link function were used. The optimum degree of smoothing was defined through 

Generalized Cross Validation (GCV) score. By default dsm package applies a factor γ = 1.4 

to model the effective degree of freedom in the GCV score to avoid overfitting (Miller et al. 

2013b). The choice of the density surface model among the set of candidates was based on 

the lowest GCV value (Wood 2006).  

 

3.3.4. Abundance estimation 

For data analysis simplification a prediction grid with 635 square cells of 100 ha each was 

built in ArcMAP (version 10.1). The abundance of roe deer in the study area was estimated 

as the sum of the estimated abundance in each one of the grid cells, , , 

relying on the spatial model chosen for inference. Based on the predictions inferred by the 

model, and taking into account the value of each variable in each grid cell, an abundance 

map for the survey area was drawn in R (R Development Core Team 2013). To estimate the 

abundance two conversion factors were used: i) the defecation rate, estimated by Torres et 
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al. (2013) to our study area and to the species of interest (176 ± 31 days) and ii) the produc-

tion rate, which was considered to be 20 pellet groups per day (Mitchell et al. 1985). These 

values were embedded in the offset value to convert pellet groups density to animal’s den-

sity, to allow a straightforward interpretation of the results. Variance for the abundance es-

timates of DSM analysis was obtained through the variance propagation method described 

by Williams et al. (2011). This approach enables a prompt estimation of variance value for 

the global analysis and for each sub-area.  

 

3.4. Results 

3.4.1. The first stage: Modelling the detection function 

In a total of 26000m on effort (SM – 8800m; LNHA – 10800m; SN 6400m) a total of 365 

pellet groups were recorded. The model that better fitted the distance data among the set of 

candidates was the uniform key function with 1 cosine adjustment term (Figure 2). As ex-

pected under the distance sampling theory, the probability of detecting pellet groups de-

creased with the increasing distance from the transect line, presenting however a peak at the 

0.2-0.25 m, and a broad shoulder with a large amount of observations right on the transect 

line (Figure 2). The three models that included covariates in the analysis had less support 

from the data, thus were discarded for the subsequent analysis. The probability of detection 

for the chosen model was = 0.623±0.026 SE. This analysis revealed an estimate of density 

of 3.53 animals per 100 ha (95% IC: 2.78 – 4.47), with a = 2, 233 animals, and a coeffi-

cient of variation of 11.93% (Table 1). 

 

3.4.2. The second stage: Density surface modelling 

From all the candidate models, two were selected based on their GCV score (model 1 and 

model 3) (Table 2) for a DSM analysis. There was an implementation and development of 

two models in order to fully exploit the data: a model for the analysis of environmental data 

(explanatory model – model 1 - with dist_hum, dist_road and ca_perc spatial covariates), 

and a model that enables a more robust estimate of abundance through the inclusion of geo-

graphical data (predictive model – model 3 - with dist_hum, ca_perc, latitude and longitude 

spatial covariates). Figure 3 shows the smoothed spatial covariates used in the explanatory 

model, being dist_hum the most important variable in the analysis as revealed by p-values 
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(Table 2). The inspection of the residuals of the two density surface models revealed an 

adequate fit of the data. 

 

3.4.3. Abundance estimation and uncertainty analysis 

According to the best density surface model (predictive model) the abundance of roe deer in 

our study area was estimated to be =1,909 animals with a density of 3.01 animals per 100 

ha (95% IC: 2.34 – 3.87) and a coefficient of variation of 12.95%. In accordance with the 

predictive model chosen for inference the distribution map of roe deer throughout the study 

area is shown in Figure 4. 

When comparing the % CV’s, a difference of about 1% is registered between tradi-

tional distance sampling and DSM (for the total area). In fact, for SN the CV (%) for the 

DSM analysis is substantially smaller than the corresponding traditional distance sampling 

analysis. The comparison of abundance, density, 95% confidence intervals and coefficient 

of variation (%) (throughout the total area and for the three sub-areas) between traditional 

distance sampling and density surface models can be found in Table 1. 

 

3.5. Discussion  

 Wildlife managers and ecologists have continuously searched for accurate, unbiased and 

cost-effective methods to estimate species abundance, density and distribution. Such demand 

has been particularly difficult to achieve for large herbivores. Density surface models 

(DSM), by combining animal density spatial variation with traditional line transect surveys, 

opens new possibilities for this (Schroeder et al. 2014).  Therefore, estimating densities and 

relating them to meaningful ecological variables is a step further on wildlife management.  

                DSM allowed us to describe spatial patterns in the species predicted distribution. 

Our results show that roe deer have higher densities in areas further away from roads. Pre-

vious authors have described the same pattern for this species (Hewison et al. 2001; Torres 

et al. 2012a; Torres et al. 2012b). Roads constitute a source of disturbance and can cause 

mortality events, which are increasing in some areas (Seiler 2004). Roe deer tendency to 

avoid roads may be related to the risk of collision, which can jeopardize individuals life, as 

evidenced in elk (Rowland et al. 2000). Effectively, animals safety are more preserved fur-

ther away from roads, and roe deer spatial distribution reflects this.  
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At first puzzling, our results show that roe deer densities increase in areas near human set-

tlements. Our results do not corroborate previous studies (Hewison et al. 2001; Coulon et al. 

2008), including a recent study in our study area (Torres et al. 2012b). Nevertheless, the two 

studies present important methodological differences that can explain these results. Torres 

et al. (2012b) used presence/absence of roe deer pellet groups as an index of habitat use 

while our model estimates the specific values of density for each grid cell, using additional 

information and hence potentially more accurate. The increasing density in direction to hu-

man settlements can be explained by the demographic decrease experienced in Montesinho 

Natural Park throughout the last years (Afonso 2012), resulting in small villages with very 

low human density (e.g. Rio de Onor in LNHA with 76 inhabitants in 2011 according to INE 

(2012)). Effectively, this pattern was also found in Spain (Aragón et al. 1995; Acevedo et 

al. 2005), where deer populations were positively associated with areas with declining hu-

man population (Aragón et al. 1995). However, further studies are need to analyse if roe 

deer closeness to human settlements can be an anti-predator strategy. A similar effect has 

been already shown for roe deer and lynx in Norway, where roe deer in more disturbed areas 

seemed to benefit from human land use practices, potentially allowing them to escape from 

lynx predation (Basille et al. 2009). The advantages of being near human populations can 

also be linked to the closeness to agricultural fields providing continuous availability of high-

quality food (Torres et al. 2012a) as it occurs in some areas (Panzacchi et al. 2010). 

           Our results also show that increased roe deer densities correspond to areas with high 

percentage cover. This suggests the importance of these areas, especially when referring to 

prey populations (Borkowski & Ulkaska 2008) as roe deer in northeastern Portugal. Some 

studies (Smith et al. 1986; Mysterud & Østbye 1999) suggest that canopy cover functions as 

part of an anti-predator strategy, through the decrease in roe deer sightability and the possi-

bility that scent spreads poorly in these habitats, reducing scent detection by Iberian wolf. 

Furthermore, roe deer preference for forested areas (i.e. cover areas) can also be due to a 

balance between the safety ensured by closed areas, and the food provided in such sites, 

which seems to be the best option in summer, when herbaceous layer becomes senescent 

(Bugalho & Milne 2003). Effectively, due to roe deer small size, this species are more de-

pendent on the quality than on the quantity of resources (Demment & Soest 1985), which 

can explain the positive association with cover areas (Figure 3). 
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Besides the ecological relations, roe deer presents a particular regional distribution, 

unveiled through the inclusion of geographical data. The addition of geographical coordi-

nates was made to minimize residual autocorrelations, improving the predictive power of the 

model and the deviance explained by spatial variables (Lobo & Martin-Piera 2002) (increas-

ing the deviance explained in > 10% in comparison with the best explanatory model – model 

1 in Table 2). At the same time the inclusion of geographical data enabled to draw a regional 

pattern in roe deer distribution: it is noticeable a distribution gradient heading north-south 

and east-west, being the highest density values registered in SM (Figure 4).  

Valente et al. (2014) estimated a roe deer density in the same area of 3.51 ind./100ha 

(95% CI of 2.26 – 5.45). These authors have used the traditional distance sampling approach. 

Our results suggest that the density of roe deer estimated by DSM are 3.01 ind./100ha (95% 

CI 2.34 – 3.87). Although a decrease in the density has been registered (probably also due 

to the lowest CV registered in our work, narrowing the 95% CI), we should not make eco-

logical conclusions, being essential a wider temporal scale to assess population fluctuations. 

However, it is worth noting the substantial decrease in the CV (%) value when applying the 

spatial methodology (from 22.08% in Valente et al. 2014 to 12.95% in our work).  

In general, the underlying ecological assumptions of the models, as well as the sur-

face map predicted, fits the data observed during the field survey and previous studies 

(Torres et al. 2011; Valente et al. 2014). Effectively, methodology performance is satisfac-

tory for the chosen model (CV was 12.95%, which is lower than the 31% suggested by Fo-

cardi et al. 2006 as satisfactory CV value), which can be linked to the random sampling 

design employed, ensuring the cover of all representative habitats (Buckland et al. 2004), 

coupled with a model-based approach. Density obtained through DSM models was, gener-

ally, similar to that obtained through traditional distance sampling. Contrarily to the ex-

pected (Hedley et al. 1999; Forney 2000), the spatial models, by the inclusion of the spatial 

variables, did not increase, in general, the precision of the estimate, which can be due to the 

abovementioned well-designed field survey conducted in our work.  

Reassuringly, the estimates obtained from different models did not varied widely 

(Table 2), indicating that predictions are robust to model choice. However, typically DSM 

results should be interpreted carefully due to GAMs flexibility (Wood 2006), which can 
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yield unrealistic densities and surface maps through overfitting data or “edge effects” (Se-

gura et al. 2007). Still, the first feature is partly addressed by the factor γ = 1.4 added to the 

analysis (Miller et al. 2013b) and the “edge effect” was not noticed during the inspection of 

the fits. It is worth noting that model selection in GAMs is still a developing research area 

(Hedley & Buckland 2004) and other indicators should be analyzed, during distance data 

spatial modelling (e.g. variables p-value). In our analysis, the p-value of the variables re-

vealed the inexistence of a significant ecological variable (p≤0.05) for predictive models. 

Furthermore, the deviance explained in both models (model 1 with 7.17% and model 3 with 

17.3%) was not satisfactory. This suggests the need of a future exploitation of other factors 

that can influence roe deer densities, such as interaction with the sympatric red deer. Addi-

tionally, a data analysis based on the sex and season should be assessed, in a future perspec-

tive, due to differences in male and female roe deer ecological requirements, and due to 

differences in resource availability throughout the year as shown for other deer species (Thir-

good 1995). These goals can be achieved with direct methodologies, which should be linked 

to DSM in a near future for ungulate populations in Portugal. 

Still, our results confirmed that the application of newsworthy method as DSM in-

creases the potential of distance sampling data, and can be scientifically compelling since it 

can be applied to data collected in a cost-effective manner. This approach can be a valuable 

tool to assess species-environment relationships, and the use of these models should be en-

couraged to improve density predictive power, whenever spatial information is accessible. 

This work is part of a continued long-term monitoring program, representing a step forward 

in the application of recently developed distance sampling techniques, which aims to become 

the future in population size estimation and ecological assessment.  
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Figure 1.  Location of the study area in the Iberian Peninsula with transects location and 

prediction grid in the survey area (SN – Serra da Nogueira; SM – Serra de Montesinho; 

LNHA – Lombada National Hunting Area). 

 

Figure 2. Histogram of distance data of uniform model with cosine adjustment term. Ob-

served distances were right-truncated to eliminate the largest 5% of the distances. The model 

was fitted to continuous data, not binned data, and hence the histogram bars cannot be inter-

preted as probabilities. 
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Figure 3. Shape of the functional forms of smoothed spatial covariates with the explanatory 

model – (a) dist_hum representing the distance to the nearest human settlement; (b) 

dist_road representing the distance to the nearest road and (c) ca_perc representing the 

percentage of cover areas (coniferous and deciduous forests). 
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Figure 4. Abundance distribution map of roe deer throughout our study area based on the 

predictive model chosen for inference (model 3).



54 
 

 

Table 1. Comparison between Density Surface Model and traditional distance sampling through analysis of abundance, density, 95% Confidence 

Interval and Coefficient of Variation (%) for the total area and for the three sub-areas: SN, SM and LNHA. 

  Abundance estimates 

Method DSM (predic-

tive mod.) 

DS DSM (predic-

tive mod.) 

DS DSM (predic-

tive mod.) 

DS DSM (predictive mod.) DS 

 Total area SN SM LNHA 

Abundance 1,909 2,233 662  693  913  1,262  331 278 

Density 3.01 3.53 3.62 3.79 3.74 5.17 1.59 1.34 

Density - 95% Con-

fidence Interval 

2.34 – 3.87 2.78 – 4.47 2.59 – 5.04 2.22 – 6.46 2.74 – 5.10 3.88 – 6.89 1.05 – 2.42 0.90 – 1.99 

Coefficient of varia-

tion (%) 

12.95 11.93  17,08  25.63  15.95 13,99   21.55 19.57 
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Table 2. Comparison between GCV score, R-square (adjusted), deviance explained, coefficient of variation (CV) and abundance among 

explanatory and predictive models, with comparison of p-values of each variable. 

            p-value GCV R-square 

(adjusted) 

Deviance ex-

plained (%) 

CV (%) Abundance 

Explanatory model       

Model 1 *  2.694 0.047 7.17 13.17 1877 

dist_hum 0.003      

dist_road 0.019      

ca_perc 0.022      

       

Predictive model       

Model 2  2.561 0.106 17.4 13.03 1926 

dist_hum 0.096      

dist_road 0.577      

ca_perc 0.084      

geographic 0.030      

Model 3 *  2.535 0.108 17.3 12.95 1909 

dist_hum 0.105      

ca_perc 0.067      

geographic 0.008      

Model 4  2.554              0.082                         13.9                12.87                  1836 

ca_perc 0.120      

geographic 0.003      

Model 5  2.552 0.076 13.1 12.91 1846 

geographic 0.002      

*model chosen for inference. 
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4. Final considerations   

Monitoring wild ungulate populations should be the first step of a management program 

based on scientific data collected over the years. We hope that this work will serve as base-

line for ecological and methodological studies regarding ungulates in Mediterranean habi-

tats. Throughout the thesis, all the major aims, both methodological and ecological, were 

achieved: density and abundance estimates for red and roe deer were obtained (Chapter II 

and III respectively) with a distance sampling approach in all analysis; traditional distance 

sampling and density surface models were able to provide straightforward density and abun-

dance estimates with acceptable coefficients of variance, both for red (Chapter II) and roe 

deer (Chapter III). 

Ecologically, our results showed that human disturbance does not always affect neg-

atively roe deer. Although roe deer densities increased as distance to roads increased as well, 

their densities increased as we moved closer to human settlements. Still, these results should 

be further investigated to understand in-depth the reasons which led roe deer to areas closer 

to human populations (for a detailed discussion see Chapter III). As expected, cover areas 

also revealed its importance in roe deer ecological requirements.  

In terms of density, red deer increased throughout our study area (Santos 2007; San-

tos 2009; Carvalho 2011), following the European trend (Apollonio et al. 2010). When com-

paring red and roe deer densities in overlapping areas (SM and LNHA), it is possible to 

notice a contraposition of results, i.e. in LNHA, where red deer population nuclei have been 

formed (Santos 2009), and where their densities reach higher values (5.81 ind./100 ha), roe 

deer densities tend to be substantially smaller (with 1.59 ind./100 ha). In SM, where roe deer 

densities are higher (3.74 ind./100 ha), red deer population size decrease notoriously (with 

1.34 ind./100 ha). This is in agreement with previous studies (Torres et al. 2012). In fact, in 

SN, where roe deer densities are estimated to be 3.62 ind./100 ha, red deer presence was not 

yet confirmed. A deeper analysis on the relation between these sympatric species should be 

assessed in order to perform management plans that take into account the factors that can 

limit or uphold both species range and number. Furthermore, the influence of the pres-

ence/absence and density of Iberian wolf, roe and red deer main predator, should be assessed 

in future works. It might be interesting to include the presence/density of a species as an 

explanatory variable for the presence/density of other species in a DSM context. 
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Although our work represents an important step regarding roe deer ecological re-

quirements, our results also show the urgent need to assess other factors which can poten-

tially affect positively or negatively species abundance, since our spatial variables could not 

explain species distribution as desired (the best model with 17.3% of explained deviance). 

Effectively, DSM has the main drawback of having to know a priori which factors constrain 

or uphold species densities, or alternatively include a wide number of spatial variables, 

which can be time-consuming and some important information may not be accessible. 

Through the inclusion of variables that can affect species densities, DSMs are one 

step ahead. Even when the CV values do not reflect this (such as in Chapter III where DSM 

CV value for the total area was higher than with traditional DS), the spatial approach capa-

bilities lead this methodology to a promising future in wild population density estimates and 

ecological assessment. Bearing this, DSMs are able to address a shortcoming in conventional 

distance sampling derived estimates: the fact that it only provides wildlife managers with a 

simple number for density/abundance. DSM has opened new opportunities to perform data 

analysis based on spatial data that can yield important ecological information, as in this 

work, while collecting data with low human, economic and logistical resources. That being 

said it does not imply that traditional distance sampling is discouraged. Actually, distance 

sampling proved its potential as a cost-effective and simple approach able to estimate ungu-

late population size in a robust manner. In fact it represents a less complex way of getting 

density values, and can be applied even when spatial information regarding species ecolog-

ical requirements is not available.  

From an ecological point of view, it is worth noticing the importance of both works 

(Chapter II and Chapter III) in a wider temporal scale, promoting a continued following of 

trends for two widespread ungulate species. Continued monitoring programs are particularly 

important for species whose densities can potentially cause several damages (for a review 

see Putman et al. 2011) that can only be handled with a previous knowledge of population 

size and ecological constraints. The methodologies used in this study, applied for species 

known to be difficult to monitor, will allow, in the long-term, an adaptation of management 

strategies, such as the adjustment of the hunting bags, in order to preserve ungulate popula-

tions while avoiding the conflicts with human populations (due to damages caused by spe-

cies in agricultural fields (Putman & Moore 1998), and the increase in deer-vehicle collisions 

(Seiler 2004), including other factors). Furthermore, this thesis enhance the need to apply 
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monitoring programs in other areas, where ungulates are known to be increasing. Through-

out Chapters II and III, the methodological tools to achieve robust density estimates are ex-

plained and discussed, giving wildlife managers a priori knowledge about methods perfor-

mance in Mediterranean habitats. 

Population size estimation and ecological assessment achieved throughout our study 

should be integrated in a multidisciplinary effort, that must also assess other important fac-

tors regarding species and habitats as the monitoring of the effects of the densities and habitat 

use of ungulates on the vegetation; monitoring of the body condition of hunted animals; 

monitoring aspects such as diet composition, stress and parasite burdens through faecal anal-

ysis; and monitoring infectious disease prevalence. Effectively, only with a multidisciplinary 

perspective a well-based management plan can be achieved, in order to handle ungulates as 

a part of an ecosystem, which inevitably suffers the consequences of an increasing popula-

tion. Bearing in mind the principles of adaptive management, assessing both population 

trends as well as individuals’ and habitat conditions is essential to perform management 

practices according to the ecosystem needs. 

This work attempts to unveil ecological information, essential for well-designed 

monitoring programs that should be applied continuously with robust methodologies. This 

will give rise to management plans that will aim to meet species ecological needs, also partly 

unveiled during this study. It is also essential to perceive these populations in a wider scale, 

enhancing shared management of transboundary deer populations in the Iberian Peninsula. 
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