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Abstract

To build infrastructures, we rely on the construction sector, which produces aggregates and cement 
through mining activity. The reconciliation of the extractive activity and conservation of natural values 
is a crucial issue. Currently, our capacity to return ecosystems affected by mining activity to their 
original situation is limited. An alternative to restoration is the creation of ecosystems for fauna 
of conservation concern. Cliff-nesting birds (birds that rely primarily on rocky or sandy walls to 
breed) colonize human-created environments such as mining sites (quarries and aggregate pits from 
the cement and aggregate sector). However, mining restoration often fails to consider the cliff-
nesting fauna that may have colonized these areas. Furthermore, previous work has failed to address 
how important these man-made habitats are for the conservation of cliff-nesting birds, and how to 
manage their presence during the active phases of the mining sites. The aim of this PhD Thesis is to 
study the cliff-nesting bird community at mining sites, and to give management recommendations to 
enhance biodiversity by improving breeding habitats for cliff-nesting bird species in Mediterranean 
areas of Spain. We expect mining sites to have the potential of accommodating a varied community 
of cliff-nesting birds. We studied three aspects to manage these communities: 1) the potential risk 
of generating trap habitats by excess of predation; 2) the process of breeding habitat selection and 
habitat preferences of cliff-nesting birds at different scales; and 3) the ecological services of cliff-
nesting birds that could be applied to restoration. To do this, we carried out a large scale survey in 
2016 and 2017, in 29 mining sites during the breeding season, to study the abundance, richness and 
diversity of the cliff-nesting communities. The mining sites were representative of the environmental 
diversity of the study area. Then, we selected two model species. We studied the Eagle Owl’s (Bubo 
bubo) presence and diet in mining sites and outlined restoration and management considerations for 
cliff-nesting birds to avoid excess predation pressure. We selected the Sand Martin (Riparia riparia) 
to analyze the ecology and habitat selection of cliff-nesting species in mining sites, and to established 
measures to reconcile mining activity with their breeding populations. We also studied the provision 
of engineer ecosystem services of birds applicable to restoration actions, as a way of improving the 
local biodiversity of cliff-nesting birds, by studying the Sand Martin’s burrowing activity at mining 
sites. Our results indicate that mining sites have a varied community of cliff-nesting birds and that 
for some species, these sites could be relevant as breeding habitats. We determined that the Eagle 
Owl is a specialist predator in the mining sites, with rabbits (Oryctolagus cuniculus) as its main prey, 
and that their frequent presence in these sites does not generate a risk of excess of predation of the 
cliff-nesting community. We observed that Sand Martins showed habitat preferences at the different 
studied scales, and that this information could be used to design management recommendations 
and restoration actions for this species. Finally, we observed that the burrowing activity of the 
Sand Martin generated holes that were colonized by secondary user birds and the Rock Sparrow 
(Petronia petronia) was the most abundant species. With this work, we aimed to explore alternatives 
to conventional restoration actions, to improve vulnerable biodiversity and to reconcile fauna with 
mining activity. Our study supports incorporating actions to promote cliffs, together with managing 
the mining sites to form a heterogeneous mosaic of habitats that satisfy the requirements of the cliff-
nesting species (roosting, feeding, etc.). Finally, the study of these complementary habitats inside and 
outside the mining sites should be pursued in future lines of research, to improve the management 
and conservation of cliff-nesting species in mining sites. 
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Resumen

Para construir infraestructuras, dependemos del sector de la construcción, que produce áridos 
y cemento a través de la minería. La conciliación de la actividad extractiva y la conservación del 
medio ambiente es crucial. Actualmente, nuestra capacidad de retornar ecosistemas afectados por 
actividades extractivas a su situación original es limitada. Una alternativa a la restauración es la creación 
de ecosistemas para fauna de interés de conservación. Las aves rupícolas (aves que dependen 
principalmente de paredes rocosas o arenosas para reproducirse) colonizan ambientes antrópicos, 
como los espacios mineros (canteras y graveras de los sectores del cemento y los áridos). Sin embargo, 
la restauración minera a menudo ignora la avifauna rupícola que coloniza estos espacios. Además, 
estudios anteriores no han abordado la importancia de estos hábitats antrópicos para la conservación 
de las aves rupícolas y cómo gestionar su presencia en espacios mineros activos. El objetivo de esta 
Tesis Doctoral es estudiar la comunidad de aves rupícolas en espacios mineros y dar recomendaciones 
de gestión para promover biodiversidad mediante la mejora de los hábitats de reproducción de 
las aves rupícolas, en zonas mediterráneas de España. Esperamos que los espacios mineros tengan 
el potencial de alojar a una variada comunidad de aves rupícolas. Estudiamos tres aspectos: 1) el 
riesgo potencial de generar hábitats trampa por exceso de depredación; 2) el proceso de selección 
del hábitat de reproducción y las preferencias de hábitat de las aves rupícolas a diferentes escalas; 
y 3) los servicios ecológicos de las aves rupícolas aplicables a la restauración. Para ello, llevamos a 
cabo un monitoreo a gran escala en 2016 y 2017 en 29 espacios mineros, durante la temporada 
de reproducción, para estudiar la abundancia, riqueza y diversidad de las comunidades de avifauna 
rupícola. Los espacios mineros fueron representativos de la diversidad ambiental del área de estudio. 
Posteriormente, seleccionamos dos especies modelo. Estudiamos la presencia y la dieta del Búho real 
(Bubo bubo) en espacios mineros y esbozamos medidas de restauración y gestión de aves rupícolas 
para evitar una presión excesiva de depredación. Seleccionamos al Avión zapador (Riparia riparia) para 
analizar la ecología y selección del hábitat de reproducción de especies rupícolas en espacios mineros, 
y para establecer medidas para conciliar la actividad minera con sus poblaciones reproductoras. A 
través del estudio de la actividad de excavación del Avión zapador en espacios mineros, estudiamos 
los servicios de la avifauna con actividad ingeniera aplicables a la restauración como una forma de 
mejorar la biodiversidad local de aves rupícolas. Nuestros resultados indican que los espacios mineros 
acogen una diversa comunidad de aves rupícolas y que, para algunas especies, estos espacios podrían 
ser relevantes hábitats de reproducción. Determinamos que en los espacios mineros el Búho real es 
un depredador especializado, siendo los conejos (Oryctolagus cuniculus) su presa principal, y que la 
presencia frecuente del Búho real en estos espacios no genera un riesgo de exceso de depredación 
de la comunidad de aves rupícolas. Observamos que el Avión zapador mostró preferencias de hábitat 
en las diferentes escalas estudiadas, y utilizamos esta información para diseñar recomendaciones de 
gestión y acciones de restauración para esta especie. Finalmente, observamos que las madrigueras del 
Avión zapador fueron colonizadas por aves usuarias secundarias, y que el Gorrión chillón (Petronia 
petronia) fue la especie más abundante. Con este trabajo, buscábamos explorar alternativas a las 
acciones de restauración convencionales, mejorar biodiversidad vulnerable y conciliar la fauna con 
la actividad minera. Nuestro estudio apoya la incorporación de acciones para promover paredes 
verticales, junto con la gestión de los espacios mineros para formar un mosaico heterogéneo de 
hábitats que cumplan los requisitos de las especies rupícolas (lugares de descanso, alimentación, etc.). 
Finalmente, el estudio de estos hábitats complementarios dentro y fuera de los espacios mineros 
debe realizarse en futuras líneas de investigación, para mejorar la gestión y conservación de especies 
rupícolas en espacios mineros.
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CHAPTER I

General introduction

ORIGINAL SCIENTIFIC PUBLICATIONS

This PhD Thesis is based on four original research studies, which were carried out during the three-
year period of the duration of the PhD Program (May 2016 until May 2019). One of them is 
presented as a descriptive chapter regarding the cliff nesting bird communities in mining sites and will 
be developed into an article after the defense of the PhD Thesis. The other three original research 
studies are presented as original research articles and are currently in review in indexed international 
academic journals from the Ecological Restoration and Ornithology fields. Collaborations are 
indicated in Table 1.1. 

• Chapter II: Rohrer Z, Rebollo S. Description of cliff-nesting bird communities in mining sites in 
central and East Spain (descriptive chapter)

• Chapter III: Rohrer Z, Rebollo S, Monteagudo N, Talabante C. Eagle Owl diet at mining sites: 
Implications for restoration and management for cliff-nesting birds. Ibis (original research article)

• Chapter IV: Rohrer Z, Rebollo S, Andivia E, Franco J, Rodríguez C. In review. Restoration and 
management for cliff-nesting birds in Mediterranean mining sites: The Sand Martin case study. 
Restoration ecology (second revision, original research article).

• Chapter V: Rohrer Z, Rebollo S, Andivia E, Rodríguez C, Franco J. In review. Bird services 
applicable to mining restoration: The Sand Martin (Riparia riparia) burrow construction case 
study. Journal of Ornithology (second revision, original research article).

Table 1.1 Table of author contributions for each research chapter (Chapters II, III, IV, V). CR: Carlos Rodríguez, CT: 
Carlos Talabante, EA: Enrique Andivia, JF: Juan Franco, NM: Navila Monteagudo, SR: Salvador Rebollo, ZR: Zoë Rohrer.
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research in other forums.

Federación de Áridos (FdA) (2019) Contribución del sector de los áridos a la recuperación de una 
especie amenazada El avión zapador. Madrid, Spain
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05&amp;id=1366&amp;op=view&amp;tipo=C (accessed 10 March 2018)

Rohrer Z, Rebollo S, Monteagudo N, Gegúndez P (2017) Mejora de hábitats para avifauna rupícola 
en espacios mineros: oportunidades para la recreación de hábitats. Pages:131 – 142 In: Ros Magán 
G, Guerrero Ortega A, Pascual Vive F, Tejedor Martínez C, Ruiz Benito P, Tabernero Magro V 
(eds) Sextas Jornadas de Jóvenes Investigadores de la Universidad de Alcalá (Ciencias e Ingenierías). 
Universidad de Alcalá. Alcalá de Henares, Spain. I.S.B.N.: 978-84-16599-48-6

Rohrer Z, Rebollo S, Gegúndez P (2018) Guía de buenas prácticas para el avión zapador en 
explotaciones de áridos. LafargeHolcim, FIRE & UAH. Madrid, Spain. https://www.researchgate.net/
publication/328430344_Guia_de_buenas_practicas_para_el_avion_zapador_en_explotaciones_
de_aridos (accessed 10 May 2019)

Rohrer Z, Rebollo S, Gegúndez P, Rey Benayas JM, Pérez Suárez R, Rubio P (2018) Contribución del 
sector de los áridos a la conservación del avión zapador. Revista Técnica CEMENTO HORMIGÓN, 
987:18-21

Rohrer Z. 2019. Oportunidades para la mejora del hábitat de la avifauna rupícola en canteras. Revista 
Técnica CEMENTO HORMIGÓN, 990:13-14
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INTRODUCTION

1. Mining restoration

To build infrastructures, we rely on the industrial 
activity of the construction sector, which 
produces aggregates and cement through 
mining activity. Aggregates (sand, gravel, crushed 
rock, recycled and manufactured aggregates) 
are produced from natural sources extracted 
from quarries and from sand and aggregate 
extraction sites. Cement is a material formed 
from a processed mixture of limestone and clay, 
and it is produced in cement plants. To give visual 
examples, every new individual home typically 
requires up to 400 tons of aggregates, which 
is equivalent to the weight of 200 cars. Or a 
new sports stadium may require up to 300,000 
tons of aggregates, which in surface would be 
enough to cover the area of Disney World three 
times (UEPG 2019). Due to this extraction of 
natural resources, mining causes strong impacts 
on geomorphology, hydrology, subsoil, soil and 
vegetation.

Restoration activities are one of the essential 
phases of a mining site’s life cycle, which marks 
the end of an activity that can have been 
operating for decades. Ecological restoration is an 
activity that initiates or accelerates the recovery 
of an ecosystem that has been degraded, 
damaged, transformed or destroyed as a direct 
or indirect result of human activities (SER 
2002). Its objectives are directed towards the 
restoration and conservation of key ecosystem 
processes. However, trying to restore to its 
original condition the organization and function 
of an ecosystem where mining activity has 
taken place, is a challenge that is often difficult 
to achieve in the short and medium term, and 
often it is simply impossible with the current 
scientific knowledge.

For this reason, there are other approaches 
to ecological restoration. Depending on the 

state which was chosen as reference point 
and the applied techniques, different levels of 
restoration can be achieved. According to the 
Society for Ecological Restoration (SER 2004) 
(Figure 1.1), rehabilitation takes place when one 
or several selected components of the original 
ecosystem are repaired, often certain target 
species or processes. Second, reclamation (also 
called replacement or reallocation) conceptually 
means reclaiming areas/ecosystems to other 
uses, such as agricultural or recreation. Finally, 
creation (also known as fabrication) consists of 
the installation of a different kind of ecosystem 
from that which occurred historically. Creation 
can allow the restoration of some attributes 
of the former ecosystem and the provision 
of new ecosystem services, even to the point 
of increasing the ecological value of an area 
(Bradshaw 1996), in terms of e.g. abundance 
of species of conservation concern. Generally, 
when creating new ecosystems, landscape 
integration is pursued, both from an aesthetic 
and functional point of view, and attempts are 
made to imitate reference systems.

Creation is a common alternative approach 
to restorations in mining sites which are not 
always possible or viable. It is also an alternative 
to rehabilitations which often do not generate 
self-sufficient ecological systems, and therefore 
usually involve large economic costs in both 
the short and long term. Taking into account 
that mining usually lasts for decades at a given 
mining site, another advantage of creation of 
ecosystems for wildlife is that the ecosystems 
can be implemented both during the active 
phases of mining exploitation as well as during 
final restoration measures.

There are many examples of habitat creation 
in mining restoration projects, such as forest or 
wetland habitats (Cooke & Johnson 2002; Lamb 
et al. 2005; Bullock et al. 2011). However, creation 
or enhancement of cliff habitats for conservation 
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purposes has been a line of action that has not 
been as explored, and mining restoration could 
offer an opportunity to increase the availability of 
locally scarce cliff habitats, as well as to reconcile 
mining activity with biodiversity conservation.

Why cliff-nesting birds?

Birds that typically breed in cliff habitats are 
known as cliff-nesting birds (Donázar et al. 
1989, Brambilla et al. 2006) and some of the 
cliff-nesting species are protected (Madroño et 

al. 2004). Many cliff-nesting birds have proven 
considerable ability to adapt to anthropogenic 
environments if these fulfill their ecological 
requirements (Ritchie et al. 1998; Marchesi et al. 
2002). One of the most extensively colonized 
environments are mining sites like quarries 
and aggregate pits, where cliff habitats are 
created during mining activity, and which can 
accommodate a wide range of birds, from large 
raptors such as the Eagle Owl (Bubo bubo) to 
small passerines such as the Black Wheatear 
(Oenanthe leucura) (Brambilla et al. 2006; 

Figure 1.1 Relation between ecosystem structure (e.g. species diversity and complexity) and ecosystem 
function (e.g. biomass and nutrient content), illustrating different strategies to recover a degraded ecosystem. 
1) Ecological restoration involves recovering what was there previously as completely as possible (the reference 
ecosystem is the original ecosystem); 2) Rehabilitation involves progressing towards this, but the two activities 
differ in their goals and strategies, as the rehabilitation emphasizes the reparation of one or several selected 
ecosystem components or processes, productivity and services. 3) Reclamation usually is returning the land 
to what, within the regional context, is considered to be a useful purpose, such as agriculture or recreation. 
4) Creation can be an option when a site has undergone sufficient change to require the installation of a 
different kind of ecosystem from that which occurred historically. 5) When no action is made to restore what 
was present, the site may undergo normal succession or, if the site is liable to erosion or some other wasting 
process, to further degradation. Modified from Bradshaw (1984) and SER (2004).
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Noguera et al. 2014; Soler 2014; Gahbauer et al. 
2015; Burke 2017).

Cliffs are generally recognized as valuable 
habitats. However, the reproduction of fauna 
in highly anthropogenic habitats is frequently 
ignored or underestimated and to the best of our 
knowledge, there is little literature regarding the 
bird community that colonizes these man-made 
cliffs, including cliff-nesting birds. Reasons for this 
could be that a) scientists might eschew artificial 
habitats in favor of more natural ecosystems, 
b) that the substantial impacts of the mining 
industry make these habitats less attractive for 
scientists specialized in conservation biology and 
ecology, c) a lack of specialized studies because 
it is taken for granted that these environments 
are not acceptable as breeding sites, and d) the 
influence of legislation which was developed 
in a time when the conception of the natural 
environment was different and the technical 
knowledge on how to restore degraded habitats 
was less developed (Castillo et al. 2008).

Mining restoration practices normally involve 
eliminating the cliffs by shaping soft slopes, 
placing a substrate, and planting herbaceous 
covers (Noguera et al. 2014). Turning them into 
agricultural fields or landfill sites for domestic 
and industrial rubbish is also a very extended 
practice (Mborah et al. 2015). These actions 
normally do not consider the fauna that has 
colonized these mining sites, and can even be 
detrimental to cliff-nesting species and beneficial 
to more generalist species (Castillo et al. 2008; 
Noguera et al. 2014). Ignoring such natural 
assets both during the active and restoration 
phases could represent a lost opportunity for 
the conservation and expansion of cliff-nesting 
birds of conservation interest, and enhancement 
of local biodiversity.

Birds can colonize mining sites very quickly, even 
while mining sites are still active. Some cliff-
nesting birds have increased the use of mining 

sites as breeding habitats over the last decades, 
and some of them have relevant proportions 
of their populations in these anthropic sites, as 
has been described for some raptor species in 
some geographic locations (Zuberogoitia et al. 
1994; Norriss 1995; Castillo et al. 2008). Natural 
populations of some species even seem to be 
becoming rare, like in the case of the Sand 
Martin (Riparia riparia) (SCV 1999; Heneberg 
2007; Burke 2017). However, there is very little 
literature regarding management for fauna with 
the aim to reconcile mining activity with the 
presence of these protected species, and on 
how to develop restoration plans to promote 
and maintain their presence. The few references 
we are aware of regarding how to favor cliff-
nesting birds, are only related to the creation of 
artificial nests for raptors and corvids (Boyce et 
al. 1980; Brambilla et al. 2010; Ostlyngen et al. 
2011), there are very few examples of making 
shelves directly on the cliffs (Pagel 1989), and 
they are not usually performed in mining sites. 
There are not many examples for burrowing 
cliff-nesting birds either (Gulickx et al. 2007). 

Therefore, there is a gap in knowledge on 
how to reconcile breeding cliff-nesting birds at 
mining sites with the industrial activity. For this, 
studying the species’ composition of the cliff-
nesting bird community colonizing mining sites 
and carrying out detailed studies about their 
habitat requirements, habitat preferences and 
functions could be helpful in designing effective 
conservation and restoration plans (Martínez et 
al. 2003). Furthermore, management guidelines 
for practitioners based on scientific knowledge 
are lacking for the cliff-nesting species.

Ecological traps

Opposed to revegetation, where the most 
frequent approaches in restoration consist 
of planting seeds or seedlings produced in 
nurseries, restoration techniques to recover 
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animal communities often include attracting 
individuals from wild populations, usually full-
grown breeding individuals (Rebollo 2016). This 
means that wildlife recovery actions could have 
negative consequences for the surrounding 
populations (Hale & Swearer 2017), because 
the restored habitats could attract with 
preference the best individuals of a population 
to an area where their reproductive success 
will be negative, therefore creating a potential 
risk of generating trap habitats (Battin 2004). 
Trap habitats (or ecological traps) are low-
quality habitats for reproduction and survival, 
which cannot sustain a population, and yet are 
preferred over other alternative high-quality 
habitats (Donovan & Thompson III 2001). Some 
authors have warned of the risk of creating trap 
habitats in restoration projects and pointed out 
that this option has been hardly explored in 
restoration studies (Hale & Swearer 2017).

Habitat enhancement actions for wildlife 
can also have negative demographic effects, 
such as density traps, sensu Rodenhouse et 
al. (1997). For example, if the actions increase 
the density of individuals, they could trigger 
dense-dependent negative effects. An example 
of this are nest boxes, which can increase the 
density of breeding pairs and increment rates 
of competition, predation, disease, etc. (Poysa & 
Poysa 2003; Mänd et al. 2009). The creation of 
trap habitats has also been demonstrated as a 
consequence of actions to enhance habitats for 
wildlife in locations where individuals will later 
be subjected to intense predation (Hawlena 
et al. 2010). Restored habitats could turn into 
a trap habitat if the individuals are attracted 
with preference to a place where the risk of 
predation is higher than in non-restored habitats, 
decreasing the fitness (ability to survive and 
produce successful offspring) of the colonizing 
populations. The individuals colonizing the 
restored habitat could then suffer increased 
predation that could in turn condition their 

future viability.

The suitability of restoration actions for fauna, 
such as habitat creation, should not be evaluated 
solely on the success of the colonization of the 
restored environments, but also on the future 
viability of the installed populations (Hale & 
Swearer 2017). And in this regard, taking into 
account predation effect over populations in 
restored areas should be essential to evaluate 
whether restoration projects are successful. 

In the case of cliff habitats in mining sites, raptors 
are cliff-nesting top predators that frequently 
breed in mining-generated cliffs (Zuberogoitia et 
al. 1994; Marchesi et al. 2002; Brambilla et al. 2006; 
Dalbeck & Heg 2006). Birds could be subjected 
to a strong attraction to nest in mining sites, and 
through habitat improvement or habitat creation 
actions, this effect could become even more far-
reaching both for the raptors and the rest of the 
cliff-nesting species. It has been described that 
birds commonly experience traps caused by 
predation (Ekroos et al. 2012). This implies that 
successful habitat improvement actions directed 
at cliff-nesting species at mining sites could have 
the potential risk of creating ecological traps 
by excess predation by raptors. Trap habitats 
should be considered a potentially widespread 
concern in restoration actions involving wildlife.

Sand Martins as a study case

To study cliff-nesting species in depth, we 
selected the Sand Martin (Riparia riparia) as 
our case study. Sand Martins are burrowing 
cliff-nesting, colonial breeders. Currently, their 
populations are experiencing a long-term 
negative trend in several European countries, 
including Spain (BirdLife International 2016). 
Their natural nesting habitats are sandy banks 
of rivers, streams and lakes (Cramp 1988), but 
in recent decades they have been increasingly 
nesting in man-made structures (Etxezarreta 
2010). They have been particularly nesting in 
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mining sites, to the point that natural colonies 
in some places in Europe are becoming rare 
(Heneberg 2005; SCV 2007; Burke 2017). This 
could be due to a combination of factors, but 
the alteration of river banks and their flow 
regimes, which makes the natural nesting habitat 
of Sand Martins scarce, and an increase in the 
past decades of the abundance of mining sites 
for aggregate production, could be favoring this 
phenomenon (Moffatt et al. 2005; Garcia 2009; 
Girvetz 2010; Wright et al. 2011).

Mining sites could be important breeding 
areas for the Sand Martin and therefore the 
management that is carried out in these places 
could be crucial for their populations, both 
in sites with mining activity and in restored 
sites. To be able to propose management 
recommendations in mining sites, we need to 
understand its habitat preferences in these 
areas. Habitat selection is a process in which 
the animal decides which habitats it uses at 
different spatial scales, ultimately seeking survival 
and reproductive success (Brambilla et al. 2006). 
As far as we can tell, very few studies address 
habitat selection of the Sand Martin in mining 
sites.

Once the habitat preferences of the Sand 
Martin in mining sites are known, guidelines for 
the promotion and management of this species 
can be developed, in such a way that Sand 
Martins are promoted in favorable sectors of 
the mining sites and their presence is avoided 
in industrially active areas during the breeding 
season. Some guidelines already exist in 
Switzerland (Bachmann et al. 2008) and Canada 
(Ontario Ministry of Natural Resources and 
Forestry 2017). However, guidelines adapted to 
the peculiarities of the species in Mediterranean 
contexts are lacking. Regional guidelines are 
important as the species can show variations, 
such as in the phenology of migration and 
reproduction, and habitat preferences.

Ecosystem services provided 
by cliff-nesting birds applied to 
restoration

Birds are possibly the group of terrestrial 
vertebrates with the most varied spectrum of 
ecological functions (Sekercioglu 2006). They 
can provide many ecosystem services, including 
trophic-related ones, like seed dispersion, 
pollination or nutrient cycling (Whelan et al. 
2008). They can also supply beneficial non-
trophic-related services, such as constructing 
potential refuge for fauna (Wenny et al. 2011). 
Therefore, the nest building activity of some 
birds generates burrows that can be colonized 
by many other secondary cavity-nesting species, 
who have no capacity to build holes, but need 
them for shelter or reproduction (Casas-Crivillé 
& Valera 2005).

The abundance of holes could limit the 
colonization of mining areas by secondary cliff-
nesting birds, the same way it occurs for other 
secondary cavity-nesting species in non-mining 
environments (Cockle et al. 2010). In mining 
areas, cavities are generated mainly by mining 
activity, but also by abiotic (e.g. water erosion) 
and biotic agents (e.g. burrowing species). The 
primary cavity-nesting species (burrowing 
species) could increase local biodiversity of cliff-
nesting animals by incrementing the availability 
of holes for secondary cavity-nesting species 
through their burrowing activity (Hansell 1993).

In Spain, there are three burrowing species 
that can be easily found in mining sites: rabbits 
(Oryctolagus cuniculus), European Bee-eaters 
(Merops apiaster) and Sand Martins. All of them 
construct elevated numbers of burrows that 
are used by secondary user species. Casas-
Crivillé & Valera (2005) recorded 19 species 
of vertebrates and several invertebrate species 
that occupy abandoned European Bee-eater 
burrows. Galvez Bravo et al. (2009) reported 
over 15 species of vertebrates that use rabbit 
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burrows. Mead & Pepler (1975) detected 16 
bird species nesting in Sand Martin burrows in a 
study at a national scale in Great Britain.

Sand Martins are considered to be engineer 
species, which are species that affect other 
organisms by modulating the availability of 
resources to other species (Jones et al. 1994). 
There are examples of engineer species that can 
help revert impacts on degraded ecosystems 
through the ecosystem services they provide. 
For example, in the temperate woodlands 
in Australia, the Eastern Bettong (Bettongia 
gaimardi) can have profound effects on water 
infiltration and seed germination with its 
burrowing activity, helping restore the degraded 
woods (Manning et al. 2001). Another example 
are Cyanobacteria, which can contribute to the 
recovery of ecosystem functions such as erosion 
resistance and nutrient cycling through the 
formation of biological soil crusts in degraded 
drylands (Chiquoine et al. 2016). 

However, despite the awareness of the relevance 
of the services provided by engineer species, the 
ecosystem engineering concept has been rarely 
included in habitat improvement, conservation 
and ecological restoration projects (Byers et 
al. 2006). Furthermore, there are also very few 
studies regarding the secondary cavity-nesting 
species of Sand Martin burrows and their 
relevance towards them in Mediterranean areas.

Sand Martins could be a good model to study 
potential environmental services of birds in 
mining restoration because they could facilitate 
the colonization of mining sites by other cliff-
nesting species and enhance local biodiversity. 
Therefore, studying how to promote Sand 
Martins in mining sites and learn how to 
reconcile their presence in mining sites with 
mining activity, could benefit not only this 
threatened species, but it could potentially help 
increase local biodiversity as well through its 
burrowing activity.

Opportunities to advance in 
ecology and restoration sciences

This work is an opportunity to advance in the 
fields of ecology and restoration. Our study 
allows us to explore novel ways of undertaking 
mining restoration, which we cannot completely 
tackle with our current knowledge, and which 
business-as-usual approaches do not always 
manage to fulfil. In addition, this research took 
place due to a unique opportunity, where the 
academic sector worked hand in hand with 
the private sector to address solutions for 
environmental issues that affect our societies 
globally. This type of partnership can be very 
advantageous to develop research projects, 
by enriching them with the benefits and 
contributions of their different perspectives and 
knowledge (e.g. access to machinery, financial 
support or technical expertise in the case of 
the private sector, and scientific knowledge, 
experimental design and data analysis in the 
case of the academic sector).

Mining sites offer a novel scenario to study 
the response of organisms to changes in the 
structural habitat, as cliff environments are 
generated as a consequence of the mining 
activity itself. The scenario mining sites create, 
allows to experiment by manipulating habitats 
with low costs, unlike in other fields such as 
forest restoration, where the possibilities of 
habitat manipulation are more difficult, or where 
equivalent structures require much more time 
to obtain, for example large trees. Therefore, the 
mining context allows to manipulate cliff habitats, 
study the organisms’ responses, and analyze the 
possibility of generating habitats when restoring 
these areas. Restored areas can turn into trap 
habitats because they can attract individuals to 
places that do not benefit them in the long run. 
It has been demonstrated that trap habitats are 
generated more frequently in anthropogenic 
habitats (Roberston and Hutto 2006, Roberston 
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et al. 2013). The recent or sudden environmental 
changes in evolutionary terms, act to uncouple 
the cues that individuals use to assess habitat 
quality. This generates maladaptive responses 
from the animals and they may feel attraction to 
relatively bad habitats. 

Regarding restoration ecology, the line of 
research that we intend to develop through 
this PhD Thesis does not aim to transform how 
mining sites are restored, but rather to explore 
the possibilities cliff environments can offer. For 
example, when mining activity begins in very 
degraded areas by other human activities, the 
restoration of these areas opens an opportunity 
to restore local biodiversity. Using cliff-
nesting birds as target species, comprehensive 
restoration plans can be designed, where rocky 
environments would occupy specific areas with 
ecological interested (e.g. areas colonized by 
protected species, or colonized by a rich and 
large community of cliff-nesting species), and the 
rest of the requirements for these target species, 
such as foraging and roosting areas, would create 
a heterogeneous space that could benefit many 
other species.

OBJECTIVE AND STRUCTURE

The general objective of this work is to study 
how to improve local biodiversity in mining sites 
(open cast mines – quarries and aggregate pits 
– belonging to the construction industry) by 
improving the habitats for cliff-nesting bird species. 
By studying the cliff-nesting bird communities 
in these industrial areas, and studying factors 
that regulate their presence, abundance and 
breeding habitat preferences, we aim to provide 
tools with which to help practitioners in mining 
sites to manage the biodiversity at their sites and 
reconcile the presence of these communities 
with the mining activity, both during the active 
and restoration phases.

This PhD Thesis is structured in seven sections: 
1) a general introduction which highlights 
the framework of this study, 2) four research 
chapters, which analyze a specific aspect of 
the objectives; one of them is presented as a 
descriptive chapter about the cliff-nesting bird 
community at mining sites and three of them 
are shown as separate scientific publications; 3) 
a general discussion which synthesizes the work 
and main results, links the different chapters, 
and suggests new lines of future research; 4) 
conclusions of the research. 

The specific objectives were the following (Table 
1.2).

Chapter II. Description of cliff-
nesting bird communities in 
mining sites in central and East 
Spain

General objective:
To study the species abundance, richness and 
diversity of cliff-nesting birds in mining sites. For 
this, we carried out a field survey of cliff-nesting 
bird communities in mining sites at a nation-wide 
scale. This study will serve as a basis to propose 
future actions aimed at promoting biodiversity 
in mining sites and to identify model species for 
species-level studies.

Specific objectives:

1. To study abundance and species richness of 
the cliff-nesting birds in the mining sites.

2. To describe the main characteristics of 
the species that form the cliff-nesting 
communities, including the taxonomic 
group, trophic ecology, breeding behavior 
(colonial or territorial breeders), burrower 
species, the type of substrates they nest in, 
and their protection status at national and 
regional level. 
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Hypothesis:
We expect that mining sites will be colonized 
by breeding cliff-nesting birds and that the cliff-
nesting communities will be formed by a variety 
of bird groups, nesting both in the rocky and 
sandy substrates. 

Chapter III. Eagle Owl presence 
and diet at mining sites: 
Implications for restoration and 
management for cliff-nesting 
birds
General objective:
To study potential trap habitats by excess of 
predation in mining sites. Specifically, to analyze 
the capacity of the Eagle Owl to generate 
ecological traps in mining sites and outline 
restoration and management considerations for 
cliff-nesting birds to avoid an excess of predation 
pressure.

Specific objectives:
1. To estimate the presence and abundance of 

Eagle Owls in the mining sites.

2. To study the Eagle Owl’s diet in the mining 
sites through pellet analysis.

3. To estimate rabbit abundance (the main prey 
of the Eagle Owl) in the mining sites.

4. The results of the diet will be related to the 
abundance of rabbits and cliff-nesting birds 
in the mining sites.

5. The results will help incorporate management 
practices for the Eagle Owls in the mining 
sites to reduce the risk of predation on cliff-
nesting birds.

Hypothesis:
The Eagle Owl is a top predator, which feeds 
mainly on rabbits, but can diversify its diet 
including birds, depending on the availability 
of its main prey. This species colonizes mining 
sites frequently in the study area. This could 

generate an ecological trap for the rest of the 
cliff-nesting birds due to excessive predation. A 
lower abundance of rabbits in the mining sites is 
expected to increase the pressure of the Eagle 
Owl on cliff-nesting birds.

Chapter IV. Restoration and 
management for cliff-nesting 
birds in Mediterranean mining 
sites: The Sand Martin case study
General objective: 
To study breeding habitat selection and 
preferences of cliff-nesting birds at mining sites 
at several spatial scales. Specifically, to increase 
the knowledge of the ecology and reproductive 
biology of the Sand Martin (a burrowing cliff-
nesting species) in mining sites in Spain, and 
establish measures to reconcile mining activity 
with their breeding populations in said spaces.

Specific objectives:
1. To analyze the relevance of mining sites as 

breeding habitats for the Sand Martin in 
Spain.

2. To study breeding habitat preferences of the 
Sand Martin in the mining sites at three 
spatial scales: 1) landscape scale (the surface 
of the mining site and 1 km buffer around 
the mining sites), 2) colony scale (vertical 
faces were the colonies are located) and 
3) burrow scale. Studied variables include 
variables related with feeding habitats (such 
as distance to water or surface of pastures) 
and nesting structures (such as length of the 
faces, or percentage of vegetation cover).

3. To study the reproductive biology of the 
Sand Martin at the mining sites.

4. To establish some management guidelines 
for the Sand Martin in mining sites to help 
reconcile the breeding populations and the 
mining activity.
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Hypothesis: 
Mining sites can exert a strong attraction on 
some cliff-nesting species during the reproductive 
period. In these cases, the management of the 
mining sites can determine the reproductive 
success and viability of the breeding populations. 
Therefore, it is necessary to establish guidelines 
that help mining site operators manage these 
species during the breeding season. We expect 
Sand Martins to show habitat preferences at 
different scales: at the landscape scale preferring 
areas closer to their natural breeding habitats 
(lentic water and rivers), and at the colony and 
burrow scales being influenced by different 
morphological features of the nesting structures 
(such as length, height and slope).

Chapter V. Bird services 
applicable to mining restoration: 
The Sand Martin (Riparia riparia) 
burrow construction case study
General objective: 
To study the engineering activities and ecosystem 
services of cliff-nesting birds at mining sites. 
Specifically, to study the availability of burrows 
of biotic origin in mining sites, and their possible 
role in improving the local biodiversity of cliff-
nesting birds. 

Specific objectives:
1. To estimate Sand Martin burrow abundance 

and Sand Martin occupation rate in mining 
areas.

2. To identify secondary cavity-nesting birds 
using Sand Martin burrows and their burrow 
occupation rates.

3. To study the dynamic of Sand Martin burrows 
in the colonies by estimating the annual 
construction and disappearance rates of 
burrows. 

4. To determine factors that favor burrow 
occupation by secondary cavity-nesting 

species, related with Sand Martin activity and 
presence (such as abundance or availability 
of burrows), and with characteristics of the 
faces (such as the type of structure where 
the colony is located -vertical extraction 
face or stockpile- or the age of the face). 

Hypothesis: 
The abundance of holes may be a limitation 
for the colonization of secondary cavity cliff-
nesting birds at mining sites and the burrowing 
activity of the Sand Martin may increase the 
availability of holes for these species. We 
expect Sand Martin burrows to be colonized 
by secondary users, and that factors that could 
affect secondary occupation are: a) Sand Martin 
abundance, which would affect positively by 
providing other advantages to the secondary 
cavity-nesting species such as group defense 
against predators; b) Burrow abundance, which 
would affect positively because areas with more 
burrows could attract more secondary cavity-
nesting species; c) The type of structure where 
the colony is located (vertical extraction face 
or stockpile), since each type of structure may 
differ in the amount of available holes from other 
origins, such as mining activity; d) The age of 
the structure, which could also affect positively, 
conditioning the available time for Sand Martins 
and secondary cavity-nesting species to colonize 
the structures.
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BACKGROUND

Birds that rely primarily on rocky or sandy walls to 
breed are known as cliff-nesting birds (Donázar 
et al. 1989; Brambilla et al. 2006). Cliff-nesting 
birds have been able to adapt to anthropogenic 
environments, such as mining sites like quarries 
and aggregate pits (Moore et al. 1997; Ritchie et 
al. 1998; Gahbauer et al. 2015), if these meet their 
ecological needs (Ritchie et al. 1998; Marchesi et 
al. 2002). The faces of stone quarries are often 
used as breeding sites by raptors (Dalbeck & 
Heg 2006; Marchesi et al. 2002; Zuberogoitia 
et al. 1994; Brambilla et al. 2006), corvids (Soler 
2014), or different passerines (Noguera et al. 
2014), and the sandy faces of aggregate pits 
are frequently used by burrowing cliff-nesting 
species, such as Sand Martins (Riparia riparia) 
(Burke 2017).

Birds can colonize mining sites in short periods 
of time, even when mining sites are active. 
There are even cases where restored mining 
sites have acquired biological interest, to the 
point of having been included in nature reserves 
(Lundholm & Richardson 2010). Over the last 
decades, cliff-nesting birds have been increasingly 
breeding in mining sites, and some species have 
important proportions of their populations in 
these anthropic sites (Zuberogoitia et al. 1994; 
Norriss 1995; SCV 1999; Castillo et al. 2008). 
This situation raises a scientific discussion 
regarding the use of mining sites by cliff-nesting 
birds and encourages studying ecological bases 
for cliff-nesting bird management.

There is a debate around whether the unique 
circumstances created in mining sites, such as 

the rocky and sandy artificial cliffs, the fenced 
areas with limited access, etc. can produce areas 
which can be richer in wildlife than some of the 
remaining rural or urban environments. Some 
mining sites could replace areas or habitats that 
are disappearing, and the adaptation to these 
anthropogenic areas could enable some rare 
species to subsist and prevent other common 
species from becoming scarce (Lundholm & 
Richardson 2010). The availability of suitable 
nest sites is one of the most important limiting 
factors for breeding density in birds (Aitken 
et al. 2002; Brambilla et al. 2006). There are 
examples where occupation of natural nesting 
cliffs reached saturation point, making individuals 
resort to artificial cliffs, mainly in quarries (Crick 
& Ratcliffe 1995; Dalbeck & Heg 2006). On the 
other hand, mining sites also produce areas that 
are very different to their surroundings, providing 
heterogeneity and habitats that might not have 
been previously present in the area, such as 
the afore mentioned cliffs, ruderal habitats or 
wetlands, that could complement as breeding 
and feeding habitats for birds (Lundholm & 
Richardson 2010; Noguera et al. 2014).

Though there are studies regarding cliff-nesting 
birds that colonize mining sites, they are mostly 
centered on one species (Crick & Ratcliffe 1995; 
Moore et al. 1997; Ritchie et al. 1998; Noguera 
et al. 2014; Burke 2017) and there is a lack of 
studies that analyze the cliff-nesting communities 
as a whole.

Our objective in this chapter was to study the 
richness, abundance and diversity of breeding 
cliff-nesting birds at mining sites. We also 
wanted to study the characteristics of the 
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species that colonized the mining sites, such 
as their conservation status, breeding behavior 
(colonial or territorial breeders), taxonomic 
groups (raptors, sparrows, wheatears, corvids, 
etc.), materials they nest in the most (rock or 
sand cliffs) and whether they were burrowers 
or not. Understanding what cliff-nesting birds 
colonize mining sites, in what numbers, and their 
ecological characteristics, can provide ecological 
bases for the management of these species and 
for the selection of case study species for further 
analysis in order to help reconcile the presence 
of cliff-nesting birds in the mining sites with the 
industrial activity and help develop restoration 
plans that benefit these species.

Considerations of the study

The study of the cliff-nesting bird communities 
took place in 2016 in 28 mining sites (including 
quarries and aggregate pits) located in central 
and East Spain (Figure 2.1). The climate of 
the study area is Mediterranean, with the 

precipitation ranging between 320 to 675 mm. 
The mean annual temperature varied from 10 
to 18ºC and with an increasing temperature 
gradient from the center to the East.

The selected mining sites were characteristic of 
the study area and covered the largest possible 
range of conditions, including the size of the 
mining sites, inactivity (defined as the years 
passed since mining activity occurred at the site, 
and where 0 indicates active sites) and age of 
the mining site (years passed since the mining 
sites were opened) (Table 2.1). The type of 
extracted material also varied and was related 
with the type of extraction that took place: 
either for cement or for aggregates, and by 
blasting which produces rocky cliffs (quarries) or 
by directly scraping the material, which produces 
sandy cliffs (aggregate pits) (Table 2.1). The mean 
lengths and heights of cliffs at the mining sites 
also varied, as well as the total surface of cliffs 
present at each mining site.

Figure 2.1 Location of the 28 mining sites in central and East Spain where surveys of 
cliff-nesting birds were carried out.
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Around the mining sites in 1 km buffer there 
was extractive activity in 71% of the sites, 75% 
had shrublands, and 93% had agriculture and/or 
pastures and grasslands (0 indicates no surface 
present). More than half the sites (57%) had 
water bodies (lentic or running) in the 1 km 
buffer (0 indicates presence of water bodies in 
the mining site, 1000 indicates no water bodies 
present) (Table 2.1). 

The years passed since mining activity occurred 
at the site was obtained through interviews with 
quarry managers. Land use information and 
geographical variables were obtained through 
Corine Land Cover (Instituto Geológico 
Nacional 2012) and measured with QGIS 
(QGIS Development Team 2016).

The original design for this survey considered 
to study the natural cliff habitats located in the 
surrounding of the mining sites as reference 
systems, and compare the cliff-nesting 
communities between both systems. However, 
this paired design had to be discarded due to 
the absence of natural cliff habitats with similar 
geological and geomorphological contexts in 
the proximity of many mining sites.

We considered cliff-nesting birds as the 
species indicated to nest in cliffs in the atlas 
for reproductive birds of Spain, even if not 
exclusively, such as the Little Owl (Athene 
noctua) (Martí & Moral 2003). Visits to the 
mining sites (one visit per mining site) were 
conducted during breeding period, from May to 
July (Martí & Moral 2003). The richness (number 
of species) and abundance (total number of 
individuals) of cliff-nesting birds in the mining 
sites was estimated through surveys on foot 
which covered the area completely (800 to 
8000 m which lasted between 2 to 4 hours, 
according to surface of the mining sites) and 
allowed visual inspection of all cliff environments. 
We counted all individuals detected by sight and 
sound, avoiding double counts when individuals 

were seen several times at the same location, 
or located in an area already surveyed. Surveys 
were carried out during the first hours of the 
day and in favorable weather. Once the number 
of cliff-nesting species and individuals was 
obtained, Shannon diversity and the frequency 
(percentage of appearance) at the mining sites 
was calculated for the surveyed species.

Observations

We detected cliff-nesting birds in all the 28 
studied mining sites, with abundance ranging 
from 25 to 687 individuals per mining site (mean 
± SE = 185 ± 34 per mining site, Figure 2.2). 
There were more than 100 individuals of cliff-
nesting birds in 57% of the mining sites, and the 
total abundance of cliff-nesting birds in the 28 
mining sites was of 5166 individuals. We found 
a total of 24 cliff-nesting species in the mining 
sites, which ranged from 3 to 17 species (9 ± 1) 
per mining site. Only 4 species had fewer than 
5 individuals and 42% of the mining sites had 
10 or more species. At least 50% of the species 
were present in 60% of the sites. The diversity 
(Shannon) ranged between 0.59 to 2.04 (1.43 
± 0.08).

The most abundant species (> 300 individuals) 
were Rock Sparrows (Petronia petronia), Sand 
Martins, Western Jackdaws (Corvus monedula), 
House Sparrows (Passer domesticus), Spotless 
Starlings (Sturnus unicolor), Rock Doves (Columba 
livia), and Common Swifts (Apus apus). Regarding 
their frequency in the mining sites, 32% of the 
species appeared in at least 50% of the sites, and 
18% of the species appeared in less than 10 sites 
(Figure 2.3). 

Approximately 50% of the species were colonial 
breeders and they concentrated most of the 
total abundance of cliff-nesting birds (92% of 
individuals) (Figure 2.3). 

The most frequent families were the Muscicapidae 
which includes wheatears (21%), followed by 
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Corvidae, Hirundinidae and Passeridae (13% 
each). Chats and flycatchers (including the three 
species of wheatears present in Spain) were the 
most abundant group (21%), followed by crows 
and jays, sparrows, and swallows and martins 
(13% each) (Table 2.2).

The majority of the observed species were 
insectivorous (58%), followed by granivorous 
species (25%). Raptors accounted for 13% of the 
species and corvids summed up 4%. Regarding 
the four species of raptors (two nocturnal 
and two diurnal), the Common Kestrel (Falco 
tinnunculus) was the most abundant and frequent, 
followed by the Eagle Owl (Bubo bubo). The 
Eagle Owl is considered to be a super-predator 
and individuals were in 50% of the sites (Table 
2.2), and indications of its presence (individuals 
or pellets) were observed in 18 (64%) mining 
sites (Chapter III).

Most of the species (63%) bred in rocky cliffs, 
both in burrows and ledges or by making mud 
cups (e.g. Crag martin Ptyonoprogne rupestris). 
The primary cavity nesters which included the 
two burrowing species (European Bee-eaters 
(Merops apiaster) and Sand Martins) appeared 
exclusively on sandy substrates (8%). There 
were species that appeared in both types of 
cliffs (29%), including the secondary users of 
Sand Martin burrows, such as the two species 
of sparrows, the Black Red-starts and even Little 
Owls. Other species like the European Jackdaws 
and Common Kestrels appeared in sandy 
substrates as well, occupying old rabbit warrens 
that had been left exposed when the cliffs were 
created by mining. Regarding the conservation 
status of the cliff-nesting species, three species 
have minor conservation concern at national 
level (including two wheatears and the Red-
billed Chough Pyrrhocorax pyrrhocorax) and 33% 
of the species are vulnerable at regional level 
(including the Sand Martin) (Table 2.2).

Remarks

We found cliff-nesting birds in all mining sites 
studied at a national scale, and at some mining 
sites these species reached considerable 
abundance and richness. Cliff-nesting birds 
were present both in active and inactive mining 
sites. Some species are threatened at national 
or regional level, like Choughs and Black 
Wheatears respectively (Madroño et al. 2004). 
This confirms that mining sites are extensively 
used by cliff-nesting birds and that the role of 
these environments for the management and 
conservation of these species should be taken 
into account (see also Lundholm & Richardson 
2010).

Among the studied species, two raptors were 
frequent colonizers of the mining sites: The 
Common Kestrels and the Eagle Owls. Eagle 
Owls are considered top predators and super-
predators (predators that consume other 
competing predators, Lourenço et al. 2011). 
Due to their extended presence at mining 
sites, the question arises of whether they could 
exert a strong influence through predation on 
the cliff-nesting community, if the cliff-nesting 
birds were to be promoted through habitat 
improvement actions at mining sites. The 
potential consequences of top predators for 
the success of restoration actions for animals 
is frequently overlooked, though literature 
indicates that risks through excess of predation 
occurs in restoration projects (Hale & Swearer 
2017). Further studies should be directed at 
understanding hidden mechanisms that could 
negatively affect the results of restoration 
projects for fauna. 

Two engineer species were also observed at the 
mining sites: Sand Martins and the European Bee-
eaters. Both are burrowing species that excavate 
tunnels on vertical sandy substrates, at the end 
of which they construct their nests. The Sand 



Description of cliff-nesting bird communities in mining sites in central and East Spain

37

Ta
bl

e 
2.

2 
Su

m
m

ar
ize

d 
ch

ar
ac

te
ris

tic
s o

f t
he

 2
4 

cl
iff

-n
es

tin
g 

bi
rd

 sp
ec

ie
s o

bs
er

ve
d 

at
 th

e 
28

 st
ud

ie
d 

m
in

in
g 

sit
es

: fa
m

ily
, b

ird
 g

ro
up

, t
ro

ph
ic

 e
co

lo
gy

 (I
ns

ec
tiv

or
ou

s 
=

 I,
 G

ra
ni

vo
ro

us
 =

 G
, C

ar
ni

vo
ro

us
 =

 C
, O

m
ni

vo
ro

us
 =

 O
), 

bu
rr

ow
er

s 
(p

rim
ar

y 
ca

vi
ty

 n
es

te
r)

, t
yp

e 
of

 r
oc

ky
 h

ab
ita

t 
th

e 
sp

ec
ie

s 
w

as
 o

bs
er

ve
d 

to
 n

es
t 

at
 

(r
oc

ky
 o

r 
sa

nd
y 

cl
iff

s)
, c

on
se

rv
at

io
n 

st
at

us
 a

t 
na

tio
na

l l
ev

el
 a

cc
or

di
ng

 t
o 

th
e 

R
ed

 B
oo

k 
of

 S
pa

ni
sh

 B
ird

s 
(N

E 
=

 N
ot

 e
va

lu
at

ed
, D

D
 =

 In
su

ffi
ci

en
t 

da
ta

, L
C

 =
 

M
in

or
 c

on
ce

rn
, N

T
 =

 A
lm

os
t 

th
re

at
en

ed
), 

an
d 

w
he

th
er

 it
 h

as
 a

 p
ro

te
ct

ed
 s

ta
tu

s 
(v

ul
ne

ra
bl

e)
 a

t 
re

gi
on

al
 le

ve
l. S

pe
ci

es
 a

re
 o

rd
er

ed
 in

 d
ec

re
as

in
g 

ab
un

da
nc

e.



Chapter II

38

Martin was one of the most abundant species 
at the mining sites, due in part to its gregarious 
behavior, and in part because mining sites seem 
to be increasingly used by this species to breed, to 
the point that colonies in natural environments 
seem to be becoming rare in Europe (De Lope 
et al. 1987; SCV 1999; González 2004; Heneberg 
2007; SCV 2007; Etxezarreta 2010). Since mining 
sites seem to be crucial nesting areas, their 
management could be critical for the successful 
reproduction of the Sand Martin (Ruiz de Azua 
et al. 2003). Future studies that analyze the role 
these mining environments currently have for 
the Sand Martins, and how to reconcile their 
breeding with the industrial activity are crucial 
for the conservation of this protected species.

Cliffs are generally considered to be ecologically 
valuable habitats, and some of the cliff-nesting 
birds have conservation concern (Madroño et 
al. 2004). However, breeding that takes place 
in highly anthropogenic habitats is frequently 
overlooked by the reasons that were explained 
in the Introduction (Chapter I), such as the 
influence previous of legislation or lack of 
technical knowledge on ecological restoration 
(Castillo et al. 2008). Partnerships between the 
extractive industry and scientific institutions 
could help close this knowledge gap, and assist 
in exploring new restoration alternatives that 
could be developed in areas of the mining sites 
that have been colonized during the lifetime of 
the sites.

Typical mining restoration practices include 
eliminating the cliffs by reshaping them 
into smooth slopes (Noguera et al. 2014). 
Transforming the mining sites into agricultural 
fields or landfill sites are also widespread 
practices. These types of project designs usually 
do not take into consideration the fauna that 
uses the mining sites to breed, and can even be 
unfavorable for cliff-nesting species (Castillo et al. 
2008; Noguera et al. 2014). Restoration projects 

should not disregard the natural assets which 
appear at mining sites, such as opportunities 
for conservation and promotion of cliff-
nesting birds. Knowledge of detailed habitat 
requirements could be helpful in designing 
effective conservation and restoration plans 
in mining sites (Martínez et al. 2003). It is our 
belief that it is necessary to extend the concept 
of mining sites as spaces that can promote 
local biodiversity, provided that adequate 
management is carried out.
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ABSTRACT

The possible consequences of top predators for the success of restoration actions for animals 
is still poorly understood. Our main objective was to analyze whether there could be a risk of 
creating habitats with an excess of predation by top predators when carrying out actions to improve 
cliff habitats for cliff-nesting birds at mining sites. We surveyed 28 mining sites in Spain to obtain 
information regarding Eagle Owl (Bubo bubo) presence and diet, and analyzed their relationship with 
the abundance of cliff-nesting birds and rabbits (Oryctolagus cuniculus, its main prey) at the mining 
sites. We detected Eagle Owls in 18 mining sites (64%) and collected prey remains in 11 mining sites. 
A total of 732 minimum number of prey were identified. The diet of the Eagle Owl consisted mainly 
of mammals (83%) and the proportion of birds in the diet was low (13%). We found there was no 
relationship between the presence of Eagle Owls and the abundance of rabbits in the mining sites, 
but there was a positive relationship with the density of cliff-nesting birds. We conclude that the Eagle 
Owl does not seem to exert a significant pressure on the cliff-nesting birds, even on wild pigeons, 
the most abundant cliff-nesting species in its diet. Restoration projects that promote cliff-nesting birds 
would not entail a significant risk of generating ecological traps by excess of predation by the Eagle 
Owl, and this species could be favored in restoration plans, as it is a threatened species in some areas 
in Europe.

Key words: Bubo bubo, ecological trap, mining restoration, quarries, rupicolous birds, top predators
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INTRODUCTION

Predation by top predators can limit the success 
of habitat enhancement actions for fauna in 
restoration projects (Hale & Swearer 2017). If 
the restored habitat is colonized by predators, 
potential prey colonizing the restored habitat 
could suffer increased predation that could 
condition their future viability (Arthur et al. 
2010). The restored habitat can even turn into 
an ecological trap if the individuals are attracted 
to a place where the risk of predation is higher 
than in non-restored habitats (Hawlena et al. 
2010). Ecological traps are low-quality habitats 
for reproduction and survival, which cannot 
sustain a population, and yet are preferred over 
other alternative high-quality habitats (Donovan 
& Thompson III 2001). In Hale & Swearer’s 
(2017) review, they point out the risk of creating 
ecological traps in restoration projects and 
emphasize that this possibility has been hardly 
explored in ecological restoration studies.

Cliff habitats are unique environments where 
cliff-nesting birds breed in holes, crevices 
or platforms. Mining activity generates cliff 
environments that attract cliff-nesting birds, 
many of which are protected species (Madroño 
et al. 2004; Lundholm & Richardson 2010). Cliff 
environments at mining sites (aggregate sites and 
quarries for aggregate and cement production) 
can exert an important attraction over some 
birds, such as the colonial Sand Martin Riparia 
riparia, up to the point that in some areas they 
accommodate their main colonies (De Lope et 
al. 1987; SCV 1999; González 2004; Heneberg 
2007; SCV 2007). 

To the best of our knowledge, there is little 
literature regarding the bird community that 
colonizes the mining sites (Castillo et al. 2008). 
Many of the conventional restoration actions that 
are carried out in mining sites do not benefit the 
cliff-nesting fauna that can colonize these areas, 
such as land filling quarries (Castillo et al. 2008).  

We believe studies regarding the opportunities 
of carrying out actions to promote cliff habitats 
in mining sites are lacking, as well as projects with 
the aim of managing and promoting cliff-nesting 
species with conservation concern and which 
could enhance local biodiversity both during 
active and restoration stages of mining sites. 

One of the cliff-nesting bird groups that is 
frequently found in mining sites are raptors. 
They can be key species that participate in top-
down ecological processes that can have great 
influence on spatial distribution of prey species. 
In some cases, in the proximity of nests, raptors 
can exert a negative effect on prey density 
through direct and indirect effects on the prey 
(predation and perceived risk of predation, 
respectively) (Mönkkönen et al. 2007). In other 
cases, dominant raptors may benefit other 
species in the proximity of the nests, because 
the presence of a dominant raptor creates a 
predator-free space for the prey of smaller 
subordinate raptors (Byholm et al. 2012). Thus, 
dominant raptors can condition the spatial 
assembly of the communities of predators and 
prey (Mönkkönen et al. 2007).

Eagle Owls Bubo bubo are cliff-nesting nocturnal 
raptors that are distributed throughout the 
Iberian Peninsula (Penteriani & Delgado 2016) 
and they are frequently found in mining sites 
(Zuberogoitia et al. 1994; Marchesi et al. 2002; 
Dalbeck & Heg 2006). Though rabbits Oryctolagus 
cuniculus are their main prey, the Eagle Owl 
is considered to be a generalist top predator, 
having identified in its diet, aside of other smaller 
predators, more than 90 species of mammals, 
170 birds, 10 reptiles, 9 amphibians, 30 fishes and 
15 invertebrates (Penteriani & Delgado 2016). 
This implies that habitat improvement actions 
directed at the cliff-nesting birds at mining sites 
could incur in the risk of creating ecological traps 
due to excessive predation by the Eagle Owl.

Our general objective is to analyze whether the 
presence of top predators could limit the success 
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of habitat enhancement actions for cliff-nesting 
fauna in restoration projects. To carry out this 
objective we studied the presence and diet of 
Eagle Owls in mining sites in Spain, and analyzed 
what implications they could have for mining 
restoration and cliff-nesting bird management. 
Our hypothesis is that the Eagle Owl could be 
a relevant predator of the cliff-nesting birds that 
colonize mining sites and that the Eagle Owl’s 
predation pressure could limit the abundance 
and density of cliff-nesting birds in the mining 
sites. We expect that the predation of the Eagle 
Owl on the cliff-nesting birds in mining sites will 
increase with the abundance of cliff-nesting birds 
and decrease with rabbit abundance. Taking 
into account our results, we discuss the effect 
of Eagle Owls on the cliff-nesting birds and the 
risk of creating ecological traps by an excess of 
predation in restoration projects for cliff-nesting 
birds.

METHODS

Study area

We studied 28 mining sites in 2016, which 
were representative of the center and East of 
the Iberian Peninsula (Fig. 3.1). The sites varied 
in size from four to 500 ha and the extracted 
materials were clay, granite, gypsum, limestone, 
porphyry, pozzolan, sand and gravel. Their 
elevation ranged from sea level to 1,100 m. The 
climate is Mediterranean, and the annual mean 
temperature and precipitation ranged between 
10.2 and 18.1ºC and between 318 to 675 mm, 
respectively. 

Eagle Owl presence and diet

Surveys were carried out between May and July, 
during the breeding season (mid-December to 
mid-July, León-Ortega et al. 2017) to identify 

Fig. 3.1 Location of the 28 studied mining sites in 2016. Grey indicates the 11 mining sites where the 
diet of the Eagle Owl was studied.
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signs of Eagle Owl presence (individuals, nests, 
roosting places, feathers and pellets) and to 
interview managers and workers regarding 
Eagle Owl presence at each mining site. The 
relative small size of the mining sites, the visual 
accessibility of the cliffs and the conspicuity of 
Eagle Owl signs facilitated the detection of the 
individuals. We found Eagle Owl pellets in 15 out 
of 28 mining sites, but a minimum of 20 pellets 
per mining site were only collected in 11 of them 
(Fig. 3.1). The pellets were located in habitual 
perches or roosting places of the species, such 
as large cavities in the cliffs. The content of the 
pellets was analyzed following the methodology 
of Martí et al. (2007). The prey remains were 
identified using specific bibliography (Dueñas 
Santero & Peris Álvarez 1985; Moreno 1986, 
1987; García-Matarranz 2013) and skeleton 
collections of the prey species present in the 
study area. Identification was at species level, 
and for those cases where the identification 
was not possible, gender, family or order 
level was reached. The minimum number of 
specimens found in each pellet was estimated 
by the repetition of bones. We estimated the 
percentages at which the different taxonomic 
groups and the different species, including cliff-
nesting birds and rabbits, appeared in the diet 
per mining site.

Abundance and richness of cliff-
nesting birds

The abundance of all cliff-nesting bird species 
in the 28 mining sites was estimated through 
itineraries on foot which covered the mining 
sites completely (from 800 to 8000 m, according 
to their surface) and allowed visual inspection of 
the cliff environments. We counted all individuals 
detected by sight and sound, avoiding double 
counts when individuals were seen several times 
at the same location. Surveys were carried out 
during the first hours of the day and in favorable 
weather. Surveys lasted between two to four 

hours, according to the surface of the mining 
site. We considered as cliff-nesting species those 
indicated to nest in cliffs, even if not exclusively, in 
the Atlas for reproductive birds of Spain (Martí 
& Moral 2003). The density of cliff-nesting birds 
in each mining site was estimated by dividing the 
total abundance of cliff-nesting birds by the area 
of the mining site.

Rabbit abundance in the mining 
sites

We used an indirect method to estimate the 
relative abundance of rabbits in the 28 mining 
sites. Thirty survey points were distributed on 
the entire accessible surface of the mining site 
at equidistant distances. The distance between 
survey points varied from 50 to 250 m according 
to the surface of the mining site. At each survey 
point we estimated the density of pellets in four 
quadrants of 1.5 x 1.5 m and the distance to 
the closest scraping, latrine and burrow in a 20 
m radius (Fig. 3.2). With this information, eight 

Fig. 3.2 Design of the survey points of rabbit 
activity. The four quadrants were used to estimate 
the density of rabbit pellets and the circle was 
used to measure the distance to the closest 
scraping, latrine and burrow. Image not in scale.
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indicators of rabbit activity were calculated per 
mining site: average density of rabbit pellets, 
average minimum distance to the closest 
scratching, latrine and burrow, and proportion 
of survey points in which each of the four signs 
of activity were present.

Statistical analysis

To estimate the rabbit density, we performed a 
Principal Component Analysis (PCA) with the 
eight indicators of rabbit activity. The coordinates 
of the 28 mining sites in axis 1 were used as a 
rabbit abundance index in the mining sites. 

Correlations (Pearson for variables with normal 
distribution and Spearman for not normally 
distributed variables) were performed between 
pairs of variables related with the diet, the 
abundance and density of cliff-nesting birds, 
and the rabbit abundance index. We compared 
the rabbit abundance index and cliff-nesting 
bird density between quarries with presence 
or absence of Eagle Owls with Mann-Whitney 

U-tests.  All tests were calculated with correlation 
cut-off r greater than 0.6 and significance cut-off 
p lower than 0.05, and using R 3.4.0 (R Core 
Team 2017).

RESULTS

Presence of Eagle Owl in mining 
sites

Eagle Owl presence was confirmed in 18 (64%) 
of the 28 mining sites (Table 3.1). Breeding was 
confirmed in seven of the sites (presence of 
chicks or laying females). One breeding pair was 
detected per mining site, except in the largest 
mining site (500 ha) which had 2 pairs, and a 
maximum of 3 chicks per nest. Pellets were 
found in 15 mining sites, though 20 or more 
pellets were found in 11 sites (39% of the sites), 
and therefore statistical analyses for the diet 
were performed only with the information of 
these 11 sites. 

Table. 3.1 Mining sites with presence of Eagle Owl, number of observed adults, confirmed breeding, presence 
of pellets, and mining sites where more than 20 pellets were found. Mining sites appear alphabetically.
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Diet of the Eagle Owl in mining 
sites

In the 11 sites with > 20 pellets, a total of 432 
pellets (mean ± SE = 39 ± 4 per mining site) 
were analyzed (Table S3.1). A total of 732 
minimum number of preys were identified, 66 ± 
4 preys per mining site (Table S3. 2). Of the total 
prey, 83% were mammals, 13% birds, 2% reptiles, 
0.8% invertebrates and 0.5% amphibians. The 
percentage of mammals in the diet varied from 
63% to 100% (83 ± 4), birds from 0 to 36% (13 
± 3), reptiles between 0 and 18% (2.4 ± 1.6), 
invertebrates between 0 and 4.2% (0.9 ± 0.4) 
and amphibians from 0 to 2.4% (0.4 ± 0.2) (Fig. 
3.3). Rabbits were the main prey in the diet and 
their percentage varied from 14% to 84% (63 
± 6).

We identified a total of 17 species, and 5 genus 
(Table 3.2). Among the bird species in mining 
sites, five cliff-nesting species were identified. In 
order of abundance: Columba sp. (which includes 
Rock Doves Columba livia and Stock Doves 
Columba oenas), Western Jackdaws Corvus 

monedula, Common Kestrels Falco tinnunculus, 
Starlings Sturnus sp. and Barn Owls Tyto alba. 
The percentage of cliff-nesting birds in the diet 
varied from 0 to 27% (6 ± 3 per mining site).

Neither the percentage of birds in the diet (r = 
- 0.37, S = 302.19, p = 0.26), nor the percentage 
of cliff-nesting birds in the diet (r = - 0.05, S = 
230.19, p = 0.89) were related to the percentage 
rabbits in the diet.

Cliff-nesting bird abundance and 
richness in mining sites

The total abundance of cliff-nesting birds in the 
28 mining sites was of 5166 individuals, varying 
between 25 and 687 individuals (185 ± 34) 
per mining site (Fig. 3.4). There were more than 
100 cliff-nesting individuals in 57% of the mining 
sites. A total of 24 cliff-nesting species were 
observed, and the richness varied from 3 to 17 
species (9 ± 1) per mining site. At least 50% 
of the species were present in 60% of the sites 
(Fig. 3.4). The most abundant (> 300 individuals) 
were Rock Sparrows Petronia petronia (n = 930), 
Sand Martins Riparia riparia (n = 908), Western 

Fig. 3.3 Percentage of each taxonomic group in the Eagle Owl’s diet in the 11 mining sites were more than 
20 pellets were found. Mining sites are ordered in descending percentage of mammal prey.
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Table. 3.2 Minimum number of prey for each species found in the pellets and the percentage it represents 
in the Eagle Owl’s diet, ordered by taxa and in descending order.
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Jackdaws (n = 847), House Sparrows Passer 
domesticus (n = 532), Spotless Starlings Sturnus 
unicolor (n = 433), Rock Doves (n = 423), and 
Common Swifts Apus apus (n = 314).

The cliff-nesting bird abundance in mining sites 
with and without Eagle Owls (18 with presence 
and 10 without) was not significantly different (n 
= 28, W = 50.5, p = 0.065), though the mean 
abundance was higher in presence of Eagle Owl. 
The cliff-nesting bird density differed between 
mining sites regarding Eagle Owl presence (n = 
28, W = 40.5, p = 0.019), with more bird density 
occurring in mining sites where the Eagle Owl 

was present.

There were no relationships between the 
abundance of cliff-nesting birds in the mining 
sites and the percentage of birds in the diet (n 
= 11, r = 0.14, S = 189.86, p = 0.688) or the 
percentage of cliff-nesting birds in the diet (n 
= 11, r = 0.52, S = 106.67, p = 0.105). There 
were also no relationships between the density 
of cliff-nesting birds in the mining sites and the 
percentage of birds in the diet (n = 11, r = - 0.35, 
t = -1.12, p = 0.292) or the percentage of cliff-
nesting birds in the diet (n = 11, r = - 0.33, S = 
293.35, p = 0.316).

Fig. 3.4 a) Abundance and b) richness of cliff-nesting birds in the 28 mining sites.
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The analysis of the most abundant cliff-nesting 
species that appeared in the diet (Sturnus sp. 
and Columba sp., which included both Columba 
livia and Columba oenas), indicated that the 
percentage of birds in the diet was not related 
with the abundance of Columba sp. (n = 11, r = 
0.53, S = 103.68, p = 0.09) or Sturnus sp. (n = 
11, r = 0.36, t = 1.15, p = 0.28) in the mining 
sites. Also, the percentage of cliff-nesting birds in 
the diet was also not related to the abundance 
of Columba sp. (n = 11, r = 0.33, S = 148.03, p = 
0.33) or Sturnus sp. (n = 11, r = 0.16, S = 185.29, 
p = 0.64) in the mining sites.

Rabbit abundance in the mining 
sites

There was rabbit activity (rabbit pellets, latrines, 
burrows or scratches) in 25 (89%) of the 28 
mining sites (Table S3.3). The PCA showed a 
descending gradient of rabbit activity (from left 
to right in Fig. 3.5). The PCA1 absorbed 87% of 
the variance, and therefore we considered it as 
a rabbit abundance index in the analyses. The 8 
analyzed parameters correlated highly with each 
other and with PCA1 (Table S3.4). 

Fig. 3.5 Biplot of the mining sites and the parameters of rabbit activity, obtained from the axis 1 and 2 of the 
PCA. Abbreviations: Dist.latrine: average minimum distance to the closest latrine (m), Dist.scratch: average 
minimum distance to the closest scratching (m), Dist.burrow: average minimum distance to the closest burrow 
(m), Mean.pellets: average density of rabbit pellets, Burrow: % survey points with burrows, Pellets: % survey 
points with pellets, Latrines: % survey points with latrines, Scratches: % survey points with scratches. Mining sites 
are distributed according to a decreasing rabbit abundance gradient, from left to right.
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There was neither a relationship between the 
rabbit abundance index and the percentage of 
rabbits in the diet (n = 11, r = - 0.32, S = 292.16, 
p = 0.325), the percentage of birds in the diet 
(n = 11, r = - 0.54, t = -1.94, p = 0.084) or 
the percentage of cliff-nesting birds in the diet 
(n = 11, r = - 0.58, S = 346.61 p = 0.064). The 
rabbit abundance index was not related with 
the presence (18 mining sites) and absence (10 
mining sites) of Eagle Owls in the mining sites 
(W = 94, p = 0.867).

DISCUSSION

The possible consequences of the presence of 
top predators for the success of restoration 
actions for animals is still poorly understood. 
This work contributes with novel data about 
the risks of the presence of a top predator, the 
Eagle Owl, in mining sites. Our main objective 
was to analyze whether when carrying out 
actions to improve cliff habitats for cliff-nesting 
birds in mining sites there could be a risk of 
creating habitats with an excess of predation. 
Based on our results, we conclude that the 
Eagle Owl does not seem to exert neither a 
significant direct or indirect pressure on the 
cliff-nesting birds, even on wild pigeons which 
were the most abundant cliff-nesting species 
in its diet. Therefore, restoration projects with 
habitat improvement actions for cliff-nesting 
birds in Spain would not entail a significant risk 
of generating ecological traps by excess of Eagle 
Owl predation for these species. Furthermore, 
restoration plans could consider favoring the 
presence of the Eagle Owl, a threatened species 
in other areas in Europe (SPEC3 category).

Presence of Eagle Owl in mining 
sites

The Eagle Owl, a top predator with Palearctic 
distribution and able to prey on a wide range 
of species including other predators (Penteriani 

& Delgado 2016), appeared at the mining sites 
in Spain frequently. Though the presence of 
this species has been related to areas with low 
human influence (Cramp 1988), other authors 
confirm the colonization and reproduction 
of the Eagle Owl in areas with human activity, 
such as cultivated, urbanized or mined areas 
(Zuberogoitia et al. 1994; Marchesi et al. 2002; 
Dalbeck & Heg 2006). Our findings confirm that 
Eagle Owls breed successfully in mining sites 
and that mining sites probably offer cliffs with 
features that are similar to the natural cliffs where 
this species reproduces in Mediterranean areas 
(Martínez & Calvo 2000). The high percentage 
of colonization found in this study confirms the 
capacity of the Eagle Owl to colonize mining 
sites, and therefore, restoration plans should 
consider the effect of the direct and indirect 
pressure that this top predator could exercise 
over cliff-nesting birds, and thus limit their 
colonization in restored mining sites.

Diet of the Eagle Owl in mining 
sites

The Eagle Owl’s diet in this study was based 
mainly on mammals, with rabbits as its main prey. 
These results coincide with other diet studies 
in the Iberian Peninsula carried out in non-
mining sites (Jaksić & Marti 1984; Donázar et al. 
1989; Martínez & Zuberogoitia 2001; Antón et 
al. 2008; Tobajas et al. 2016; Zarco et al. 2016) 
(Table S3.5). The proportion of birds and cliff-
nesting birds in the diet was relatively low, and 
the proportion of the rest of taxa was very low, 
which also confirms what has been described in 
other studies (Perez Mellado 1978; Tobajas et al. 
2016; Zarco et al. 2016). Our results suggest that 
the composition of the Eagle Owl’s diet in mining 
sites is similar to its diet in other Mediterranean 
habitats. The low percentage of birds in the diet 
suggests that the Eagle Owl does not exercise 
a high predation on the birds at the mining sites 
in general, and specifically on cliff-nesting species. 
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The density of cliff-nesting birds was higher in 
mining sites with presence of Eagle Owl than in 
mining sites with absence of this top predator. 
The colonization of mining sites by the Eagle 
Owl and promoting its presence through 
restoration actions does not appear to imply an 
important risk of creating ecological traps for 
cliff-nesting birds through predation excess by 
this top predator.

Cliff-nesting bird abundance and 
richness in mining sites

The abundance, density and species richness of 
cliff-nesting birds in the mining sites was high, 
indicating that cliff environments of the mining 
sites were easily colonized by these bird species, 
some of them with conservation concern. 
This suggests that actions to promote habitat 
enhancement for cliff-nesting birds could be an 
interesting alternative in mining restoration.

The cliff-nesting bird abundance in mining sites 
did not differ with and without Eagle Owl 
presence, and the density of cliff-nesting birds 
was higher in mining sites with Eagle Owl 
presence. This could indicate that the presence 
of Eagle Owls does not limit the cliff-nesting 
bird community in the mining sites. This species 
is a known super-predator that predates smaller 
raptors (Lourenço et al. 2011) such as we 
confirmed in the present study for Common 
Kestrels and Barn Owls. This pressure on smaller 
raptors might generate predator-free areas 
that promote a higher abundance and density 
of their prey species in the mining sites. In that 
sense, the higher density of cliff-nesting birds 
found in mining sites with presence of Eagle 
Owl probably deserves additional research to 
determine whether the Eagle Owls generate 
predator-free areas for the main prey of other 
smaller predators.

Our results indicate that pigeons and starlings 
are the most abundant birds in the diet of the 

Eagle Owl in the mining sites. Other authors 
describe that when rabbit abundance decreases, 
Eagle Owls could feed more frequently on birds 
with a similar size to the rabbit (Perez Mellado 
1978; Tobajas et al. 2016) and describe high 
proportions of pigeons in the Eagle Owl’s diet 
in such circumstances (Perez Mellado 1978; 
Penteriani & Delgado 2016; Tobajas et al. 2016; 
Zarco et al. 2016). The cliff habitats in the mining 
sites, which provide adequate nesting places 
for wild pigeons, and their frequent proximity 
to agricultural areas, which provide them with 
feeding areas, could favor high populations of 
wild pigeons in some mining sites. Cliff habitats 
at the mining sites could be the most extensive 
and accessible ones for wild pigeons in some 
rural areas. Because pigeons and starlings are 
common species without relevant threats, 
promoting the presence of these cliff-nesting 
species as prey for the Eagle Owl in the mining 
sites could be recommended.

Rabbit abundance in mining sites

There was an elevated presence of rabbits in 
the mining sites, which was initially not expected 
as mining sites are industrially active places. 
Nonetheless, Mediterranean areas in Spain are 
known for an elevated abundance of rabbits. 
Furthermore, mining sites normally limit the 
access to hunters, and they are frequently fenced 
due to security reasons, which contributes to 
reduce human persecution.

Though rabbits were the main prey of the Eagle 
Owls, the proportion of rabbits in the diet was not 
related with the rabbit abundance in the mining 
sites. Furthermore, the abundance of rabbits in 
the mining sites was not related to Eagle Owl 
presence. These results suggest that Eagles Owls 
capture the rabbits also in the habitats around 
the mining sites. The size of the home ranges of 
the breeding males (123 ± 125 ha, Penteriani et 
al. 2008 cited in Penteriani and Delgado 2016), 
the main provider of prey to females and chicks, 
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was larger than the mean size of the studied 
mining sites (59 ± 19 ha). Consistent with this 
statement, the rabbit abundance in mining sites 
was not related to the percentage of birds in 
the diet. These results suggest that the size of 
the restoration areas respect to the size of the 
home range of the top predators could be an 
important factor influencing the final effect of 
top predators in the success of restoration 
projects for fauna, because the abundance of 
prey outside the restored areas will condition 
the amount of captures in the restored sites. 

The highest density of rabbits in the 
Mediterranean areas of Spain is observed in 
mosaic landscapes with herbaceous crops 
and pastures that supply food, remnants of 
natural woody vegetation that provide shelter, 
and located on substrates where rabbits can 
excavate burrows easily (Beltran 1991; Moreno 
& Villafuerte 1995; Rueda et al. 2008; Santilli & 
Bagliacca 2010; Gálvez-Bravo 2011; Narce et 
al. 2012; Dellafiore et al. 2014). In parts of the 
unrestored mining sites the substrate could be 
propitious for burrowing, but the lack of crops 
and grasslands to provide food, and woody 
vegetation to provide refuge, could limit rabbit 
populations and could also explain why the Eagle 
Owls hunt in the surroundings of the mining 
sites. These results suggest that to manage 
Eagle Owls in the mining sites it is important 
to consider the introduction of feeding and 
refuge habitats for rabbits in the restorations, 
and to consider including the management of 
the areas surrounding the mining since they 
probably provide the main source of prey. The 
edge of the mining sites, in contact with these 
exterior habitats, should be specially considered 
to promote rabbits.

Implications for restoration and 
management for cliff-nesting birds

We found an important community of cliff-
nesting birds colonizing the mining sites, some of 

which with conservation concern. This stresses 
the need for managing these species during the 
active phases of the mining sites and suggests 
that actions to promote habitat enhancement 
for cliff-nesting birds could be an interesting 
alternative in mining restoration.

One of the cliff-nesting birds that colonizes most 
of the mining sites in the study area is the Eagle 
Owl, a generalist top predator. However, the 
low proportion of birds and cliff-nesting birds 
in the Eagle Owl’s diet in the mining sites and 
the abundance of cliff-nesting birds in presence 
of this owl suggest that is not an important 
limitation for cliff-nesting bird colonization of the 
mining sites.

Rabbits were the Eagle Owl’s main prey. 
Therefore, promoting rabbits in the mining 
sites and their surroundings could help prevent 
an excess of predation on cliff-nesting birds, if 
restoration and management actions for cliff-
nesting birds were implemented during the 
active or restoration phases of the mining sites.
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CHAPTER IV

Restoration and management for cliff-nesting birds in 
Mediterranean mining sites: The Sand Martin case study
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ABSTRACT

Enhancing habitats for threatened birds is one of the main targets in mining restoration. Cliff-nesting 
bird species often colonize anthropogenic environments such as mining sites (aggregate sites and 
quarries for aggregate and cement production). Mining activity can compromise breeding success, 
causing them to depend critically on the management and restoration of these sites. Our objective 
is to assess how to promote the conservation of Sand Martins (Riparia riparia) in mining sites 
and reconcile mining activity with their breeding in Mediterranean areas. We studied Sand Martin 
breeding habitat preferences in the mining sites at three spatial scales by comparing used and non-
used sites and comparing the number of burrows and breeding pairs. At the mining site scale (29 
mining sites and their corresponding surroundings in a 1 km buffer from the perimeter of the site; 
Sand Martins colonized 10 sites), they preferred areas with more surface of water, shorter distances 
to running water, older mining sites and sites dedicated to aggregate production. At the colony scale 
(vertical structures where the colonies were located), preference was affected by the orientation 
of the colony and the type of structure (stockpile or vertical extraction face). At the burrow scale 
(availability vs. use of the vertical surface of the colonies), burrows were concentrated in the most 
vertical areas of the face. Our results support restoration and management practices for Sand 
Martins in mining sites. We demonstrate that simple interventions at mining sites, like maintaining 
sandy vertical extraction faces, can enhance habitat quality and biodiversity conservation.

Key words:  aggregate sector, bank swallow, best practice, habitat preference, guidelines, Riparia 
riparia.  

  Implications for Practice

  • Monitoring a protected cliff-nesting 
burrowing bird which breeds at mining sites is 
an effective tool for studying the relevance of 
mining sites as breeding habitats for cliff-nesting 
species and to help establish management 
recommendations for them.

 • The aggregate sector has more 
potential than the cement sector to help 

the mining industry to be more compatible 
with biodiversity conservation of cliff-nesting 
burrowing birds that use sandy substrates for 
nesting.
 • Future research to assess reproductive 
success of the birds that colonize mining 
environments is necessary to understand 
the effect of these new habitats on the local 
populations. 
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INTRODUCTION
Aggregate production is a globally important 
industry. However, mining causes strong impacts 
on geomorphology, soil, vegetation and fauna, 
and restoring mining sites to their original 
ecosystem is not always possible (Bullock et al. 
2011). Habitat enhancement is a restoration 
alternative to returning the area to the original 
ecosystem, which includes the creation of 
ecosystems different from those that existed 
before (Bradshaw 2000). This can allow the 
restoration of some attributes of the former 
ecosystem and new ecosystem services, even 
to the point of increasing the ecological value 
of an area (Bradshaw 1996), in terms of e.g. 
abundance of species of conservation concern. 
Many habitat enhancement experiences have 
been developed to obtain agricultural, forestry, 
leisure, and biodiversity conservation areas 
(McRae 1986). Well-managed quarries and 
gravel pits can support numerous species of 
fauna and flora, even when the mining sites are 
active (Yundt & Lowe 2002).

To the best of our knowledge, habitat 
enhancement for cliff-nesting species (both 
burrowing and not burrowing species) has been 
barely developed in scientific literature. Cliff-
nesting birds colonize rocky habitats (vertical 
extraction faces, stockpiles, etc.) generated in 
mining sites (aggregate sites and quarries for 
aggregate and cement production), and there 
are authors who consider that some of these 
anthropogenic ecosystems could act as artificial 
analogues of natural ecosystems (Lundholm 
& Richardson 2010) serving as habitats 
for protected species (Castillo et al. 2008). 
However, site management frequently overlooks 
its potential to accommodate these species. The 
result is that restoration measures frequently act 
to the detriment of the cliff-nesting birds which 
colonized these rocky habitats (Castillo et al. 
2008). Maintaining some of them could promote 
local biodiversity, decrease costs of restoration 

projects by reducing movements of material to 
extend slopes, and avoid environmental risks 
associated with active restoration techniques, 
such as the appearance of alien species 
(Nentwig 2007). We propose to explore the 
habitat enhancement of these cliff habitats, as an 
innovative mining site restoration initiative.

The attraction effect that mining sites (both 
aggregate pits and quarries) exert on the cliff-
nesting birds could be displacing them from 
their natural habitats. This effect, together 
with the mining activity itself, could affect 
the breeding success and viability of their 
populations. This stresses the need to develop 
specific management guidelines for cliff-nesting 
and cliff-nesting burrowing species in mining 
sites, as well as to include habitat enhancement 
actions in mining restoration plans. To effectively 
restore and manage cliff habitats, it is necessary 
to understand the habitat preferences of the 
cliff-nesting species at different scales in the 
mining sites.

Here, we used the Sand Martin (Riparia riparia) 
as our study species to analyze the importance of 
mining sites as breeding habitats for cliff-nesting 
burrowing birds, and to establish management 
and restoration recommendations (Appendix 
S4.1) that reconcile their conservation with 
mining activity. The Sand Martin’s natural nesting 
habitats are sandy banks of rivers, streams and 
lakes (Cramp 1988), but in recent decades 
it has been increasingly nesting in man-made 
structures (Etxezarreta 2010), particularly 
nesting in mining sites (Jones 1987), to the point 
that natural colonies in some places in Europe 
seem to be becoming rare (De Lope et al. 1987; 
SCV 1999; González 2004; Heneberg 2007; SCV 
2007). Though mining sites seem to be critical 
nesting areas, and their management could 
be crucial for this species (Ruiz de Azua et al. 
2003), their relevance for accommodating this 
species is largely unknown (Burke 2017). The 
Sand Martins’ increasing presence in mining sites 
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as breeding habitats highlights the importance 
of implementing measures to reconcile the 
conservation of cliff-nesting burrowing species 
with economic activities, in order to avoid turning 
mining sites into ecological traps. Trap habitats 
are low-quality habitats for reproduction and 
survival, which cannot sustain a population, and 
yet are preferred over other alternative high-
quality habitats (Donovan & Thompson III 2001).

We expect that Sand Martins could be influenced 
by different variables at different spatial scales 
(mining site, colony and burrow scales) (Figure 
4.1). We expect that they will favor mining sites 
located nearer to their natural habitats (Garrison 
et al. 1987, Waugh 1979) and near habitats with 
high insect production, such as open grassfields 
or water bodies (Hjertaas 1984, Garrison et al. 
1987); we also expect they will be influenced 
positively by the availability of adequate nesting 
substrates, which will occur mostly in aggregate 
pits where there is a constant supply of fresh 
vertical faces of adequate grain (Lind et al. 2002; 
Szabó & Szép 2010; Heneberg 2013; Smalley 
et al. 2013) and by previous presence of Sand 
Martins (Szabó & Szép 2010); finally, we expect 
that they will select structures with larger vertical 

surfaces and with less talus (fallen material at 
the base of the structure) (Burke 2017), and 
that their burrows will be located preferably at 
steeper slopes (Ye et al. 2016) (Table 4.1).

MATERIALS AND METHODS

Study area

This study was conducted in 2016 and 2017 
in 29 mining sites belonging to cement and 
aggregate industries, in East and central Spain 
(Figure 4.2). The aggregate industry produces 
aggregates both at aggregate pits (by “scraping” 
the material directly from sandy extraction 
faces) and aggregate quarries (by blasting rock 
and then grinding it). This material is stored 
in outdoor stockpiles. Opposed to this is the 
cement industry, which does not store extracted 
material outdoors, and processes it indoors in 
cement plants instead.

The studied mining sites were characteristic of 
the study area and covered as much geographical 
surface as possible and included the largest 
possible range of conditions, including mining 
surface, activity, type of extracted material, age, 

Figure 4.1  Scales of analysis of Sand Martin breeding habitat preferences. Images not in scale.
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etc. (Table 4.1). Their elevation ranged from sea 
level to 1,100 m. The climate is Mediterranean, 
and the annual mean temperature and 
precipitation ranged between 10.2 and 18.1ºC 
and between 318 to 675 mm, respectively and 
there was a gradient from the center (colder) 
to the East (warmer). The extracted materials 
were clay, granite, gypsum, limestone, porphyry, 
pozzolan, sand and gravel. The sites varied in 
their mining activity, being active, occasionally 
active or completely inactive. Sites varied in size 
from 4 to 500 ha.

Study species

Sand Martins are riparian cliff-nesting burrowing 
birds that excavate burrows in sandy vertical 
banks. They are long-distance migratory swallows, 
with a protected status (SPEC3) throughout 
Europe (BirdLife International 2017). They spend 
winter mostly in sub-Saharan Africa (Malo de 

Molina & Martínez 2003). The dates of return 
and arrival at the nesting areas are variable, 
depending on the geographical area and annual 
meteorological conditions. In Spain, they arrive 
between mid-March and mid-April, and leave in 
August to mid-September (Etxezarreta 2010). 
The specific breeding phenology of this species 
in our study area is described in Figure S4.1.

Bird surveys

The presence of burrows and breeding Sand 
Martins was estimated through surveys on foot 
which covered the mining sites completely (from 
800 to 8000 m, according to their surface area). 
Visits were conducted during breeding period, 
from May to July. 

Each colony (i.e. groups of burrows which 
were separated spatially, frequently in different 
structures such as stockpiles, spoil heaps, etc.) 

Figure 4.2  Location of the 28 mining sites. Mines with Sand Martin presence are shown in grey, without in white.
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Table 4.1  Selected variables to explain Sand Martin habitat selection at the three studied scales: mining scale 
(m), colony scale (c), and burrow scale (b).
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was visited 2-5 times during the breeding 
season to estimate Sand Martin abundance 
(number of breeding pairs) and burrow 
occupancy (proportion of burrows containing 
reproduction attempts). We distinguished 
occupied from unoccupied burrows, based on 
González & Villarino (1997), by timing burrow 
entries and exits and recording breeding activity 
(presence of nestlings, fecal sacs…). In each visit, 
monitoring lasted one to two hours according 
to colony size. 

Habitat selection measurements

Breeding habitat preferences were studied 
at three spatial scales: mining site, colony and 
burrow scale (Figure 4.1). Twenty-nine mining 
sites (aggregate pits and quarries) and their 
corresponding surroundings in a 1 km buffer 
from the perimeter of the mining site (maximum 
home range; Cramp 1988) were analyzed for the 
mining site scale.  We compared 10 colonized 
mining sites versus 19 non-colonized sites, and 
we compared mining sites near and far from 
natural sites. All of the colonies in the mining 
sites (twenty-eight colonies) were analyzed for 
the colony scale and 232 sampling points for the 
burrow scale.

At the mining site scale, the response variables 
were Sand Martin abundance (Sand Martin 
breeding pairs) and number of burrows. 
We studied 13 predictor variables, including 
factors which could influence dispersion, and 
determine nesting structures and feeding 
habitats according to the literature (Mead 1979; 
Jones 1987; Szabó & Szép 2010; Heneberg 2013; 
Smalley et al. 2013). Land use information and 
distances were obtained through Corine Land 
Cover (IGN 2012) and measured with QGIS 
(QGIS Development Team 2016). All land use 
information and distances were obtained for the 
surroundings in a 1 km buffer, with exception 
to the presence of water bodies, which were 

considered when present in the mining site itself. 
To calculate regional Sand Martin abundance, 
we used the Atlas of Spanish breeding birds 
(Malo de Molina & Martínez 2003). The regional 
Sand Martin abundance was obtained by adding 
the estimated pairs in the 10 X 10 km UTM 
grids where the mining sites were located, 
plus the eight surrounding grids. At the colony 
scale, we studied Sand Martin abundance 
(breeding pairs) and number of burrows as 
response variables. We studied whether they 
were related to 13 predictors considered to 
be indicators of adequate breeding habitat at 
this scale (Hjertaas 1984; Garrison et al. 1987; 
Jones 1987; Lind et al. 2002; Szabó & Szép 2010; 
Heneberg 2013; Smalley et al. 2013; Szép 2016), 
such as the type of structure where the colony 
was installed (stockpile or vertical extraction 
face) and variables related to its morphology 
(Table 4.1). Lengths and heights were measured 
using a rangefinder (LTI, Centennial, Colorado, 
U.S.A.) and slopes of the vertical surfaces with 
a clinometer (Silva, Bromma, Sweden). The 
orientation was measured with a compass, and 
then scaled to an index of “southwestness” 
(Miller & Franklin 2002). The age of the structure 
was estimated through interviews with quarry 
managers. We estimated the vegetation cover 
on the talus, the vertical surface, and the upper 
area of the structure (Figure S4.2).

At the burrow scale we established a use-
availability design (Garshelis 2000). The surface 
of each colony was divided in two types of 
areas (Figure S4.3): “used area” (area with 
burrows) and “available area” (general structure 
accommodating the colony). Five equidistant 
sampling points were established for both 
areas and assigned to a binomial variable (used 
area vs. available area). At the ten sampling 
points per colony, we measured eight variables 
characterizing features of the face, such as height 
or slope (Table 4.1). Structures were classified 
into stockpiles or vertical extraction faces 
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and were analyzed separately because they 
had different characteristics and management 
regimes.

In 2017 we searched for relevant natural 
colonies in a 1 km buffer around the mining sites 
with occupied colonies. We considered natural 
habitats as those not created by anthropogenic 
activity, such as river and stream banks or lake 
slopes. Relevant colonies were those occupied 
by more than five breeding Sand Martins pairs. 
Afterwards, we extended our search to the entire 
Madrid Community (8,022 km²) by interviewing 
seven experts (ornithological associations and 
civil servants from protected areas).

Statistical analysis

Predictor variables at each scale were selected 
using a variable reduction procedure (García-
Salgado et al. 2018) (Table S4.1). First, we selected 
those continuous covariates significantly related 
to our response variables by using Spearman’s 
correlation and the Mann-Whitney U test for Sand 
Martin abundance and presence, respectively. All 
tests were calculated with correlation cut-off r 
greater than 0.6 and significance cut-off p lower 

than 0.05. Second, we performed Spearman’s 
correlations between predictors selected in 
the first step to avoid multicollinearity. Third, 
categorical predictors were selected using Chi-
square tests, the non-parametric Kruskal-Wallis 
test, or Mann-Whitney test, according to the 
nature of each predictor and response variable. 
Finally, relationships between the selected 
categorical and continuous predictors were 
analyzed, using Chi-square test, Mann-Whitney 
U tests or Kruskal-Wallis tests, according to each 
variable. When significant relationships were 
found between predictors, the most significant 
predictor variable was selected in all the steps. 
The ranges of selected predictor variables at 
studied scales are detailed in Table 4.2. We also 
performed correlation matrixes of the predictor 
variables for each scale to depict the global 
interrelationships among the attributes (Figures 
S4.4 to S4.6). None of the predictor variables 
in the models at the three studied scales were 
correlated (r < 0.60). 

For the mining site scale, we used Zero-inflated 
Poisson regression models to evaluate the 
influence of the selected predictor variables 

Table 4.2 Ranges of the selected continuous predictor variables at the three studied scales
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(Table 4.3) on the response variables (Sand 
Martin abundance and number of burrows). 
We selected Zero-inflated Poisson regression 
models due to an excess of zeros in our data, 8 
sites with Sand Martins vs. 21 without (Zuur et al. 
2013). At the colony scale, we used Generalized 
Linear Mixed Models (GLMMs) with Negative 
Binomial distribution to explain the response 
variables (Sand Martin abundance and number 
of burrows). The mining sites were specified as a 
random term to control lack of independence of 
the colonies in each mining site. At the burrow 
scale we used GLMMs for the binomial response 
variable. Colonies nested within mining sites 

were specified as random terms to control the 
lack of independence associated to each colony. 

For all adjusted models at the three scales, 
a model selection procedure based on the 
Akaike information criterion corrected for small 
sample sizes (AICc) with a 2-unit cut-off, and 
the parsimony criterion were applied (Burnham 
& Anderson 2001). Analyses were conducted 
using the “AICmodavg” (Mazerolle 2017), 
“lme4” (Bates et al. 2015), “MuMIn” (Barton 
2017), “pscl” (Zeileis et al. 2008), and “visreg” 
(Breheny & Burchett 2017) packages in the R 
3.4.0 (R Core Team 2017).

Table 4.3 For each studied scale, response variables, predictor variables introduced in the complete model, 
predictor variables selected in the best supported model according to AICc corrected for small samples, and 
the influence of the significant variables.
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RESULTS

Presence and abundance in 
mining areas
Out of the 29 studied mining sites, ten had Sand 
Martin burrows, of which eight had breeding 
Sand Martins. These colonized mining sites were 
geographically grouped in the central area of 
the Iberian Peninsula (Figure 4.2). The occupied 
mining sites where located closer to running 
water (p = 0.055) and water bodies (p = 0.067) 
(marginally significant) and were in older mining 
sites (p = 0.031) (Table S4.1). Mining sites with 
colonies were both active and inactive. We 
estimated a total of 643 pairs, which varied from 
0 to 249 (64 ± 26), and a total of 8,471 burrows, 
ranging from 38 to 2,752 (847 ± 244) (Table 
S4.2).

There were a total of 28 colonies in the ten 
mining sites, ranging from one to seven colonies 
per site (3 ± 0.6 colonies). Sixteen colonies 
had breeding Sand Martins in 2017 (occupied 
colonies). Sand Martin pairs per colony varied 
between 0 to 129 (23 ± 7.3), and the number 
of burrows from 6 to 1,324 (303 ± 69.1) (Table 
S4.3). 

There was no significant relationship between 
the abundance of Sand Martins and the number 
of burrows at mining site scale (n = 10, p = 0.92, 
r = 0.04) nor at colony scale (n = 28, p = 0.175, 
r = 0.26). No relevant Sand Martin colonies 
were located in natural riparian habitats in the 
surroundings of the 28 studied colonies nor in 
the entire Madrid Community.

Habitat selection in mining sites
Mining Site Scale

The age of the site was included in the best 
supported Zero-inflated model based on AICc 
to explain the abundance of Sand Martins (Sand 
Martin breeding pairs) and their presence in 
the sampled mining sites (n = 29). The model 

indicated that the age of the mining site had 
a positive relationship with the abundance 
(estimated slope = 1.01 ± 0.07, p < 0.01) and a 
marginal positive relationship with the presence 
of Sand Martins (estimated slope = 1.24 ± 0.66, 
p = 0.059) (Table 4.4).

Several numeric and categorical predictors 
were related to the number of burrows per 
mining site, but the categorical predictor type 
of extraction correlated with four numerical 
predictors. Thus, two Zero-inflated models 
were adjusted to analyze all the variables and to 
avoid multicollinearity between the levels of the 
categorical variable: 1) Including the continuous 
variables: distance to water bodies, distance to 
running water, surface of extractive industry and 
surface of water bodies; and 2) including the age 
of the site and the type of extraction (Table 4.3).

Regarding the first model, the best supported 
model indicated that the number of burrows 
had a negative relationship with the distance to 
water bodies (estimated slope = - 0.25 ± 0.01, 
p < 0.001) and a positive one with the surface 
of extractive industry (estimated slope = 0.41 
± 0.01, p < 0.001). The presence of burrows 
had a negative relationship with the distance to 
water bodies (estimated slope = 1.36 ± 0.56, p 
= 0.02) (Table 4.4).

Regarding the second model, the best 
supported model indicated that the age of the 
site had a positive relationship with the number 
of burrows per mining sites (estimated slope = 
0.16 ± 0.02, p < 0.01) and showed significant 
differences between the type of extraction. The 
number of burrows was greater in aggregate 
pits (estimated slope = 3.66 ± 0.16, p < 0.01), 
followed by aggregate quarries (estimated slope 
= 2.75 ± 0.16, p < 0.01) and smaller in cement 
quarries (estimated slope = 3.73 ± 0.16, p 
<0.01). Regarding the results for the presence 
of burrows, the selected predictor variables did 
not have significant effects (Table 4.4).
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Colony Scale
Preference at colony scale was studied with the 
information obtained from colonies in mining 
sites, since natural colonies to compare with 
were not located in the area. The orientation, 
vegetation cover on the upper area of the 
structure and the type of structure were 
included in the GLMM to explain the abundance 
of Sand Martins in the sampled colonies (n=28) 
(Table 4.3). The best supported model showed a 
positive effect of the orientation of the structure 
(estimated slope = 1.43 ± 0.39, p < 0.01), and 
significant differences of abundance between 
the type of structure (p = 0.01). Sand Martins 
showed greater abundance in stockpiles (p < 
0.01) than in vertical extraction faces (Table 4.4).

The vegetation cover on the vertical surface was 
included in the best supported model to explain 
the number of burrows, showing a positive effect 

of vegetation cover on the number of burrows 
(estimated slope = 0.677 ± 0.21, p = 0.001) 
(Table 4.4).

Burrow Scale

Regarding vertical extraction faces (n = 129 
sampling points), none of the predictor variables 
had a significant relationship with the binomial 
response variable (availability vs. use), and 
therefore no further analyses were performed.

For the stockpiles (n = 103 sampling points), 
we evaluated the effect of slope (Table 4.3). The 
best supported model showed a positive effect 
of the slope (estimated slope = 0.048 ± 0.01, p 
< 0.001) (Table 4.4). The probability of finding 
burrows on a stockpile followed a gradient, 
where 70º was the turning point at which the 
probability of finding burrows was higher than 
50% (Figure 4.3).

Table 4.4   Response variables, predictor variables introduced in the best supported models, estimated slope, 
standard error (SE) and Pr for the Poisson count and Logit portions of the Zero-inflated models at the mining 
site scale and coefficients for the GLMM at the colony and burrow scales.
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DISCUSSION

Sand Martins have been increasingly using 
mining sites as breeding habitats. This pattern has 
been described in several areas of this species 
distribution (Hjertaas 1984; De Lope et al. 1987; 
González 2004; Heneberg 2007), as well as in 
our study area (SCV 1999; SCV 2007), where 
the species appears to be absent as a breeder in 
natural areas. Human disturbances on the river 
banks and the alteration of flow regimes could 
be explaining this change of breeding areas (Ruiz 
De Azua et al. 2003; SCV 2007). This highlights 
the importance of carrying out measures to 
improve habitat quality in the mining sector. 
Furthermore, though Sand Martins seem to 
be showing preference for mining sites, further 
studies that examine the reproductive success 
of Sand Martins in these environments are 
necessary to fully understand this phenomenon 
and determine whether mining sites act as 
surrogate habitats or habitat traps. 

Breeding habitat selection in 
mining areas

The dispersal of the Sand Martins is favorably 
affected by previous conspecific presence (Szabó 

& Szép 2010). Furthermore, Sand Martins are 
known to return to previous breeding sites and 
their dispersal area is not very large (10 km 
from previous breeding sites) (Mead 1979; Jones 
1987; Szabó & Szép 2010). The age of the site 
showed a positive relationship with the number 
of burrows, as well as with the abundance of 
the breeding pairs, as expected. Older sites may 
have had more time to be occupied by Sand 
Martins, as well as to accumulate burrows over 
time, attracting other Sand Martins due to their 
gregarious behavior. This effect can be useful for 
managing Sand Martins (Appendix S4.1). Also, 
the occupancy levels of the burrows in our 
study seem lower than in other areas (Burke 
2017), and future studies should be carried out 
as to why so many burrows are rejected.

We observed that Sand Martins showed 
preferences at different scales. Sand Martin’s 
preferences for breeding habitats at larger scales, 
such as the mining site scale, was determined 
as expected by the availability of food sources. 
Sand Martins feed on aerial plankton (Cramp 
1988) and concentrate their foraging effort 
wherever local concentrations of insects occur 
(Hjertaas 1984). We observed that mining 
sites closer to water, or with presence of water 
bodies in the sites, had larger numbers of Sand 
Martin burrows. We did not observe preference 
for other feeding areas, such as pastures (open 
grass fields) or agricultural fields (Garrison et al. 
1987). These riparian habitats could attract Sand 
Martins, since they are habitats where they breed 
(Sáez-Royuela 1954), feed and roost (Falconer 
et al. 2016). Also, their presence near water 
bodies could be relevant in the Mediterranean 
context, where water is a scarce resource during 
the breeding season due to the characteristic 
summer drought, and should be taken into 
account when carrying out management actions 
for this species.

The nesting structures influenced Sand Martin 
breeding habitat selection at the three studied 

Figure 4.3 Probability of finding Sand Martin 
burrows as a function of the slope of the vertical 

surface of the structure (standardized).
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scales. The amount of extractive areas could 
determine the surface of nesting habitat for 
Sand Martins and the possible attraction the 
area could exercise over them. The number of 
burrows was related to the type of extraction 
as predicted, with the aggregate sector 
concentrating the highest numbers of burrows. 
Aggregate quarries store the extracted material 
in large outdoor stockpiles (Herrera 2006). In 
addition, gravel pits have vertical sandy faces and 
are normally located near rivers. These results 
help identify which sector in the mining industry 
should be more conscious about Sand Martin 
presence in mining sites, and suggest that the 
aggregate sector may be the most relevant for 
the Sand Martins.

At colony scale, the preferred nesting 
structures had Southwest orientations at 
the studied latitudes. Most authors have not 
found preferences linked to colony orientation 
(OMNRF 2017), and therefore our finding 
could be relevant when proposing restoration 
actions for this species. We also found Sand 
Martin abundance was higher in stockpiles 
than in vertical extraction faces. Stockpiles are 
formed by more homogenous sandy material 
than vertical extraction faces (Herrera 2006), 
providing easier material to excavate in. Sand 
Martins also prefer the sandier layers in the 
vertical extraction faces (Blem 1979). These 
preferences had never been studied before and 
should be included in Sand Martin management 
programs in active mining sites. Finally, the number 
of burrows was higher with more vegetation 
cover on the vertical surface of the structures, 
which was not expected since colonies are 
located on banks with low percentage of 
vegetative cover (Silver & Griffin 2009). In our 
case, vegetation cover was low, so abandoned 
burrows could be acting as seed traps, or the 
bioturbation and biodeposition could influence 
the vegetation positively, as has been described 
for other cliff-nesting burrowing birds (Fedriani 

et al. 2015). This should be analyzed in more 
depth in further studies, as it could be a way of 
promoting passive restoration.

Finally, the nesting structures at burrow scale 
were positively related with the verticality of 
the stockpiles, which coincides with the usual 
preference of the species (Garrison et al. 1987; 
Hjertaas 1984). That they were only significant 
preferences in stockpiles was probably 
because vertical extraction faces were more 
homogeneous for this variable (Herrera, 2006). 
Taking all these habitat preferences at different 
scales into consideration to establish restoration 
and management recommendations (Appendix 
S4.1) in the mining sites is an innovative approach, 
and they should be considered in the future.

Management and Restoration 
Recommendations 

Our findings indicate that Sand Martins have a 
strong dependency for mining sites as breeding 
habitats in Mediterranean areas. This creates 
the need to manage this protected species 
both during mining and post-mining operations, 
especially in the aggregate sector. Based on our 
study, restoration actions that would benefit cliff-
nesting burrowing birds would be to maintain 
structures where colonies have previously 
been located. Old structures with colonies may 
be repaired and enhanced, or new potential 
breeding areas can be designated, with slopes of 
at least 70º. The location should be near water 
sources with high insect production, orientated 
to the Southwest if possible. In addition to 
favoring this species, these conservation 
measures could also benefit other cliff-nesting 
burrowing species such as European Bee-eaters 
Merops apiaster (Casas-Crivillé & Valera 2005) 
and other secondary cavity nesters such as 
Kestrels Falco tinnunculus, Stock Doves Columba 
oenas, Little Owls Athene noctua or several 
species of Sparrows (Mead & Pepler 1975). 
These actions could be a solution to create 
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self-regulated systems that attract biodiversity, 
where cliff-nesting burrowing species would 
regulate the availability of nesting holes.

Promotion of biodiversity, such as cliff-nesting 
burrowing species, does not have to occur 
exclusively during post-mining operations, since 
individuals are attracted to active mining sites 
as well. Actions developed by mining companies 
for the Sand Martin have had positive results in 
the past (Hjertaas 1984; Lonchampt & Michelat 
2015). Management for Sand Martins at active 
mining sites should be organized around an 
annual calendar that considers the programed 
mining activities and regional Sand Martin 
phenology, which can vary between sites. For 
example, in our study area (Figure S4.1) it was 
slightly broader than what was reported for 
the Iberian Peninsula (Cramp 1988; Etxezarreta 
2010).

Constructing favorable nesting structures during 
the reproduction period at inactive areas of 
mining sites, based on our results and other typical 
recommendations for this species, would divert 
Sand Martins from occupying active areas. In the 
same way, active areas should be maintained 
unfavorable, dissuading Sand Martins by 
reducing slopes to less than 70º and maintaining 
them so until mid-August when the individuals 
normally not initiate egg-laying. If Sand Martins 
occupy an active area, mining should temporarily 
cease until September, and the colony should 
be protected. In the Supplementary guide 
(Appendix S4.1), we propose a more detailed 
guideline to reconcile Sand Martin breeding in 
mining sites in Mediterranean areas.

To implement habitat enhancement measures 
which truly have a positive impact on this 
species, wide spread actions from the aggregate 
sector should be promoted. Simple habitat 
enhancement actions and management 
considerations following the recommendations 
of this section and Supplementary guide 

(Appendix S4.1) would be very easy to 
implement. In Spain, these recommendations will 
be promoted in the aggregate sector through 
the National Aggregate Federation.
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Bird services applicable to mining restoration: The Sand 
Martin (Riparia riparia) burrow construction case study
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ABSTRACT

Mining sites can be colonized by cliff-nesting birds if they provide habitat requirements, such as safe 
nesting cavities. Colonization of mining areas by secondary cliff-nesting birds could be limited by the 
abundance of safe cavities. However, certain burrowing birds could provide ecological services, by 
constructing adequate nesting places for secondary cavity-nesting birds. Our objective was to study 
the availability of burrows of biotic origin in mining sites, and their role in improving colonization and 
local biodiversity of cliff-nesting birds. We selected the Sand Martin because it is a colonial engineer 
species that nests frequently in mining sites. First, we estimated Sand Martin burrow abundance and 
occupation rates and identified secondary cavity-nesting birds in 8849 burrows from 30 colonies, 
in 10 mining sites in central Spain; second, we studied the dynamic of the Sand Martin burrows, by 
estimating annual construction and disappearance rates; and finally, we studied factors that could 
favour secondary cavity-nesting bird occupation. We found that Sand Martins burrowed more than 
was previously estimated in mining sites, and their burrows were used by five species of secondary 
cavity-nesting birds. The number of available burrows each year varied, due to relatively high annual 
construction and disappearance rates. Numbers of Sand Martin pairs and burrows in the colonies 
were the main factors favouring secondary occupation. Our results support promoting Sand Martins 
in mining restoration projects, not only to benefit this endangered bird, but also because their 
ecosystem services would benefit other species, thus increasing local biodiversity of cliff-nesting birds.

Key words Cavity-nesting birds, cliff-nesting birds, ecological restoration, ecosystem services, 
secondary users.
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INTRODUCTION

Ecosystem engineers affect other organisms 
by modulating the availability of resources to 
other species (Jones et al. 1994). These engineer 
species can help revert impacts on degraded 
ecosystems through the ecosystem services 
they provide. For example, with its burrowing 
activity, the Eastern Bettong (Bettongia gaimardi) 
can have profound effects on water infiltration 
and seed germination, helping restore temperate 
woodlands in Australia (Manning et al. 2001), 
and the restoration of biological soil crusts 
with Cyanobacteria in degraded drylands can 
contribute the recovery of ecosystem functions, 
such as erosion resistance and nutrient cycling 
(Chiquoine et al. 2016). Despite recognition 
of important services provided by engineer 
species, they have received little attention, and 
the ecosystem engineering concept has been 
rarely incorporated into habitat improvement, 
conservation and ecological restoration projects 
(Byers et al. 2006).

Birds are probably the group of terrestrial 
vertebrates with the most diverse range of 
ecological functions (Sekercioglu 2006). These 
functions can provide many ecosystem services, 
including trophic-related services such as 
seed dispersion, pollination or nutrient cycling 
(Whelan et al. 2008). Also, they can provide 
valuable non-trophic related services, such as 
generating potential refuge for fauna (Wenny 
et al. 2011). Thus, the nest building activity of 
some birds creates burrows that can be used 
by many other secondary cavity-nesting species, 
who need holes for shelter or reproduction but 
have no capacity to build them (Casas-Crivillé 
and Valera 2005).

Cliff-nesting birds, many of which are protected 
in their distribution ranges (Madroño et al. 
2004), frequently colonize cliff habitats created 
by mining activity. Mining areas can provide 

these species with habitats similar to the ones 
found in natural environments, if the former 
maintain certain ecological characteristics, 
such as an adequate supply of holes and 
ledges where they can nest (Castillo et al. 
2008). Despite this, the importance of mining 
areas as breeding areas for cliff-nesting birds is 
usually ignored and undervalued, contributing 
to increase the vulnerability of the species that 
colonize them (Castillo et al. 2008). Including 
habitat improvement for cliff-nesting birds in 
mining restoration projects can be an effective 
way of contributing to the conservation of 
some of these protected species. In turn, this 
management can take advantage of ecosystem 
services provided by some cliff-nesting birds to 
achieve restoration objectives.

In this study we focus on the Sand Martin (Riparia 
riparia), a threatened migratory bird (BirdLife 
International 2017), that nests in colonies located 
almost exclusively in mining sites (Suvorov et al. 
2011) where it carries out an intense burrowing 
activity. To the best of our knowledge, there are 
very few studies regarding the secondary cavity-
nesting species of Sand Martin burrows and their 
relevance towards them. Sand Martins could be 
a good model to study potential environmental 
services of birds in mining restoration because 
they could facilitate the colonization of mining 
sites by other cliff-nesting species and enhance 
local biodiversity. 

The colonization of mining areas by secondary 
cliff-nesting birds could be limited by the 
abundance of holes, such as has been described 
for other secondary cavity-nesting species in 
non-mining environments (Cockle et al. 2010). 
In mining areas, holes are generated mainly by 
mining activity, but also by abiotic (e.g. water 
erosion) and biotic agents (e.g. burrowing 
species). Burrowing species (primary cavity-
nesting species) could increase local biodiversity 
of cliff-nesting animals because their burrowing 
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activity would increase the availability of holes 
for secondary cavity-nesting species (Hansell 
1993). 

Our overall objective is to study the availability 
of burrows of biotic origin in mining sites, 
and their possible role in improving the local 
biodiversity of cliff-nesting birds. The specific 
objectives were to 1) estimate Sand Martin 
burrow abundance and Sand Martin occupation 
rate in mining areas; 2) identify secondary 
cavity-nesting birds using Sand Martin burrows 
and their burrow occupation rates; 3) study 
the dynamic of the Sand Martin burrows in the 
colonies by estimating the annual construction 
and disappearance rates of burrows, and 4) 
determine factors that favour the burrow 
occupation by secondary cavity-nesting species. 
The studied factors that could affect secondary 
occupation were: a) Sand Martin abundance, 
which would affect positively by providing other 
advantages to the secondary cavity-nesting 
species such as group defence against predators 
(Brown and Brown 2001); b) Burrow abundance, 
which would affect positively because areas with 
more burrows could attract more secondary 
cavity-nesting species; c) The type of structure 
where the colony is located (vertical extraction 
face or stockpile), since each type of structure 
may differ in the amount of available holes from 
other origins, such as mining activity; d) The age 
of the structure, which could also affect positively, 
conditioning the available time for Sand Martins 
and secondary cavity-nesting species to colonize 
the structures. 

If Sand Martin burrows are used by other cliff-
nesting species, it would justify including this 
burrowing bird in mining restoration projects, not 
only because the populations of this endangered 
species would be promoted, but also because 
the ecosystem services they provide would 
benefit other species, thus possibly increasing 
local biodiversity of cliff-nesting birds.

MATERIALS AND METHODS

Study area

This study was conducted in the period of 
2016 -2017 in 10 mining sites in central Spain 
with presence of Sand Martin burrows (Figure 
5.1). The elevation of the mining sites ranged 
from 500 to 840 m.a.s.l. The climate was 
Mediterranean, and the daily mean temperature 
and annual precipitation ranged between 10.2 
and 14.9 °C, and between 401 to 524 mm, 
respectively. The extracted materials were 
granite, limestone, sand and gravel. Sites varied 
in size from 23 to 100 ha. Each occupied mining 
site usually had several Sand Martin colonies 
that were separated spatially, frequently in 
different structures (mainly vertical extraction 
faces, stockpiles and spoil heaps). The age of the 
structures was estimated through interviews of 
the mining managers.

Sand Martin and secondary 
nesting bird abundances and 
occupation rates

The breeding populations of Sand Martins and 
secondary cavity-nesting species were estimated 
during the breeding period in Spain – May to 
July (González and Villarino 1997). Each site 
was visited 2-5 times. At each colony, burrow 
occupation (proportion of nesting burrows 
containing reproduction attempts) of Sand 
Martins and secondary cavity-nesting species 
was estimated. We distinguished occupied from 
unoccupied burrows based on González and 
Villarino (1997). We used the burrow occupation 
to estimate the abundance of Sand Martins and 
secondary cavity-nesting species, considering 
that each pair occupied only one burrow. 
Burrows (both occupied and unoccupied) were 
counted at each colony by taking overlapping 
photographs. Mean burrow density by square 
meter was calculated for the vertical surfaces of 
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the colonies (total number of burrows divided 
by the vertical surface of the colony) (Figure 
S5.1). Maximum density of burrows was also 
measured at the six densest colonies in one 
square meter per colony. We used Spearman’s 
correlation to test whether Sand Martin and 
burrow abundances were related.

Annual construction and 
disappearance rates of Sand 
Martin burrows

We compared photographs of the colonies 
taken in 2016 with those taken in 2017 for those 
sections of the colonies for which we had good 
quality images in 2016. We applied the following 
equations to calculate the construction and 
disappearance rates: 

We used Spearman´s correlation to test the 
relationship between the burrow construction 
and disappearance rates, and to test the 
relationship between the burrow disappearance 
and construction rates and Sand Martin 
occupation rate.

Factors favouring abundance and 
occupation rates of secondary 
cavity-nesting bird species
The analyses were carried out considering 
the colony scale (30 colonies in the 10 mining 
sites). Three response variables were selected: 
secondary cavity-nesting species abundance and 
richness, and occupation rate of Sand Martin 
burrows. A specific analysis was performed for 
the Rock Sparrow (Petronia petronia) abundance 
and occupation rate, because it was the 
secondary species with the most abundance. 
We analysed the following predictor variables: 
Sand Martin abundance, burrow abundance, age 

Figure 5.1 Location of the 10 mining sites with Sand Martin colonies in central Spain
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of the structure and type of structure (stockpile 
or vertical extraction face). We performed 
Spearman’s correlations and the Mann-Whitney 
U test between the predictor variables and 
eliminated the type of structure because it 
correlated with the Sand Martin abundance and 
age of the structure. All tests were calculated 
with significance cut-off of p < 0.05, and the 
correlation cut-off was r > 0.6.

We used Generalized Linear Mixed Models 
(GLMM) to analyse the influence of the 
selected predictor variables on the response 
variables. For secondary cavity-nesting species 
abundance and richness and Rock Sparrow 
abundance, we used Generalized Linear Mixed 
Models (GLMMs) with Poisson distribution. For 
the secondary cavity-nesting species occupation 
and Rock Sparrow occupation, we used GLMMs 
with a Binomial distribution. Mining sites were 
specified as a random term to control lack of 
independence of the colonies in each mining 
site. For all adjusted models, we applied a 
model selection procedure based on the Akaike 
information criterion corrected for small sample 
sizes (AICc) with a 2-unit cut-off (Burnham and 
Anderson 2001). Analyses were conducted 
using the “lme4” (Bates et al. 2015) and “MuMIn” 
(Barton 2017) packages in the R 3.4.0 (R Core 
Team 2017).

RESULTS

Sand Martin burrow abundance 
and Sand Martin occupation rate 
in mining sites

Out of the 10 mining sites with Sand Martin 
burrows we detected breeding pairs in eight. A 
total of 8849 burrows were studied, with burrow 
numbers varying from 38 to 2752 (mean ± SE, 
247 ± 885 burrows) per mining site (Table 5.1). 
The total Sand Martin abundance was 680 pairs, 
with figures ranging between 4 and 249 pairs 

(85 ± 30 pairs) per mining site (Table 5.2). A 
total of 30 colonies were identified, ranging from 
one to seven colonies per mining site (3 ± 0.6 
colonies). The number of burrows varied from 6 
to 1324 (295 ± 65 burrows) between colonies. 
Of the 30 colonies, 16 (53%) were occupied by 
Sand Martins in 2017. The number of pairs in 
the 16 colonies varied from 1 to 129 pairs (40 
± 10 pairs). The Sand Martin abundance and 
number of burrows was not correlated neither 
at the mining site scale (n = 10, r = 0.01, p = 
0.97) nor colony scale (n = 30, r = 0.31, p = 
0.09). The Sand Martin occupation rates in the 
mining sites reached 47.7% when present (12 ± 
5%) (Table 5.2).

The vertical surface of the structure where the 
30 colonies were located varied between 12 
and 941 m2 (269 ± 50 m2). The mean burrow 
density per square meter of the vertical surfaces 
varied between 0.1 and 8.8 (2.0 ± 0.4 burrows/
m2) (Table 5.1). The maximum density per square 
meter varied between 20 and 34 burrows/m2 (n 
= 6, 24 ± 2 burrows/m2) (Table S5.1). Colonies 
were in 12 stockpiles and 18 vertical extraction 
faces. The age of the structures varied between 
0.5 to 13 years (5 ± 0.6 years), with most 
being between 3 to 8 years old (64%) (Table 
5.1). Other variables regarding the colonies’ 
characteristics are shown in  Table S5.2.

Secondary cavity-nesting bird 
species in the Sand Martin 
burrows

Five secondary cavity-nesting bird species 
were observed in the 10 studied mining sites. 
In order of abundance: Rock Sparrow (Petronia 
petronia), House Sparrow (Passer domesticus), 
Eurasian Tree Sparrow (P. montanus), Little Owl 
(Athene noctua) and Black Redstart (Phoenicurus 
ochruros) (Table 5.2).

At the mining site scale, 70% of the mining sites 
had secondary cavity-nesting species and the 
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Table 5.1 Number of burrows, Sand Martin pairs, age and type of structure of the 30 colonies. Mining sites 
are ordered alphabetically. Colonies are ordered in increasing number of burrows per mining site
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Table 5.3 Annual construction and disappearance rates of Sand Martin burrows in the period 2016-2017. 
Colonies are ordered in ascending number of burrows in 2016

highest richness was 3 species. None of the 
secondary cavity-nesting species was present in 
all the mining sites. The Rock Sparrow was the 
most abundant secondary cavity-nesting species, 
being present in 6 mining sites. In general, the 
secondary cavity-nesting species had low burrow 
occupation rates at mining site level, with the 
Rock Sparrow reaching the maximum of 4.3% 
(Table 5.2). At colony level, secondary cavity-
nesting species appeared in 14 out of 30 colonies 
(46.7%) (Table S5.3). The Rock Sparrow was the 
most frequent secondary cavity-nesting species, 
appearing in 11 colonies (36.7%). When present, 
the occupation rates of the Rock Sparrow in the 
colonies varied from 0.6% to 4.3% (0.8 ± 0.2%), 
while the Sand Martin occupation rates varied 
between 0.8 to 54.4 % (9.6 ± 3%) (Table S5.3).

Dynamic of Sand Martin burrows: 
annual construction and 
disappearance rates of burrows

The construction and disappearance rates were 
estimated in 17 colonies belonging to 9 mining 
sites (Table 5.3). At the mining site scale, the 
annual construction rate varied between 0 and 
57% (17 ± 6%) and the annual disappearance 
rate between 0 and 30% (14 ± 3%). The 
number of burrows increased from 2016 to 
2017 in 5 mining sites (56%). At the colony 
scale, the annual construction rate varied from 
0 to 50% (9 ± 3%) and the disappearance rate 
varied from 0% to 30% (8 ± 2%). The number of 
burrows increased in 8 colonies (47%).
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The construction and disappearance rates were 
not significantly related neither at the mining site 
(n = 9, r = 0.24, p = 0.53) nor at the colony scale 
(n = 17, r = - 0.44, p = 0.07). The disappearance 
rate and the Sand Martin occupation rate 
were not significantly related at the mining site 
nor colony scales (n = 9, r = - 0.05, p = 0.9, 
and n = 17, r = - 0.23, p = 0.37, respectively). 
The construction rate and the Sand Martin 
occupation were not related at the mining site 
scale (n = 9, r = 0.61, p = 0.08), but showed 
a significant positive relationship at the colony 
scale (n = 17, r = 0.63, p < 0.01). 

Factors that favour the 
occupation of secondary cavity-
nesting species

Sand Martin abundance and the age of the 
structure were related to the type of structure 
(W = 174, P < 0.01 and W = 59, p = 0.04, 
respectively) (Table S5.4). Consequently, and to 
avoid multicollinearity we did not include the 
type of structure in the models. The abundance of 
Sand Martins and the number of burrows were 
included in the GLMMs to explain the factors 
which could affect secondary nesting species 
abundance. The best supported Poisson GLMM 
(Table S5.5) determined that secondary nesting 
species abundance had a positive relationship 
with Sand Martin abundance (estimated slope 
= 0.81, SE = 0.21, p < 0.001) and number of 
burrows (estimated slope = 0.86, SE = 0.25, 
p < 0.001). The best fitted Poisson GLMM for 
secondary cavity-nesting species richness (Table 
S5.6) included Sand Martin abundance, which 
showed a positive relationship with the richness 
(estimated slope = 0.5, SE = 0.17, p < 0.001). The 
Negative Binomial GLMM which best explained 
secondary cavity-nesting species’ occupation 
(Table S5.7) included Sand Martin abundance. 
This variable showed a positive relationship with 
the occupation (estimated slope = 0.5, SE = 
0.22, p < 0.02).

The abundance of Sand Martins, the number 
of burrows and the age of the structure were 
included in the models to analyse Rock Sparrow 
abundance and occupation. The best supported 
Poisson GLMM model (Table S5.8) indicated 
that the abundance of Rock Sparrows was 
explained by a positive relationship with the 
abundance of Sand Martins and the number of 
burrows (estimated slope = 0.53, SE = 0.23, p 
= 0.02, and estimated slope = 1.03, SE = 0.33, p 
< 0.01, respectively) and a negative relationship 
with the age of the structure (estimated slope 
= - 0.63, SE = 0.33, p = 0.02). The best fitted 
Binomial GLMM model for the Rock Sparrow 
occupation (Table S5.9) included the age of the 
structure, which showed a negative relationship 
(estimated slope = - 0.85, SE = 0.36, p = 0.02).

DISCUSSION

The Sand Martin showed an elevated burrowing 
activity in the mining sites and their burrows 
were used both by the Sand Martin and five 
species of secondary cavity-nesting birds. The 
number of available burrows each year varied, 
due to relatively high annual construction and 
disappearance rates. The abundance of Sand 
Martin pairs and burrows in the colonies 
were the principal factors which favoured the 
secondary cavity-nesting species occupation. 
These results support the interest of including 
the Sand Martin in the management and 
restoration of mining sites. 

Sand Martin burrow abundance 
and occupation rate in mining 
areas

To the best of our knowledge, information 
regarding presence of Sand Martins and their 
burrows in mining areas is not common in the 
literature. We found 30 colonies in our study 
area and observed that Sand Martins could 
excavate almost 9000 burrows in the 10 mining 
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sites, with an average of 900 burrows per site. 
This result is higher than the average that has 
been described for mining sites in the literature, 
which ranges from 7.5 to 112 (Hjertaas 
1984, García and Álvarez 2000, Burke 2017). 
Regarding the density of burrows, we found 
similar results to the existing literature (Cramp 
1988, González and Villarino 1997), but this 
could be due to the applied measuring system, 
since these authors use the minimum rectangle 
that includes the burrows, whereas we used the 
entire available vertical surface. We did find very 
high maximum densities per square meter (Table 
S5.1), demonstrating the elevated capacity of 
the Sand Martin to construct large groups of 
burrows in mining sites. The low values regarding 
burrow abundance and density in the literature 
may be underestimating the relevance of the 
Sand Martin’s presence in mining sites and its 
potential to provide nesting places for cavity-
nesting bird species.

Secondary cavity-nesting bird 
species using Sand Martin 
burrows

Sand Martins provided nesting places for a 
community of secondary cavity-nesting bird 
species in mining areas in a similar way Sand 
Martins do in natural areas. In this work, we 
detected five secondary cavity-nesting bird 
species, which had lower burrow occupation 
rates than the Sand Martin. Though other 
authors refer to a higher number of secondary 
cavity-nesting species using Sand Martin 
burrows (Mead and Pepler 1975, Suvorov et al. 
2011), it is because these studies use a national 
scale approach. Our results are in the expected 
range when compared to other studies with 
similar scale (Hjertaas 1984). The secondary 
cavity-nesting species we observed coincide the 
literature, such as the Eurasian Tree Sparrow 
(Piotrowski et al. 2011), the House Sparrow 

(Cordero Tapia 1986), and the Rock Sparrow 
(Cano Sánchez 2003). 

As well of these species with a similar size to the 
Sand Martin, we observed larger species in low 
densities occupying the Sand Martin burrows, 
such as the Little Owl. In some cases, these larger 
species used the larger burrows formed after 
erosion (Mead and Pepler 1975). In other cases, 
the secondary cavity-nesting species can adjust 
the size of the burrows, as has been described 
for the European Bee-eater (Merops apiaster) 
(Blancat et al. 1995) or the Jackdaw (Corvus 
monedula) (Soler 2014). Over time, the natural 
erosion and the action of other species might 
modify the size of some burrows and increase 
the range of species which can benefit from the 
Sand Martin burrows. 

Dynamic of Sand Martin burrows

The annual construction and disappearance 
rates of Sand Martin burrows is something that 
to the best of our knowledge has not been 
studied deeply before. At a colony scale, we 
found construction and disappearance rates 
per year up to 50% and 30%, respectively. We 
did not find a significant relationship between 
the construction and disappearance rates, 
which indicates that the construction activity 
does not try to compensate the disappearance 
of old burrows. As these high construction/
disappearance rates make the inter-annual 
availability of burrows highly variable, we believe 
that burrows are not a stable resource and 
therefore, maintaining Sand Martins is required 
to conserve the availability of burrows and 
the potential of accommodating other species 
over time. Studying the factors that regulate 
these local dynamics should be a future line 
of research because of its direct repercussions 
for the management of this species and the 
promotion of secondary cavity-nesting species.
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Factors that favour the 
occupation of secondary cavity-
nesting species

The numbers of secondary cavity-nesting 
species we observed varied between colonies. 
The abundance, richness and occupation of 
secondary cavity-nesting species was higher 
at colonies with more Sand Martin pairs. This 
suggests that aside of the positive effect of 
creating adequate nesting places (deep burrows, 
in vertical cliffs, and located far away from the soil 
surface), the colonies could be providing other 
factors which could influence secondary cavity-
nesting species colonization, such as a direct 
defence from predators (Brown and Brown 
2001). Due to the Sand Martins’ gregarious 
behaviour, the number of individuals guarding 
and defending the colonies is higher at colonies 
with more individuals.

The persistence of Sand Martin pairs in a colony 
is uncertain. Burke (2017) described their 
dynamic behaviour, observing colonies that were 
occupied for several consecutive years, colonies 
that changed their location but remained in 
the mining site, and mining sites which were 
completely abandoned. We observed a similar 
phenomenon, having detected large colonies 
formed by hundreds of burrows which were 
abandoned from one year to the next. Bearing 
in mind that burrowing is energetically a costly 
activity, the ease with which Sand Martins 
abandon colonies is, from our point of view, 
one of the less known aspects of this species, 
likely linked to their social behaviour and the 
conspecific attraction for reproduction. Thus, 
further studies are needed to understand Sand 
Martin persistence to the colonies in order to 
improve the management and conservation 
of this species and its secondary cavity-nesting 
species.

The number of burrows had a positive effect on 
the secondary cavity-nesting species abundance, 
indicating that larger colonies may exert a 
greater attraction effect over secondary cavity-
nesting species. The abundance of Sand Martins 
was not related to the number of burrows at the 
colonies or mining sites. Colonies normally have 
a surplus of burrows due to different reasons, 
e.g. partially dug burrows, partially collapsed 
burrows, non-reoccupied burrows, or males 
constructing more than one burrow in the 
attempt to attract females (Kuhnen 1985). Sand 
Martin occupation has been estimated to be 
50% at the colony scale (Wright et al. 2011) and 
our estimations coincide with the literature. This 
low occupation rate by Sand Martins leaves an 
elevated number of empty burrows potentially 
available for secondary cavity-nesting species.

We observed a negative relationship between 
the age of the structure where the colony was 
excavated and Rock Sparrow abundance and 
occupation. This result does not support our 
original hypothesis that the age of the structure 
could have a positive effect by increasing the 
available time for Sand Martins and secondary 
cavity-nesting species to colonize the structures. 
However, more recent structures may be 
easier to excavate by the Sand Martin, due to 
less compaction of the sandy material. Also, 
the type of structure was related with the age 
of the structure and Sand Martin abundance. 
Stockpiles are formed by homogenous material 
allowing larger suitable surfaces for excavating in, 
and since they are more temporary than vertical 
extraction faces, they do not reach as much 
longevity. Stockpiles might therefore attract 
more abundance and occupation of secondary 
cavity-nesting species. All these variables should 
be taken into consideration to design measures 
to increase secondary cavity-nesting specie 
abundance and manage their populations in 
mining areas.
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Implications for mining site 
restoration 

We have found more colonies and burrows in 
mining sites than previous studies have, which 
suggests that previous studies underestimate the 
presence of Sand Martin burrows at mining sites 
and their potential benefits for other species. This 
could have relevant conservation implications. 
Importantly, we found a community of 
secondary cavity-nesting species using the Sand 
Martin burrows in mining sites, which matches 
the species composition of the cavity-nesting 
community found in non-mining site colonies. 
Thus, the Sand Martin could be considered an 
engineer species given its resembles to other 
burrowing species, such as the European Bee-
eater and European rabbit (Casas-Crivillé and 
Valera 2005; Galvez Bravo et al. 2009; Suvorov 
et al. 2011).

The advantage of managing for Sand Martins in 
mining restoration projects has a two-fold effect. 
On the one hand it serves as an opportunity to 
benefit this endangered species by promoting its 
presence and increasing its density, and on the 
other hand, by allowing the knock-on beneficial 
effects of this species on the cliff-nesting bird 
community as follows. Nesting cavity presence 
frequently limits secondary cavity-nesting species 
occupation.  Our results show that in mining 
sites the Sand Martin modifies abiotic resources 
by making nesting cavities secondarily available 
to other bird species, promoting colonization 
and potentially increasing bird species richness 
and biodiversity. Thus, the promotion of Sand 
Martins in restoration projects could make 
mining sites less dependent on direct human 
intervention to maximize biodiversity. 

This study has helped us understand the nesting 
site mediation role that Sand Martins provide 
for other cavity-nesting species through the 
transformation of vertical extraction faces. 
Abiotic engineering activities are possibly the 

least studied ecological contribution of birds 
(Sekercioglu 2006), so future research on the 
effects and consequences of bird engineering 
could provide opportunities in mining restoration 
for potential biodiversity conservation.
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This study focused on the ecology of the 
cliff-nesting birds that breed in mining sites in 
Spanish Mediterranean areas, with the objective 
of setting management recommendations for 
these species at active and inactive mining sites 
(Figure 6.1). We first studied the cliff-nesting 
communities at a national scale to determine 
their general characteristics and to identify 
general processes that could condition the 
management recommendations of these cliff-
nesting bird communities (Chapter II). To further 
explore these general processes, we focused on 
two model species, and we designed species-
specific studies. Then, we studied the risks of 
creating ecological traps due to predation 
excess by the territorial Eagle Owl (Chapter III). 
We studied the breeding habitat selection and 
preferences at different spatial scales for the 

colonial Sand Martin (Chapter IV). Finally, we 
studied the engineering activities of the Sand 
Martins (Chapter V). This last study allowed us to 
explore the ecosystem services that burrowing 
cliff-nesting birds provide at mining sites, and 
whether these engineering activities could be 
taken advantage of in mining restorations to 
promote biodiversity at mining sites. The results 
of these four research studies gave us insight to 
outline management recommendations for cliff-
nesting birds, both to reconcile their presence 
at active mining sites and to propose mining 
restoration actions to promote local biodiversity 
through these species (Figure 6.1).

Regarding the study of the cliff-nesting 
communities (Chapter II), we found a 
considerable species abundance and richness of 

Figure 6.1 Conceptual diagram of the relationships between the four research chapters which studied different 
aspects of cliff-nesting birds at mining sites.
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cliff-nesting birds in the mining sites. We found a 
range of groups, from large raptors such as the 
Eagle Owl to Passerines like the Rock Sparrow. 
As far as we know, previous work did not address 
the complete communities colonizing mining 
sites, and was centered on specific species or 
groups (e.g. Boyce et al. 1980 ; Norriss 1995; 
Brambilla et al. 2010; Ostlyngen et al. 2011). 
We also observed the importance that these 
man-made habitats can have for some species, 
namely the Sand Martin (Chapter IV), for which 
we were unable to locate relevant breeding 
colonies in natural habitats outside the mining 
areas. This could mean that mining sites are even 
more relevant as breeding habitats for some 
cliff-nesting species than we expected, stressing 
the need for managing these species during the 
active phases of the mining sites. Furthermore, 
our findings support that actions to promote 
habitat enhancement for cliff-nesting birds could 
be an interesting option in mining restoration 
(Castillo et al. 2008).

Criteria for successful habitat 
restoration and management for 
cliff-nesting birds

Hale & Swearer (2017) outline five criteria to 
ensure restoration provides suitable habitats 
for animals (Figure 6.2). This diagram is a useful 
guide for restoration and management plans for 
animals, which we use here to place our study 
into greater perspective.

This diagram orders five criteria in a hierarchical 
flow that allows us to analyze the potential 
constrains to successful habitat restoration 
for cliff-nesting birds at mining sites. The first 
point (point 1, Figure 6.2) is that restoration 
must improve structural habitat. Restoration 
is commonly undertaken on the assumption 
that animals will respond to improvements in 
structural habitat (Palmer et al. 1997). We can 
assume that mining activity improved structural 
cliff habitats for the local cliff-nesting community 

because we found that many mining sites did 
not have relevant natural cliff habitats in the 
surroundings. This could explain, at least partially, 
the relative abundance, richness and diversity 
of cliff-nesting birds in the cliff habitats of the 
studied mining sites.

Once the habitat is present, for successful 
habitat restoration to occur, animals must 
be available to colonize these areas (point 2, 
Figure 6.2). The proximity of source populations 
to restored sites is an important factor to 
determine restoration success (Sunderman et 
al. 2011). We confirmed the influence of this 
factor in Chapter IV by detecting a positive 
effect of the regional pool of Sand Martins, and a 
negative effect of the distance of the mining sites 
to natural riparian habitats in the colonization 
of mining sites by Sand Martins. In general, we 
expect birds to have less dispersal limitations 
than other taxonomic groups (e.g. mammals, 
reptiles or amphibians). However, the presence 

Figure 6.2 Five criteria for ensuring habitat 
restoration and management for cliff-nesting birds 
is successful (based on Hale & Swearer 2017).
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of the target species in the proximity of the 
restored habitats should be a fundamental guide 
for habitat restoration decisions. A mixture of 
landscape-level characteristics (e.g. size, shape, 
and location of restored habitats, distance to 
sources, connectivity, matrix characteristics, 
barriers to colonization) and animal life-history 
traits (e.g. dispersal ability) are likely to determine 
encounter rates of the cliff-nesting birds with 
the restored mining sites, and they should be 
explored in future researches. 

Once the target species is present near the 
restored habitat, to obtain populations with 
reproductive success we need to understand 
their underlying habitat selection and colonization 
processes in order to attract the target species 
to the restored sites (point 3, Figure 6.2). The 
Sand Martin was an effective model species to 
study the habitat selection process and habitat 
preference at several scales, the relevance of 
mining sites as breeding habitats for burrowing 
cliff-nesting species, and to help establish 
management recommendations for burrowing 
birds (Chapter IV). However, the knowledge 
of habitat preferences at several scales is not 
enough to understand the habitat selection and 
colonization processes. Many colonial birds use 
social cues (e.g. bird calls of reproductive adults 
or chicks in different stages of development) to 
select habitats, and appropriate but unoccupied 
habitats can be colonized when social cues are 
added (e.g., vocalizations) (Danchin & Wagner 
1998). 

In this sense, we explored the use of artificial 
nests to attract Sand Martins in complementary 
projects related with this study. The sandy 
substrates where they find their nesting habitats 
are more malleable and involve fewer risks 
than rocky substrates, which allowed us to 
experiment with designs to accommodate Sand 
Martins in mining sites, as we detail in section a.2. 
Furthermore, the results of our study allowed 
us to edit guidelines for best management 

practices for this species in aggregate sites in 
Mediterranean areas (Rohrer et al. 2018), but 
which can be extrapolated to all of Europe by 
taking into account the regional variations of the 
species. We believe that this type of documents 
uniting scientific research with practice are lacking. 
This was confirmed by the good acceptance the 
guidelines had in the industry, to the point that 
the National Aggregate Federation (Federación 
de Áridos) in Spain promoted it in the sector 
at national level, and encouraged companies 
to voluntarily join an agreement aimed at 
promoting and coordinating actions to reconcile 
Sand Martins with the aggregate industry. 

In contrast to colonial species, the colonization 
of the restored sites by territorial cliff nesting 
species, such as the Eagle Owl, will depend on 
the distance to other active nests, located inside 
or outside the mining sites (nearest neighbor 
distance).

Once we attract the target species to the 
restored habitat, the next factor that constrains 
population growth is the provision of resources 
that match the requirements of target species 
(point 4, Figure 6.2), such as requirements for 
breeding, food, shelter, roosting, etc. In our 
study we focused on the nesting sites in the cliff 
habitats and future research will be necessary 
to study the rest of the ecological requirements 
of these species and the habitats that can 
provide them. Therefore, apart from providing 
nesting structures, introducing foraging habitats 
at the mining sites should be simultaneously 
considered during management and restoration 
activities (section c). Including these habitats 
in restoration plans would increase spatial 
heterogeneity and promote not only cliff-
nesting species, but also many other varied taxa. 
Our results also suggest that the surroundings 
of the mining sites seemed to be important for 
the cliff-nesting birds because the home range 
of the studied bird species usually exceed the 
dimensions of the mining sites (Chapters III and 
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IV). The main hunting areas for Eagle Owls were 
probably outside the mining sites (Chapter II) 
and Sand Martins selected mining sites closer to 
habitats that could provide food, such as water 
bodies (Chapter IV).

Related with point 4 (Figure 6.2), the suitability 
of habitats for specific species may also change 
over time following restoration, because the 
availability of resources can change (Hale & 
Swearer 2017). For example, the conditions of 
the cliff faces changes with time, due to erosion 
and weathering. One of the decisions that will 
need to be considered in the design of nesting 
structures in restored areas is whether they will 
be temporary or permanent. According to this, 
the design will be different in terms of effort 
and costs.

Taking into account the trophic information of 
the bird species provided by Salvador & Morales 
(2002), the studied cliff-nesting communities 
were formed predominantly by granivorous and 
insectivorous birds. Therefore, a relevant feature 
for these species in the surroundings of the 
mining sites could be agricultural and grassland 
habitats which provide their food. These open 
habitats would also provide hunting grounds for 
some raptors (Marchesi et al. 2002; Sergio et 
al. 2004). This coincides with our observations, 
where the mining sites surrounded by forests 
habitats were the ones with less cliff-nesting 
species abundance and richness. 

It is important to note that meeting this 
criterion (point 4: provide resources that 
match the requirements of the species) will 
result in intended and unintended interactions 
with other species. For example, attraction 
of predators and secondary users of Sand 
Martin burrows may have expected as well as 
unwanted consequences for the target species 
and for local biodiversity. Studying the presence 
and diet of the Eagle Owl taught us first that 
Eagle Owls are frequently found in mining 
sites in Mediterranean areas. Second, that this 

top predator specialized in the consumption 
of rabbits (Penteriani et al. 2005), and did not 
seem to constitute an ecological trap for the 
cliff-nesting birds in our study area (Chapter III). 
Nonetheless, taking into account possible hidden 
risks resulting from restoration projects that 
could generate ecological interactions for the 
colonizing fauna should have a higher relevance 
when monitoring the projects’ outcomes (Hale 
& Swearer 2017). 

The final point of Hale & Swearer’s (2017) 
diagram emphasizes that the final goal of any 
restoration plan for animals is a net reproductive 
rate, that is similar or greater in restored sites 
than in not restored ones, in order to obtain 
viable animal populations (point 5, Figure 
6.2). The key question is the degree to which 
restoration increases productivity (population 
growth of a target species) or simply attracts 
individuals from elsewhere. We tried to confirm 
the reproductive success of the two model 
species and the secondary users of Sand Martin 
burrows in our study (Chapters III, IV and V). 
Monitoring the reproduction of the colonizing 
populations should be essential to determine 
the success of the restoration projects. Further 
studies that analyze the reproductive success of 
cliff-nesting birds at mining sites and compare 
them with populations at natural habitats, 
should be the next steps to determine whether 
the restoration measures are favorable for 
these species. Moreover, to be able to study in 
depth whether Eagle Owls generate ecological 
traps, further studies are needed to address 
the preferences and fitness of the cliff-nesting 
birds sharing habitat with this top predator. 
For instance, by comparing preferences and 
reproductive success in mining sites with 
and without Eagle Owls, or by comparing 
preferences and breeding populations at mining 
sites with populations at natural habitats. 

With the secondary users of Sand Martin 
burrows we also explored bird services that 
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could be used to design more passive and 
self-regulating restorations and biodiversity 
management practices (Chapter V). Though the 
size of the Sand Martin burrows determines 
that only birds of a small size can benefit from 
their burrowing activity, we found that a range 
of birds can colonize these burrows in the 
mining sites, as they do in natural habitats. How 
to make burrows and holes available for larger 
species should be studied further. Moreover, 
other ecosystem functions and services of birds 
applied for restoration should be explored 
further, such as seed dispersal, the disturbing 
effects on the soil and sandy cliffs, or enriching 
local topsoils and promoting plant growth 
(Fedriani et al. 2015). All of these bird services 
can be very useful in restorations, making them 
less costly and less dependent on direct human 
intervention to maximize biodiversity. Finally, 
when promoting the prey of the cliff-nesting 
raptors that colonize the mining sites, such as 
rabbits for the Eagle Owls, we would in fact 
be promoting ecosystem engineers (Gálvez-
Bravo et al. 2008) that can provide many other 
services in restored sites as well. By using cliff-
nesting birds as target species we would be not 
only promoting these species, many of which 
have conservation status in different areas of 
their distribution, but also other species and 
ecosystem services would be promoted as well.

Restoration and management 
recommendations for nesting 
structures on cliff environments

To the best of our knowledge, restoration and 
management recommendations for cliff-nesting 
birds at mining sites are greatly lacking, both for 
active and inactive mining sites. In this section we 
propose some initial and basic general guidelines 
with the aim of promoting habitat improvement 
actions at mining sites using cliff-nesting species as 
target species. For this, we summarize our findings 
and experience, and general recommendations 

from the literature. The recommendations are 
divided between restoration actions at inactive 
sites and management actions at active sites, and 
between rocky and sandy substrates.

Regarding the design of restoration projects, 
each mining site will present its own unique set 
of opportunities, advantages and disadvantages, 
and should be assessed on a case-by-case 
basis to design the most adapted actions for 
each scenario. The level of complexity and 
cost of the actions can vary from simple low-
cost designs, such as increasing the verticality 
of a slope, to complex expensive ones, such as 
constructing nesting colonies of concrete. This 
will depend on the desired persistence of the 
actions (temporary or permanent), the amount 
of monitoring of the individuals colonizing the 
structure, and of course, the objectives and 
available budget.

All of the restoration and management 
actions carried out at mining sites should be 
accompanied by awareness creation of the staff 
and local stakeholders. Promoting awareness 
regarding the species that are being promoted 
and informing the staff of the measures taken 
and their location are essential to ensure the 
success of the actions carried out. Also, counting 
with the support of local stakeholders will help 
to ensure the acceptance and success of the 
projects as well.

a) Restoration recommendations for 
inactive mining sites 

 a.1) Restoration recommendations for 
rocky substrates

Regarding cliff-nesting birds that breed on 
rocky cliffs, their presence could be promoted 
by maintaining tall vertical cliffs with holes 
adapted to their various sizes and requirements, 
especially at those cliffs that had already been 
colonized. The dimensions of the cliffs and holes 
will determine the range of species that will be 
able to breed there.
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Increasing the available nesting holes can be 
achieved by selective blasting and drilling (Pagel 
1989; CEMA (Fundación Laboral del Cemento y 
el Medio Ambiente) 2010). These actions should 
be carried out in the upper third of the cliffs 
and the dimensions and depths of the holes 
will vary to accommodate different species. 
It would also be advisable to enable ledges 
of ample surfaces for larger species to perch 
(e.g. around 2 x 1.5 m), such as Eagle Owls or 
Peregrine Falcons (Penteriani & Delgado 2016; 
Zuberogoitia 2016). Overhead protection on 
the ledges could be advisable to increase shelter 
and provide safety from predators such as the 
Eagle Owl, but they should be high enough so 
that they do not impede the use of the ledge 
or cavity.

For those situations where it is not possible to 
carry out blasting, there are examples where 

nest boxes have been very successful for some 
species, the Peregrine Falcon (Boyce et al. 1980), 
the Common and Lesser Kestrels and nocturnal 
raptors (CEMA 2010; Brinzal 2018) among 
them. The nest boxes should also be located 
in the upper third of the walls, and the size of 
the boxes and their characteristics will vary 
according to the species we wish to attract.

There is a rather strong debate on whether 
to allow rocky cliff environments to remain in 
mining sites, since this goes against the basic and 
extended idea that mining sites should be refilled 
(Figure 6.3), and also because there is always the 
question of stability and safety. However, there 
are techniques that allow safe cliffs of certain 
heights to remain (Figure 6.4). Even if they do 
not reach great heights, these cliffs could still 
fulfill many species’ nesting habitat requirements.

Figure 6.3 Example of a restoration that involved decreasing slopes by refilling with material.

Figure 6.4 Examples of restored sections of a mining site that maintained vertical rocky cliffs, 
though without the objective of attracting birds.
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Another approach that produces stable vertical 
rocky cliffs is the Talud Royal@ technique 
(Figure 6.5). This method consists on selecting 
a reference ecosystem from the surrounding 
landscapes formed by the same rocks as the 
mining site, and analyzing their geomorphological 
evolution. This geological study includes aspects 
such as detecting the main lines of discontinuity 
of the rock mass which generate instability, and 
understanding the patterns of that instability, such 
as the erosive processes and their occurrence. 
Then, these responses are imitated with the 
aim of accelerating the geomorphological 
evolution and weathering processes that would 
act spontaneously over time on the restored 
cliffs. This is achieved through selective blasting 
and detailed clearing of unstable blocks with 
a backhoe, and even manually. The result is 
a very stable slope, visually integrated into 
the environment, with maximum ecological 
advantages, and with very low maintenance 
requirements since it avoids erosion problems 
(Martín Duque et al. 2011).

 a.2) Restoration recommendations for 
sandy substrates 

Another option could be to design actions 
towards sandy substrates, especially in the 
aggregate sector. Restoration actions could be 
directed at maintaining vertical structures where 

Sand Martin or European Bee-eater colonies 
had previously been located (by repairing or 
enhancing old structures with colonies) or 
designating new potential nesting sites. Opposite 
to rocky substrates, actions on sandy substrates 
can be temporary, the same way natural vertical 
banks on rivers are dynamic structures.

The materials used in these projects should be 
compact enough so that the structure does 
not collapse, but with a grain small enough to 
allow burrowing. The recommended grain in 
the literature varies, but grains between 2-6 
mm have been successful (Heneberg 2001; 
Bachmann et al. 2008). Burrows are mostly 
located in the highest sections of the structures 
to avoid predation. Therefore, the vertical 
surfaces should be 4-6 m high, to protect against 
predation and other risks (Szép et al. 2016). 
Slopes should be maintained at least at 70º 
and tall vegetation should be eliminated in the 
surroundings of the vertical face, to allow easy 
access to the birds. Also, the fallen material at 
the base of the vertical face (talus) should be 
removed to avoid access to predators (Mead 
1979; Heneberg 2013). The location should be 
far from mining activity and other disturbances 
(Ye et al. 2016), near water sources with high 
insect production, orientated to the Southwest 
if possible, and to open areas to allow easy 
access to the colony (OMNRF 2017).

Figure 6.5 Recently formed cliff 
treated with the Talud Royal@ 
technique on the road RD 105, Loire 
(France), in which the exposure of 
surfaces already show a weathered 
appearance (Martín Duque et al. 
2011).
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In 2016 we monitored a successful case where a 
Sand Martin colony colonized a vertical face that 
was prepared following these recommendations. 
This design was temporary, and it imitated a 
sandy cliff, similar to what river erosion might 
produce at a sandy bank (Figure 6.6).

Based on this experience, we designed another 
sandy cliff. In this example (Figure 6.7), the cliff 
is formed by a stockpile of compacted material, 
with two layers. In the center, a 2-meter layer 
of sand and lime to give consistency and where 
the Sand Martins would nest. The lower layer 
is formed by gravel to create a platform to lift 
the nesting area and protect it from predators, 
and the upper layer as well, to protect the sand 
from erosion. It is located facing a pond. We 
will improve the capacity to attract individuals 

to the artificial colony with artificial nests or 
vocalizations. The objective of this action is to 
create a Sand Martin breeding habitat in an area 
where Sand Martin presence has been observed 
but no suitable cliffs are present (Diaz Rojas et 
al. 2018). 

According to the restoration objectives, 
permanent nests can also be installed by 
constructing colonies with nest boxes. These can 
allow detailed studies of the Sand Martin, such 
as their reproductive biology. There is only one 
case in Spain (Álava) that we are aware of, where 
one of these permanent structures has been 
very successful. One of the reasons could be 
because they used Sand Martin vocalizations to 
attract the first individuals to the artificial colony 
(Bea et al. 2011). Based on our experience and 
after visiting this successful case, we proposed 
a permanent colony together with the NGO 
Brinzal, which is included in a mining restoration 
plan in Madrid. The design (Figure 6.8) consists 
on different units formed by a metal structure 
with wooden shelfs, on which are wooden 
nest boxes designed for Sand Martins. The 
rectangular structure that protects the units 
can be built with solid wood or concrete, it 
has a door to access the interior, and a small 
window protected with a mesh in the upper 
part to improve the visibility inside the structure 
and allow ventilation. This design is aimed at 
providing a new colony in an area where several 

Figure 6.6 Sandy vertical cliff in 2016 with a large 
Sand Martin colony at a restored aggregate pit in 
Madrid (Spain). 

Figure 6.7 Example of a temporary design for a restoration project. The objective was to promote Sand Martin 
presence in an area where Sand Martin presence had been observed but no suitable cliffs where available.
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Sand Martin colonies had been occupied for at 
least two years and individuals are still currently 
present (Diaz Rojas et al. 2018).

Both examples (Figures 6.7 and 6.8) were 
designed based on the findings of our studies 
and a thorough review of best practices carried 
out internationally, and will be carried out shortly 
in two restoration projects in Madrid.

b) Management recommendations for 
active mining sites 

 b.1) Management recommendations for 
rocky substrates

Many of the proposed actions in section a.1 are 
also applicable for management in active mining 
sites. Nest boxes on cliffs or buildings could be 
located in areas that would interfere the least 
with mining activity and which would be less 
disruptive for the birds. These locations could 

change with the evolution of the extraction 
of the mining site, and this can apply as well to 
other habitats at mining sites that provide other 
requirements for the target species, such as 
spontaneously formed ponds (see section c).

 b.2) Management recommendations for 
sandy substrates

Management actions should be based on avoiding 
bird presence in active areas of the mining sites 
and promoting them in inactive areas. To do 
this, actions should be based around an annual 
calendar that takes into account the yearly 
mining activities and the regional migration and 
breeding phenology of the target species, mainly 
Sand Martins. At active areas, colonization of 
cliffs and stockpiles should be deterred during 
spring and summer by decreasing slopes (<60º). 
If colonization does take place, the mining activity 
should cease until September, and protection 

Figure 6.8 Example of a permanent design for a restoration project. The objective was to promote Sand Martin 
presence in an area where Sand Martin colonies had been active for at least two years.
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barriers and warning signs around the colony 
should be placed. At inactive areas, the species 
can be promoted, by preparing suitable habitats 
at the end of winter or at the beginning of spring. 
These should be protected and monitored in 
the spring and summer. 

The colonies should have a southwest orientation 
and avoid flight obstacles. They should be 
located near water or other habitats with high 
insect production, and far from disturbances 
(mining and people). The material should allow 
burrowing but be compact enough not to 
collapse (granulometry 0-6 mm). Approximate 
recommended dimensions are 4-6 m high and 
5-10 m long and with a 90º slope. 

Maintenance of these structures is possible 
at active mining sites, which could extend the 
persistence of the colonies. The literature 
recommends cutting the face with a backhoe 
to keep it vertical, leave some previous burrows 
which will serve the purpose of attracting 
conspecifics, and eliminate talus and tall 
vegetation to avoid access to predators and 
flight obstacles every two years. Maintenance 
of the protection barriers would also be 
recommended (Figure 6.9).

c) Restoration and management 
recommendations for complementary 
habitats

As we mentioned in the section Criteria for 
successful habitat restoration and management 
for cliff-nesting birds, we need to provide the 
resources so that the colonizing species reach 
a positive reproduction rate. Taking advantage 
of other habitats that appear in the mining sites 
spontaneously, and which are often undervalued, 
could help maintain biodiversity in the area, 
and they should be managed accordingly. For 
example, there are many inactive areas in 
the mining sites that might contribute to this 
purpose, such as a security perimeter that is 
often found of around the mining site, where 
management actions favoring temporary ponds, 
ruderal patches with seed producing herbaceous 
plants or maintaining spontaneous shrubs could 
be beneficial for many species. 

Ruderal grasslands with native seed banks, such 
as thistle or thyme fields (Figure 6.10 a, b), 
shallow or deep ponds (Figure 6.10  c, d) or 
mounds of discarded rock and topsoil (Figure 
6.10  e, f) could be managed both in the safety 
perimeters around the mining sites and in the 

Figure 6.9 Summary of management actions for sandy substrates at active mining sites.
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Figure 6.10 a) area where ruderal vegetation and b) thyme fields have spontaneously appeared at inactive 
areas of mining sites; c) shallow pond with tadpoles; d) deeper pond which also appeared spontaneously; e) 
rocky mound of discarded material where different Wheatears and rabbits thrived; f) large rabbit colony settled 
in a mound of topsoil.
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Figure 6.11 a) and b) Restored areas at mining sites which attracted rabbit population, and which include 
undulated terrain with shrublands and herbaceous vegetation. c) Rabbit warren formed by piled stones.

mining sites themselves. As the nest boxes in 
section b, they could be maintained if they do 
not interfere with mining activity and then be 
relocated when industrial activity advanced. 
Ruderal strips around the perimeter or areas 
within the site that have already been restored 
could be allowed to grow, and reinforce seed 
producing of the herbaceous plants.

Restoration and management 
recommendations for hunting 
areas for Eagle Owls 

One of the cliff-nesting birds that colonized 
mining sites frequently was the Eagle Owl, a 
generalist top predator. However, the Eagle Owl’s 
diet in the mining sites and the abundance of cliff-
nesting birds in presence of this species suggest 
that this predator is not an important limitation 
for cliff-nesting bird colonization of the mining 
sites (Chapter III). However, taking precautions 
to avoid generating trap habitats should not be 
ignored when designing restoration projects 
(Hale & Swearer 2017).

Rabbits were the Eagle Owl’s main prey. 
Therefore, the promotion of rabbits in the mining 
sites and their surroundings could help prevent 
an excess of predation on cliff-nesting birds. It is 
not the objective of this work to study in depth 
the rabbit populations or how to manage this 
species in the mining sites. However, carrying out 

integrative and global actions, which take into 
account not only the cliff environments but all 
kinds of environments in the mining sites, should 
be considered simultaneously. Including habitats 
that are needed to cover the requirements 
of the target species will also benefit many 
other species and contribute with many other 
necessary ecosystem services, such as grasslands 
that also serve to capture carbon, habitats for 
erosion control, ruderal areas with food plants 
for insects, etc. Moreover, promoting rabbits is a 
way of promoting an ecosystem engineer that 
will provide other services and advantages to 
the restored sites.

Regarding the actions to promote the hunting 
grounds for the Eagle Owl, measures could be 
adopted to favor the abundance of rabbits in 
the mining sites. In fact, we observed that the 
sampling points with a higher rabbit abundance 
index coincided with restored areas. However, 
rabbits did not respond equally to all restoration 
actions, and preferred those that presented 
heterogeneous environments, with undulated 
terrain and mounds, and that had different types 
of herbaceous and shrubby vegetation (Figure 
6.11). Environments with these characteristics 
would offer availability of food and shelter for 
the rabbits and would favor their populations 
in the mining sites. The revegetation of the area 
with shrub species that act as a refuge for the 

ca b
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rabbits, and grasses and legumes that serve 
as food, would also be adequate. The species’ 
selection should be planned taking into account 
the rabbits’ requirements, but without forgetting 
other environmental criteria of revegetation 
performances (avoiding introduction of 
invasive species, considering the origin of the 
individuals, etc.). In addition, water points could 
be established through artificial or non-artificial 
ponds. These possibly have more relevance in 
arid Mediterranean areas.

Finally, building artificial rabbit warrens in the 
mining sites or their perimeter could also favor 
rabbit colonization. This technique is one of the 
most used for the promotion of rabbits, since it 
provides shelter and a breeding place, and in the 
context of mining sites, where rocks are readily 
available, the construction of these structures 
could be carried out easily. Mainly piles of 
stones and large rocks that form structures with 
elevated densities of holes and galleries where 
rabbits can install their warrens. 

Immediate future studies

Chapter II was presented as a descriptive chapter 
in this PhD Thesis. However, our intention is to 
transform that chapter in a research article by 
including the analysis of the drivers of the cliff-
nesting community parameters (total abundance 
and species richness and diversity of cliff-nesting 
birds). We will explore the relative role of the 
characteristics of the mining site sensu strictum 
and the surroundings (e.g. 1 Km buffer) in 
determining community parameters. We think 
that mining sites are important providing 
suitable cliff-nesting structures while surrounding 
areas are important providing the main feeding 
habitats. Thus, we expect the characteristics of 
the surroundings will be key to understand the 
cliff-nesting bird communities at the mining sites.
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1. There are very few studies that address the colonization of mining sites by cliff-nesting birds, or 
the relevance as breeding places that these human-created habitats may have for these species. 
There are also very few examples in the literature of actions carried out to restore mining sites 
with the objective of promoting cliff-nesting birds. There is therefore a gap of knowledge that 
opens a new research line. 

2. The cliff-nesting community that colonizes the cliff environments generated by mining activity 
showed, in general, a remarkable abundance of individuals, richness and diversity of species, some 
of which have conservation status. The community of cliff-nesting birds includes a wide range of 
species varying in size, breeding habitat preferences, gregariousness during reproduction, trophic 
ecology, degree of dependence on mining spaces and excavating behavior.

3. The Eagle Owl (Bubo bubo), a top predator, colonizes and breeds frequently in mining sites in the 
study area. The frequency with which this type of super-predator appears in the mining spaces 
and their capacity to predate on other species, should be taken into account to avoid generating 
negative effects on the rest of the cliff-nesting community that colonizes mining sites, both in 
their active and restoration phases.

4. The Eagle Owl behaves as a specialist predator in the mining sites, with rabbits (Oryctolagus 
cuniculus) as its main prey. Birds represent a low proportion of its diet, especially cliff-nesting 
species. This limits the direct effects of predation by the Eagle Owl on these species. In addition, 
as the community of cliff-nesting birds was more diverse in mining sites where this predator 
was present, the indirect effects of its presence also seem to be low, in general. Therefore, in the 
conditions in which our study has been carried out, the Eagle Owl is a species of conservation 
interest that can be promoted in the mining sites.

5. The Sand Martin (Riparia riparia) is a migratory, colonial, burrowing species of conservation 
interest, with important breeding colonies currently located in mining sites in the study area 
and in Europe. Its strong link with mining sites requires establishing special management and 
conservation measures for this species to make mining activity compatible with its conservation. 
For this, management guidelines based on scientific knowledge and current best practices 
adapted to the behavior of the species at the regional scales are essential.

6. The Sand Martin was a good model to study habitat selection of cliff-nesting species in mining 
sites, the relevance of mining sites as breeding habitats for cliff-nesting species, and to develop 
management recommendations for burrowing cliff-nesting species at aggregate sites. More 
studies on other species such as the studies presented in this work are needed to further 
understand habitat requirements of the birds that colonize mining sites and to promote and 
manage them in the best possible way. 
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7. The management of the Sand Martin both in active and restored mining sites, is a challenge. This 
is due to interannual dynamics of the colonies, low phenological synchronization per colony, the 
variety of colonized environments in mining areas (vertical faces and stockpiles), high numbers 
of burrows per colony, low burrow occupation rates, and the fact that it is a protected species. 
Management and conservation measures during the active phase of the mining sites should 
be based on a calendar of mining activities and the phenology of the reproduction of this 
species, and will require long, medium and short-term decisions, incorporating annual and local 
information phenology of the species.

8. The burrows generated by the Sand Martins are colonized by several species of secondary user 
birds that use holes to nest but do not have the capacity to excavate them. The most abundant 
secondary user in the mining sites was the Rock Sparrow (Petronia petronia), and its frequency of 
colonization increased with the number of holes, the presence and the abundance of nesting Sand 
Martins. This suggests that in addition to benefiting from the presence of holes, the secondary 
users may benefit from the Sand Martins’ group defense.

9. There are few examples of services provided by the engineering activity of birds in the literature, 
and the case of the Sand Martin is a good example of this type of service. The burrowing 
capacity of the Sand Martin, which generates holes that facilitate the colonization of the mining 
sites by other cliff-nesting birds, can be applied as a service for restoration because it can increase 
the local abundance and diversity of cliff-nesting birds. Promoting Sand Martins and their services 
can be useful in restoration projects, as they generate a more self-sustaining system by increasing 
the number of burrows available for the reproduction of other bird species.

10. The present study supports our perspective regarding that the cliff-nesting bird community that 
colonizes mining sites is complex and of conservation interest. This community especially requires 
management and conservation measures during the active phase of the mining sites. Their 
conservation can be extended to the restoration phase, especially in those cliff environments 
already colonized by these species. The management and conservation measures of these species 
should not be based exclusively on the cliff habitats where they nest, but also on their feeding, 
resting, roosting, etc. habitats. Favoring these habitats in the mining areas would also favor spatial 
heterogeneity and other species. Due to the large home range of some of these species, the 
management of these complementary habitats should take into account the environments also 
located outside the mining sites.
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pasiones. Por ello me gustaría dedicarte esto: 

Muchas gracias.
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Table S3.1 Total minimum prey, number of pellets and percentage of prey for each taxonomic 
group per mining site. Mining sites are ordered in descending total minimum prey values.
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Table S3.3 Rabbit activity estimated from pellets, latrines, burrows y scratches. Parameters are 
percentage of survey points with rabbit pellets, average density of rabbit pellets, percentage of 
survey points with latrines, burrows, and scratches, average minimum distances (m) to the closest 
latrine, burrow and scratching. Mining sites are ordered alphabetically.
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Table S3.4 Correlations between the rabbit activity parameters and the axis 1 of the PCA 
calculated with these activity parameters.

Table S3.5 Percentages of mammals, rabbits, birds, invertebrates, amphibians, reptiles and fish in 
the diet of the Eagle Owls in different studies conducted in central and East Spain. The studies 
are ordered alphabetically. The groups are ordered in descending percentages.
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 Table S4.1 Variable selection for the habitat preferences of the Sand Martins at the three studied 
spatial scales (mining site, colony and burrow scales). Significant predictor variables for each studied 
response variable are presented with an Asterix (*)

Variable selection at mining site scale

The abundance of Sand Martins for the 29 mining sites showed an almost significant negative relationship with 
the distance of the mining site to running water and the age of the mining site. The best supported Zero-
inflated model based on AICc included the effect of the distance to running water, and the age of the mining 
site on the abundance of Sand Martins. 

The number of burrows per mining site showed a significant negative relationship with the age of the mining 
site, the distance of the site to water bodies, and the distance of the site to running water. The relationship was 
positive for the surface of water bodies, surface of extractive industry, and regional Sand Martin abundance. The 
regional Sand Martin abundance was correlated to the distance of the site to water bodies (r=-0.67, p<0.01), 
thus we excluded the regional Sand Martin abundance from the model. Regarding categorical predictors, the 
type of extraction had a significant relationship with the number of burrows, whereas the type of extracted 
material did not (T=128, p=0.079). The type of extraction was related to four variables: the distance of the site 
to water bodies (H=13.96, p<0.01), distance to running water (H=8.744, p=0.013), surface of water bodies 
(H=12.96, p=0.002) and surface of extractive industry (H=6.5325, p=0.038). Two Zero-inflated models were 
adjusted to analyze all the variables: 1) Including the 4 continuous variable: the distance to water bodies, the 
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distance to running water, the surface of extractive surface and the surface of water bodies on the number of 
burrows; 2) Including the age of the site and the type of extraction, because the type of extraction is important 
in providing the structures where Sand Martins construct their colonies and to avoid multicollinearity with the 
other four continuous variables.

Variable selection at colony scale

The abundance of Sand Martins in the colonies showed a significant positive correlation with the orientation 
of the structure, and height of talus, while a negative one for the age of the structure, vegetation cover on 
talus, and vegetation cover on the upper area of the structure. The vegetation cover on the upper area of 
the structure was correlated with the vegetation cover on the talus (r=0.61, p<0.01). We selected vegetation 
cover on the upper area of the structure, to avoid collinearity. Regarding the categorical predictors, the type of 
structure (vertical extraction face or stockpile) was significantly related to the abundance of Sand Martins, to 
the age of the structure (T = 46.5, p = 0.022), and to the height of the talus (T = 145.5, p = 0.019). We rejected 
the height of the talus and the age of the structure, since they were less significant for the abundance of SMs. 
The best supported model based on AICc included the type of structure, the orientation, and the vegetation 
cover on the upper area of the structure.

Two predictor variables correlated positively with the number of burrows in the colony: length of the structure 
and vegetation cover on the vertical surface. The best supported model based on AICc included the effect of 
the vegetation cover on the vertical surface of the structure and the length of the structure on the number 
of burrows.

Variable selection at burrow scale

Regarding vertical extraction faces (n=129), none of the predictor variables had a significant relationship with 
the binomial response variable (availability versus use), and therefore no further analyses were performed.

For the stockpiles (n=103), the slope, the total height of the structure and the total vertical height of the 
structure had a significant positive relationship with the response variable. The total height and the total vertical 
height correlated (r=0.68, p<0.001). The best supported model based on AICc included the height of the 
vertical surface of the structure and the slope. 

Table S4.2 Number of colonies, burrows and Sand Martin pairs per mining site. Mining sites are 
ordered in increasing number of burrows.
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Table S4.3 Number of burrows, Sand Martin pairs, age and type of structure in the 30 colonies 
(stockpiles or vertical extraction faces). Colonies are ordered in increasing number of burrows 
per mining site.
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Figure S4.1 Phenology of the Sand Martin colonies with breeding activity in our study area.

Periods were estimated based on Petersen (1955). Colonies are ordered from the most advanced 
to the latest, regarding the egg-laying phase. Within the colonies, a mismatch was observed between 
breeding Sand Martins. The largest difference was observed in the colony MAT1, where the egg-
laying phase lasted for 13 weeks. There was also a wide time difference between colonies located 
at different mining sites, reaching more than one month between the most advanced and delayed 
colonies. These differences within the colonies and between mining sites extend the breeding period 
from the beginning of April (beginning of egg laying at the most advanced colonies) until the end of 
August (last fledglings of the most delayed pairs).
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Figure S4.2 Diagram of a stockpile with upper, vertical and talus areas.

Figure S4.3 Diagram of available area and used area sampling points 
in each colony at burrow scale.
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Figure S4.4 Correlation matrix of the predictor variables at the mining site scale. 
Mining sites (n = 29) in black. Predictor variables in red: “age”: Age of the mining site; “area”: Surface of 
the mining site; “distance.pastures”: Distance to pastures; “distance.running”: Distance to running water ; 
“distance.water”: Distance to water bodies; “Inactiv”: Years of mining inactivity; ”regional.abundance”: Regional 
Sand Martin abundance; “surface.agriculture”: Surface of agricultural fields; “surface.extractive”: Surface of 
extractive industry; “surface.pastures”: Surface of pastures; “surface.water”: Surface of water bodies.



140140140

Supporting Information - Chapter IV

140

Figure S4.5 Correlation matrix of the predictor variables at the colony scale. 

Colonies (n = 28) in black. Predictor variables in red: “age”: Years since the face was created; “length”: Total 
length (m) of the face; “min.height”: Minimum height (m) of the face; “max.height”: Maximum height (m) of 
the face; “orientation”: orientation of the face; “slope”: Slope (degrees) of vertical area of the face; “total.
height”: Mean height (m) of the face; “talus.height”: Mean height (m) of the fallen material at the base of the 
face (talus); “vegetation.face”: Percentage of vegetation cover on the vertical area of the face; “vegetation.
talus”: Percentage of vegetation cover on the talus (fallen material at the base of the face); “vegetation.up”: 
Percentage of vegetation cover on the upper area of the face; “vertical.height”: Mean height (m) of the vertical 
surface.
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Figure S4.6 Correlation matrix of the predictor variables at the burrow scale.

Burrow sampling points (n = 232) in black. Predictor variables in red: “orientation”: orientation of 
the face; “slope”: Slope (degrees) of vertical area of the face; “total.height”: Mean height (m) of the 
face; “talus.height”: Mean height (m) of the fallen material at the base of the face (talus); “vegetation.
face”: Percentage of vegetation cover on the vertical area of the face; “vegetation.talus”: Percentage of 
vegetation cover on the talus (fallen material at the base of the face); “vegetation.up”: Percentage of 
vegetation cover on the upper area of the face; “vertical.height”: Mean height (m) of the vertical surface.
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APPENDIX S4.1 

Guide of best management practices for Sand Martin in aggregate sites:
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Fig. S5.1 Upper area, vertical surface and talus of a stockpile. The vertical surface was used 
to calculate burrow density.

Table S5.1 Maximum burrow density in 1 m2 estimated in the six densest colonies. The 
colonies are ordered by decreasing density.
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Table S5.2 Variables related to the structure of the colonies in 2017: Length, maximum and 
minimum height of the structure, existence or not of mining activity, type of structure where 
the colony was located, and type of material of the structure. The colonies are ordered 
from greater to shorter length.
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Table S5.4 Relationship between predictor variables. We used Spearman’s correlations or the Mann-
Whitney U test depending on the nature of the variables. We eliminated correlated variables from 
the GLMM models. Predictor variables are ordered alphabetically in column one.

Table S5.5 Highest-ranked Poisson models using AICc-based model selection for secondary cavity-
nesting species abundance at colony scale. The model includes three standardized continuous 
variables (Sand Martin abundance, age of structure and number of burrows). Models are ranked in 
increasing value of AICc.

Table S5.6 Highest-ranked Poisson models using AICc-based model selection for secondary cavity-
nesting species richness at colony scale. The model includes three standardized continuous variables 
(Sand Martin abundance, age of structure and number of burrows). Models are ranked in increasing 
value of AICc.
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Table S5.7 Highest-ranked Binomial models using AICc-based model selection for secondary cavity-
nesting species occupation at colony scale. The model includes three standardized continuous 
variables (Sand Martin abundance, age of structure and number of burrows). Models are ranked in 
increasing value of AICc.

Table S5.8 Highest-ranked Poisson models using AICc-based model selection for Rock Sparrow 
abundance at colony scale. The model includes three standardized continuous variables (Sand Martin 
abundance, age of structure and number of burrows). Models are ranked in increasing value of AICc.

Table S5.9 Highest-ranked Binomial models using AICc-based model selection for Rock Sparrow 
occupation at colony scale. The model includes three standardized continuous variables (Sand Martin 
abundance, age of structure and number of burrows). Models are ranked in increasing value of AICc.
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Figures 1 – 4 Panoramic views of different quarries and gravel pits.

Figures 5 – 8 Examples of different extraction faces, from quarries and gravel pits.
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Figures 9 – 12 Examples of different stock piles of different materials and ages.

Figures 13 – 16 Images of Eagle Owl nests
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Figure 17 European Bee-eater (Merops apiaster) 
nest

Figure 18 Sand Martin (Riparia riparia) nests

Figures 19 – 20 Common Kestrel (Falco tinnunculus) nests
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Figure 21 Northern Wheatear (Oenanthe 
oenanthe) nests

Figure 22 Black Wheatear (Oenanthe leucura) 
nest

Figures 23 – 24 Spotless Starling (Sturnus unicolor) nests
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Figures 25 – 26 Rock Sparrow (Petronia petronia) nests

Figures 27 – 29 Common House Sparrow (Passer domesticus) nests
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Figures 30 – 36 Western Jackdaw 
(Corvus monedula) nests
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Figure 37 European Bee-eater (Merops apiaster) Figure 38 Crag martin (Ptyonoprogne rupestris)

Figure 39 Sand Martin chicks (Riparia riparia) Figure 40 Sand Martin adults (Riparia riparia)

Figure 41 – 43 Eagle Owl (Bubo bubo)
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Figure 44 Common Kestrel fledgling (Falco tinnunculus)

Figure 45 Red-billed Chough (Pyrrhocorax pyrrhocorax)

Figure 46 Northern Wheatear (Oenanthe oenanthe)
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Figure 47 lack Wheatear (Oenanthe leucura)

Figure 48 Black-eared Wheatear adult (Oenanthe hispanica)

Figure 49 Black-eared Wheatear fledgling (Oenanthe hispanica)
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Figure 48 Black-eared Wheatear adult (Oenanthe hispanica)

Figure 49 Black-eared Wheatear fledgling (Oenanthe hispanica)

Figure 50 Rock Sparrow (Petronia petronia)

Figure 51 Western Jackdaw (Corvus monedula)

Figure 52 Peregrine falcon (Falco peregrinus)
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Figure 53 Little Owl (Athene noctua) Figure 54 Rock dove (Columba livia)

Figure 55 Banding a Sand Martin Figure 56 Surveys of Sand Martin colony
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Figure 57 Measuring Sand Martin colonies Figure 58 Detail of Sand Martins trapped in self-
supporting hoops with mist nets

Figure 59 Collecting Eagle Owl pellets Figure 60 Surveying a mining site
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